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A B S T R A C T   

The discharge of organic pollutants by the textile and dyeing industries presents an escalating 
threat to aquatic environments, necessitating the development of effective remediation strategies. 
This study introduces the utilization of graphite-like structured activated carbon (AC), derived 
from highland barley straw—a biomass unique to the Plateau regions of China, including Tibet, 
Qinghai, and Gansu—as a support material for the TiO2 catalyst. TiO2/AC composites with 
different TiO2 loadings were synthesized by ultrasonic impregnation. The TiO2/AC composites 
were found to be polycrystalline materials composed of anatase and rutile phases. The TiO2 
nanoparticles are well-dispersed over the surface of the AC. The photocatalytic activity of these 
composites was evaluated through their capacity to degrade a methylene blue (MB) solution upon 
irradiation. It was observed that the inclusion of TiO2 increases the number of adsorption sites 
and active sites for methylene blue, with the photocatalytic activity being notably higher at a 3-wt 
% TiO2 loading, achieving a remarkable 99.6 % degradation efficiency for 100 mg/L MB within 
100 min. The experimental kinetic data for the photocatalytic process follow the pseudo-first- 
order kinetic model. Furthermore, TiO2/AC retains high photocatalytic activity after five reac
tion cycles. This research provides valuable insights into the application of biomass-derived 
materials for the purification of water, offering a sustainable solution to both pollution and 
agricultural waste challenges in Plateau areas of China.   

1. Introduction 

Recent studies have shown that industrial development has had an increasingly negative impact on the environment. In particular, 
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the industrial production of organic pollutants such as pesticides, dyes, and antibiotics poses a threat to both the environment and 
living organisms, thereby impeding the sustainable and healthy development of human society [1,2]. China is a major producer of 
dyestuffs, with the chemical dyestuffs industry ranking first globally in terms of scale. According to statistics from the China Dyestuff 
Association, the average annual output of Chinese dyestuffs has reached an impressive 807,800 tons during the five years from 2018 to 
2022, with an estimated output of 904,000 tons in 2023. According to reliable data, the textile printing and dyeing industry accounts 
for 7.5 % of the national industrial wastewater discharge statistics, ranking fifth in terms of total wastewater discharge within the 
national industrial sector, with an annual total of 1.413 billion tons. Consequently, it significantly contributes to environmental 
pollution. However, water scarcity currently affects approximately 700 million individuals across 50 nations, with projections indi
cating that by 2025, over 1.5 billion people will confront the challenges posed by this issue [3]. Hence, it is imperative to expedite the 
development of an efficient and dependable water purification technology. So far, conventional physical and chemical processes, 
including adsorption, coagulation, oxidation, and membrane techniques, have emerged as the primary approaches and experimental 
methods for industrial wastewater treatment [4–11]. While traditional wastewater treatment methods have been shown to be effective 
in removing organic dyes, their effectiveness is limited when dealing with complex chemical structures. Therefore, there has been 
considerable research interest in developing novel technologies that can overcome these limitations and improve the efficiency of 
dye-contaminated wastewater treatment. Among these wastewater treatment technologies, adsorption, photocatalysis and membrane 
processes are showing encouraging results. 

Photocatalytic oxidation, a water treatment process that emerged in the 1970s, has attracted considerable attention due to its 
potential for the efficient and sustainable removal of pollutants from wastewater [12]. The incorporation of catalysts into photo
catalytic oxidation systems not only enables milder reaction conditions and a significant reduction in engineering costs but also fa
cilitates the complete degradation of organic pollutants, achieving complete mineralization and greatly increasing the removal 
efficiency. Typically, n-type semiconductor materials are used as photocatalysts [13]. Commonly used photocatalysts include TiO2, 
ZnO, Fe2O3, SnO2, WO3, and CdS. TiO2 is widely utilized in various photocatalytic processes due to its exceptional thermal stability, 
cost-effectiveness, and high photocatalytic activity [14]. TiO2 is a semiconducting material that has a discontinuous energy band 
structure resulting from the hybridization of Ti 3d and O 2p orbitals. The band structure of TiO2 consists of valence, conduction, and 
forbidden bands. When TiO2 is exposed to light, electrons (e− ) in the valence band are excited to the conduction band through the 
forbidden band, leaving behind holes (h+). This process is governed by the photoelectric effect [15]. After the excitation of the 
electrons in the valence band, there are two forms: some excited photoelectrons will be captured by the defect sites of TiO2, and the 
others will be captured by holes, at which time the energy is released in the form of heat. At this point, the efficient separation of holes 
and electrons is achieved, which is the main factor affecting photocatalytic efficiency [16]. Subject to electric field forces, photo
generated charge carriers migrate to different locations in the semiconductor and react with O2 or H2O on the TiO2 surface to produce 
reactive oxygen species and hydroxyl radicals, which are highly oxidizing and are the main factors in achieving photocatalysis. In 
addition to TiO2, other photocatalysts and biomimetic photocatalysts have been investigated for their potential use in water treatment 
applications [17,18]. Despite their potential, photocatalysts suffer from limitations such as wide band gaps, resulting in limited ab
sorption of photons, low light harvesting efficiencies, stringent light source requirements, and high recombination rates of photo
generated electron-hole pairs during the reaction process. These factors contribute to low photon utilization and catalytic efficiency, 
resulting in sub-optimal processing results. 

Due to their extensive specific surface area, porosity, and diverse structural forms (including carbon isomers such as AC, graphene, 
carbon nanotubes, fullerenes, diamond, and coal), carbon-based materials find widespread applications in various fields including 
aerospace engineering, supercapacitors technology, catalysis research, adsorption research, and renewable energy systems [19–24]. 
AC, as a type of carbon allotrope, is characterized by its superior porosity compared with other carbon forms. Its unique combination of 
mesopores and micropores enables it to effectively adsorb large liquid molecules through the mesopores and trap small gas molecules 
through the micropores. This property makes AC a highly versatile material for various applications, including supercapacitors, energy 
storage devices, and gas separation membranes [25,26]. However, the removal of pollutants by AC alone still has some shortcomings 
[27–29]. As is well known, after adsorption saturation, AC needs to be exposed to excessive sunlight and other treatments to restore its 
adsorption performance, which may also cause secondary pollution to the environment in the process, and to achieve the desired effect 
of pollutant removal, long adsorption times are required [30,31]. 

Herein, TiO2 was successfully loaded onto AC by a simple ultrasonic impregnation technique. This method realizes the synergistic 
degradation of organic pollutants and at the same time solves the problem that titanium dioxide powder is difficult to separate and 
recycle for reuse. Notably, the TiO2/AC with the content of TiO2 reaching 3 wt% exhibits the optimal synergistic adsorption and 
photocatalysis rate of 99.6 % for 100 mg/L of MB. The high specific area of activated carbon in the composite increases both the local 
concentration around the catalyst and the contact area of TiO2 with the pollutant, thereby favoring the complete degradation of the 
intermediate. Furthermore, the photocatalytic performances of the composites has been found to be positively correlated with the pore 
size, pore volume, and specific surface area of the AC. Therefore, the use of highland barley straw as a source of AC would be a 
promising alternative carbon carrier for photocatalysts. From the perspective of the circular economy, the approach of converting 
waste into resources and achieving their reuse and regeneration not only enables the sustainable development of mesoporous carbon 
materials but also brings new ideas and opportunities for local economic development. 
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2. Materials and methods 

2.1. Materials 

Citric acid (C₆H₈O₇, ≥99.5 %), tetrabutyl titanate (C₁₆H₃₆O₄Ti, 98.0 %), and potassium hydroxide (KOH, 99.99 %) were purchased 
from Shanghai Aladdin Company. Methylene blue (C₁₆H₁₈ClN₃S, ≥98 %) was purchased from Solarbio Shanghai Fuze Trading Co. 
Anhydrous ethanol (CH3CH2OH, ≥99.8 %) was purchased from Shanghai Maclean Biochemical Technology Co. Hydrochloric acid 
(HCl, 37 %), was purchased from Guangdong Guanghua Chemical Company (Guangzhou, China). Additionally, all the solutions were 
prepared with deionized water throughout the experiment. 

2.2. Preparation of activated carbon (AC), TiO2, and TiO2/AC composites 

The highland barley straw powder after the hydrothermal reaction was mixed with a citric acid solution of a specified concentration 
in a mass ratio of 1:10. The hydrothermal reaction was carried out for 120 min at a temperature of 240◦C. The resulting AC precursor 
was then mixed with potassium hydroxide as an activator in a mass ratio of 1:1. The mixture was impregnated for a period of time and 
then dried in an oven at 105◦C for 24 h. High-temperature-assisted activation was carried out by setting different temperature pa
rameters in a tube furnace for 1 h. The results showed that AC with a specific surface area of 1906.1266 m2/g was prepared at 1100 ◦C 
[32]. 

Next, 50 mL of anhydrous ethanol was mixed with 4 mL of concentrated hydrochloric acid, 25 mL of tetrabutyl titanate was added, 
and the mixture was stirred for 10 min. The mixture was heated at 150◦C for 6 h in a reaction vessel, and then it was dried and ground 
to obtain the desired TiO2 [33]. 

TiO2 dispersions with different mass fractions (1, 2, 3, 4, and 5 wt%) were prepared using home-made TiO2 nanoparticles. The TiO2 
nanoparticles were uniformly dispersed in deionized water through a 20 min ultrasonication process. Subsequently, 50 mL aliquots of 
each TiO2 dispersion were taken and combined with 1 g of pre-prepared activated carbon in separate beakers. The ultrasonication 
process was repeated for 60 min under a controlled temperature atmosphere of 60◦C. Afterward, the composite materials were washed 
three times with ultrapure water and dried. It is worth noting that the TiO2 used in this study possesses the characteristic of long-term 
stable dispersion in deionized water, avoiding any precipitation that could impact the composite material’s properties. The mechanism 
of TiO2/AC composites preparation is described by equations (1)–(3). 

TiO2 nanoparticles + H2O (deionized) →ultrasonication Uniform TiO2 dispersion (1)  

TiO2 dispersion + Activated Carbon ̅̅̅̅̅̅̅̅̅̅→
ultrasonication TiO2 / Activated Carbon composite (2)  

TiO2
/

Activated Carbon composite + H2O (ultrapure) ̅̅̅̅̅̅̅̅̅̅̅ →
washing+drying Dry TiO2

/
Activated Carbon composite (3)  

2.3. Sample characterization 

The structural properties and morphologies of the prepared TiO2/AC composites were observed by field-emission scanning electron 
microscopy (SEM, 30-kV acceleration voltage). To determine the crystal phase composition, X-ray diffraction measurements were 
carried out at room temperature using a BRUCKER D8 ADVANCE in the 2θ range of 10◦–90◦. Transmission electron microscopy (TEM, 
FEI Talos F200X) was used to observe the microstructures of the samples. The elemental compositions and chemical bonds of the 
prepared samples were characterized by X-ray photoelectron spectroscopy (XPS, Thermo Scientific Escalab 250Xi). Nitrogen 
adsorption–desorption analysis was carried out using the Brunauer–Emmett–Teller (BET, ASAP 2460 Surface Area and Pressure) 
method to determine the specific surface area of each sample. Functional group analysis of the TiO2/AC composites was performed 
using Fourier transform infrared spectroscopy (FTIR) in the 4000–400 cm− 1 region. Raman characterization of the structural 
composition of the TiO2/AC composites was performed using a Renishaw Raman Horiba spectrometer with a laser wavelength of 532 
nm− 1. The concentration of dye ions was determined by ultraviolet–visible (UV–vis) spectroscopy with a maximum wavelength of 664 
nm. 

2.4. Co-sorption photocatalysis experiments 

To investigate the decontamination performance and stability of the composite, six groups of control experiments were conducted. 
Firstly, a 300 mL solution of MB with a concentration of 100 mg/L was prepared and evenly divided into six groups, each containing 
50 mL. Subsequently, samples with different mass ratios of TiO2 prepared in 2.2 were sequentially added to six sets of 50 mL MB 
solutions, i.e., 1 g of AC, 1 g of TiO2/AC (1 wt%), 1 g of TiO2/AC (2 wt%), 1 g of TiO2/AC (3 wt%), 1 g of TiO2/AC (4 wt%) and 1 g of 
TiO2/AC (5 wt%), respectively. The dispersed solution was placed in a photocatalytic reaction chamber. And then it was irradiated for 
100 min using a 300-W xenon lamp. Throughout the experiment, the distance between the radiation source and the solution was 
consistently maintained at 10 cm. The removal rate in the study was calculated using equation (4): 

Y. Yue et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e30817

4

Removal efficiency=
Co − Ct

C0
× 100%, (4)  

where C0 and Ct are the concentrations of MB in solution (mg/L) at the initial time and at any time t, respectively. The photocatalytic 
degradation data were then fitted using the following pseudo-first-order kinetics equation (equation (5)) [34]: 

-ln(Ct /C0)= kt, (5)  

where k is the pseudo-first-order rate constant. Photodegradation cycling tests were performed on the best TiO2/AC (3 wt%) sample 
under the same reaction conditions to determine the stability and reusability of the photocatalyst. 

To investigate the cycling properties of the composites: a 100 mg/L solution of MB at pH = 7 was prepared with a controlled 
reaction time of 100 min and a reaction temperature of 308 K. TiO2/AC (3 wt%) was chosen for the test. After the last cycle, the 
nanocomposites were collected, washed with 0.1 mol/L HCl, and then washed with excess deionized water to neutralize and dried for 
the next cycle. The removal performance of the nanocomposites was tested after five cycles. 

3. Results and discussion 

3.1. Structural analyses 

Fig. 1 shows the XRD spectra of the TiO2/AC nanocomposites. The peak observed at approximately 24◦ corresponded to amorphous 
carbon, indicating that the AC had a graphite-like structure. The diffraction peak of TiO2 appeared at 25.41◦, corresponding to the 
(101) face of anatase, as well as at 71.48◦, corresponding to the (220) face of rutile. These results suggest that the TiO2 in question was 
a mixed crystalline form of rutile and anatase (JCPDS PDF #:00-021-1245) [35]. With an increase in the amount of TiO2 in the 
composite, the peaks of AC were gradually covered, clear rutile and anatase TiO2 diffraction peaks appeared, and a crystalline phase 
emerged. A gradual increase in the sizes of the diffraction peaks of rutile and anatase crystals occurred for the loading levels of 2–4 wt 
%. Instead, at 5 wt%, the size of the diffraction peak decreased and the crystallinity began to decrease. This was a result of the high 
TiO2 content, which could not be compounded on the AC. From the Scherrer equation (equation (6)) [36], given as follows, it was 
determined that TiO2/AC (3 wt%) had the smallest crystal size and was more uniformly distributed than other mass fractions of TiO2: 

D=Kλ/β cos θ, (6)  

where D (nm) is the grain size, K is the Scherrer constant, β represents the half-height width, and θ is the Bragg diffraction angle. 
Fig. 2 displays the SEM micrographs of the AC and TiO2/AC nanocomposites. As the mass fraction of TiO2 increased, TiO2 particles 

gradually accumulated on the outer surface of the AC, leading to pore clogging. The surface structure of AC was rough and porous, as 
depicted in Fig. 2a. However, as the loading of TiO2 increased, the pores of the AC were gradually covered, as shown in Fig. 2b–f. The 
average particle size of the TiO2 used in this study was in the range of 10–40 nm, classifying it as nanoscale TiO2. It shows the uniform 
distribution of TiO2 particles on the surface of the AC. Some larger TiO2 particles were also present in the composite shown. These 
results suggested that the higher free energy of the TiO2 particles in the nano-system led to lower relative stability, resulting in particle 
aggregation due to inherent instability [37]. Therefore, relatively large particles of TiO2 appeared in the SEM image. Furthermore, 
with an increase in the mass fraction of TiO2, there was an increase in the amount of TiO2 dispersed on the AC surface, which could 
provide a sufficient quantity of photocatalytic radicals. Once the loading of TiO2 surpassed a certain threshold, the porous charac
teristics of the AC became obstructed, leading to a decrease in its specific surface area. This, in turn, could compromise the original 

Fig. 1. XRD patterns of the xTiO2/AC (x = 1 wt%, 2 wt%, 3 wt%, 4 wt%, and 5 wt%) catalysts (a) and self-made TiO2 (b).  
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adsorption properties of the AC. 
The BET analysis results of the various adsorbents are presented in Fig. 3. The horizontal axis displays the different samples, with A, 

B, C, D, E, and F representing AC, TiO2/AC (1 wt%), TiO2/AC (2 wt%), TiO2/AC (3 wt%), TiO2/AC (4 wt%), and TiO2/AC (5 wt%), 
respectively. As depicted in Fig. 3b, the AC possessed a specific surface area of 1374.56 m2/g. With the addition of TiO2 with mass 
fractions of 1–5 wt%, the specific surface area decreased to 605.34, 454.52, 310.03, 235.78, and 223.43 m2/g. The incorporation of 
TiO2 in the AC composite resulted in a significant reduction in the specific surface area compared with that of the AC without TiO2. As 
the mass fraction of the TiO2 increased to 5 wt%, the specific surface area decreased to 223.43 m2/g, which was approximately one- 
sixth of the original AC specific surface area. Excess TiO2 was dispersed on the surface of the AC, covering its pores and blocking its 
original pore size. 

According to Fig. 3a, the variation in the pore size of the AC remained constant at around 3.45 nm, regardless of the quantity of TiO2 
added. Fig. 3c shows that as the amount of TiO2 increased, there was a corresponding decrease in the average pore volume from 0.50 to 
0.22 cm3/g. This trend was similar to that observed for the specific surface area, as shown in Fig. 3b. The reduction in the pore volume 
would have an effect on the adsorption capacity of the AC, as it would mainly promote the movement of the adsorbent on the surface of 
the AC and increase the adsorption capacity during the removal of pollutants. The analytical results shown here were consistent with 
the results found by SEM. 

Fig. 4 shows a TEM image of the self-made TiO2. Fig. 4a shows a TEM image of TiO2 at a magnification scale of 200 nm, where the 
TiO2 nanoparticles are clearly visible. The high-resolution transmission electron microscopy (HR-TEM) image in Fig. 4b reveals a 
lattice spacing of d = 0.352 nm, which is close to that of the (101) surface of TiO2 (JCPDS #71–1168) [38]. As shown in Fig. 4c, the 
diffraction pattern of TiO2 exhibited multiple rings, indicating that the sample was composed of polycrystalline grains with different 
crystallographic orientations. The diffraction rings corresponded to the constructive interference between X-rays and the crystal planes 
in each individual grain, providing valuable information about the crystal structure and orientation distribution of the material. Fig. 4d 
shows the high-angle annular dark field image. Fig. 4e and f present the energy dispersive X-ray spectroscopy (EDS) patterns, which 
provided insights into the spatial distributions of Ti and O within the sample. The TEM images, in combination with the XRD analysis, 
unequivocally confirmed that the TiO2 synthesized under these experimental conditions was a polycrystalline material composed of 
both anatase and rutile phases. 

Fig. 2. SEM images of (a) AC; (b) TiO2/AC (1 wt%); (c) TiO2/AC (2 wt%); (d) TiO2/AC (3 wt%); (e) TiO2/AC (4 wt%); and (f) TiO2/AC (5 wt%).  

Fig. 3. Specific surface area of AC and xTiO2/AC (x = 1 wt%, 2 wt%, 3 wt%, 4 wt%, and 5 wt%) catalysts: (a) pore size, (b) specific surface area, and 
(c) pore volume. 
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Fig. 5 shows the microstructure and composition of the TiO2/AC. Fig. 5a displays a TEM image of the TiO2/AC composite material 
at a magnification scale of 100 nm. The dispersion of the TiO2 nanoparticles within the AC structure was evident from the results, 
indicating a uniform distribution of the nanoparticles throughout the carbon matrix. This high degree of dispersion was attributed to 
the strong interactions between the TiO2 particles and the carbon surface, which enhanced their stability and prevented agglomer
ation. The HR-TEM image shown in Fig. 5b reveals distinct striated features that were attributed to the presence of amorphous carbon 

Fig. 4. (a) TEM images of self-made TiO2; (b) HRTEM images of self-made TiO2; (c) SAED images of self-made TiO2; (d) HAADF images of self-made 
TiO2; (e–f) the EDX elemental mappings of self-made TiO2. 

Fig. 5. (a) TEM images of TiO2/AC nanocomposites; (b) HRTEM images of TiO2/AC nanocomposites; (c) SAED images of TiO2/AC nanocomposites; 
(d) HAADF images of TiO2/AC nanocomposites; (e–f) the EDX elemental mappings of TiO2/AC nanocomposites. 
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structures with the crystalline spacing of TiO2, including both rutile and anatase phases. The measured layer spacing of 0.214 nm at the 
interfacial region was consistent with the (100) plane spacing of graphite (JCPDS #41–1487) [39,40]. Combined with Fig. 1, the XRD 
pattern showed a diffraction peak at 2θ = 25.3◦, corresponding to a d-spacing of 0.352 nm, which was assigned to the (101) plane of 
anatase TiO2 (JCPDS #91–1167) [39,40]. This result confirmed that the synthesized material was a composite of AC and TiO2. The 
polycrystalline nature of the complex was further supported by the presence of the C(120) and C(123) planes observed in the selected 
area electron diffraction (SAED) pattern shown in Fig. 5c. Fig. 5d shows the high-angle annular dark field image. The elemental 
distributions in the TiO2/AC composite materials were analyzed using EDS, as shown in Fig. 5e–g. The profiles indicated that the 
distributions of C, Ti, and O were uniform throughout the sample, which suggested that the composite material was mainly composed 
of a carbon skeleton with a graphite-like structure and polycrystalline TiO2. This result confirmed the successful synthesis of the 
TiO2/AC composite material with a well-defined composition and structure. 

The functional groups present in the TiO2/AC composite were identified and quantified using Fourier-transform infrared (FTIR) 
spectroscopy. As shown in Fig. 6a, the composites exhibited seven distinct absorption bands in the 4000–400 cm− 1 region, which were 
attributed to the different functional groups present on the AC. These bands provided valuable information about the structural and 
chemical properties of the composites [41–43]. In each spectrum, the peak at 3435.01 cm− 1 was attributed to the stretching vibrations 
of the –NH2 bonds. The absorption peak at around 1750 cm− 1 was due to the stretching vibrations of C=O [44]. The peak near 1350 
cm− 1 was the characteristic absorption peak caused by the deformation of –OH groups. In the range of 1000–900 cm− 1, the absorption 
band was formed by the stretching of the C–C skeleton [45]. With the increase in the amount of TiO2, the size of the infrared absorption 
peak resulting from the C=O stretching vibrations gradually diminished. This suggested that the C=O groups were being covered by 
Ti=O and that the TiO2 coated the AC surface. These findings agreed with those presented in Figs. 1 and 5. 

The Raman spectrum of the TiO2/AC composite with loadings of 3 wt% is shown in Fig. 6b, which confirms the presence of 
graphitic carbon in the composite. This finding is consistent with the X-ray diffraction analysis presented in Fig. 1. The Raman 
spectrum of the TiO2/AC composite exhibited two distinct peaks at 1365 and 1592 cm− 1, which can be attributed to the D-band and G- 
band peaks, respectively. The appearance of D-band peaks in the Raman spectra can be attributed to the disorder within the AC, which 
resulted from defects and sp3 hybridization of carbon atoms in the carbon structure. The presence of G-band peaks in the Raman 
spectra was attributed to the sp2 carbon atoms in the hexagonal bonds of the graphite network. Specifically, all the sp2 atom pairs 
within the carbon ring or chain contributed to the production of G peaks. The ID/IG ratio, which represents the intensity of the D-band 
peak relative to the G-band peak in the Raman spectrum of the TiO2/AC composite, was found to be 0.507. This indicated a high level 
of graphitization in the material [46]. This study demonstrated that composites synthesized under these conditions possessed high 
purity, structural stability, and they exhibited efficient electron transport on the AC surface, leading to enhanced photocatalytic 
performances of the composites. 

To provide further evidence for the successful deposition of TiO2 onto the AC surface, detailed X-ray photoelectron spectra of the 
TiO2/AC composite with loadings of 3 wt% were collected, as shown in Fig. 7. Based on the X-ray photoelectron spectra analysis 
presented in Fig. 7a, it can be inferred that the TiO2/AC composite was predominantly composed of carbon, titanium, and oxygen. 
Fig. 7b displays the deconvoluted C1s spectrum of the anti-fold product, revealing three prominent peaks corresponding to C–H, C–C, 
and C–O functional groups. The relative intensity of the C–C peak suggested that the AC in the TiO2/AC composite possessed a 
graphite-like carbon structure. The O1s spectrum in Fig. 7c had a peak at around 239 eV, which indicated the presence of metal oxides, 
specifically Ti=O. In addition, the C–O peak observed at 530.8 eV confirmed that the C1s orbital originated from the valence state 
identified in Fig. 7b. Fig. 7d displays the binding energy region associated with both the Ti2p 3/2 and Ti2p 1/2 states, which originated 
from TiO2 [47]. The symmetric peaks and high intensity observed in this region corresponded to the Ti2p orbital of TiO2. The XPS 
measurements corroborated the FTIR findings outlined earlier, providing additional evidence for the structural composition of the 
TiO2/AC composites. 

Fig. 6. (a) FT-IR spectra of AC and xTiO2/AC (x = 1 wt%, 2 wt%, 3 wt%, 4 wt%, and 5 wt%) catalysts; (b) Raman spectra of xTiO2/AC (x = 3 wt%).  
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Fig. 7. (a) XPS spectra, (b) C 1s, (c) O 1s, and (d) Ti 2p of the xTiO2/AC(x = 3 wt%).  

Fig. 8. Synergistic degradation of MB by AC and TiO2/AC nanocomposites: (a) removal rate, (b, c) kinetics curves of synergistic degradation of MB, 
(d) degradation rate, and (e) schematic of degradation. 
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3.2. Degradation of methylene blue by TiO2/AC nanocomposites 

To assess the decontamination efficacy and stability of the composite material, a series of experiments were carried out. The results 
are shown in Fig. 8. The horizontal coordinates A, B, C, D, E, and F in Fig. 8d represent AC, TiO2/AC (1 wt%), TiO2/AC (2 wt%), TiO2/ 
AC (3 wt%), TiO2/AC (4 wt%), and TiO2/AC (5 wt%), respectively. Fig. 8a and d shows the removal rates of the six sample groups at 
100 min, which were found to be 72.6%, 95.6%, 97.8%, 99.6%, 92.3%, and 85.6%, respectively. The removal rates of the six sample 
groups gradually decreased over time. This is likely due to the decreasing MB content in the solution, which prevented TiO2 from fully 
participating in the photocatalysis, resulting in a slower removal rate after 40 min. The composite materials exhibited higher MB 
removal efficiencies before 40 min compared with that of the AC alone due to the synergistic effect of both the photocatalytic 
properties of TiO2 and the adsorption properties of AC. The TiO2/AC composites exhibited higher removal efficiencies of MB than TiO2 
alone after 40 min, likely due to the synergistic effect of AC and TiO2. The AC provided a porous structure that allowed for the efficient 
adsorption of MB, while the TiO2 facilitated photocatalytic degradation of the dye. This combination resulted in more complete contact 
between the composite material and MB, leading to relatively efficient removal. This finding suggested that the composite material has 
promising potential for efficient wastewater treatment. 

Fig. 8d shows the MB degradation rates for five composites. The highest removal rate was observed when the TiO2 composite had a 
loading of 3 wt%. However, as the loading increased beyond this point, the removal rate began to decrease instead. Fig. 8e presents a 
real-life image of MB degradation by five types of composite materials. A clear and transparent liquid is observed when the TiO2 
composite material has a loading of 3 wt%. When the content is below or above 3 wt%, a blue liquid is visible. The analysis suggested 
that the reduced adsorption performance of AC, due to its reduced specific surface area, may have been one reason that TiO2 was 
unable to fully contact MB after 40 min. The second reason for the reduced photocatalytic efficiency was the excessive amount of TiO2, 
which led to a decrease in the light transmission rate. Consequently, the generation of free hydroxyl groups and active oxygen by TiO2 
was insufficient, resulting in a decrease in the photocatalytic efficiency. Fig. 8c shows the kinetics curves for the adsorption and 
degradation of AC and TiO2/AC. To quantitatively compare the pollutant removal efficiencies of the different composites, the pho
tocatalytic degradation data were fitted using a pseudo-first-order kinetics equation. ln (Ct/C0) for the six composites had a good linear 
relationship with time t and was consistent with first-order reaction kinetics. The reaction rates k for the six materials were calculated 
using the pseudo-first-order kinetics equation, with values of 0.0111, 0.0334, 0.0420, 0.0585, 0.0284, and 0.0212 min− 1 obtained for 
the AC and TiO2/AC composites with loadings of 1, 2, 3, 4, and 5 wt%, respectively (as shown in Table 1). The magnitude of k reflects 
the pollutant removal rate, and our results indicate that the highest pollutant removal rate was achieved at a mass fraction of 3 wt% for 
the TiO2 composites. Considering of our harsh evaluation condition by using 1 g of TiO2/AC to treat 50 mL of MB solution (100 mg/L) 
within 100 min, the resultant TiO2/AC heterojunction possess better removal efficiency for MB than most of the semiconductor-based 
materials listed in Table 2. 

The cyclic performance of a composite is a crucial practical indicator that reflects its stability and durability over time. Therefore, it 
was essential to investigate the cyclic stability of the TiO2/AC composite to evaluate its potential for real-world applications. The 
cycling performance test results are shown in Fig. 9a. After cycles 1–5, the TiO2/AC (3 wt%) exhibited an excellent removal perfor
mance, with removal rates of 99.6%, 97.8%, 93.5%, 87.3%, and 83.1% respectively. Despite the slight decrease in the decontamination 
efficiency after five cycles, the overall effectiveness of the material remained similar, suggesting its potential for repeated use in 
wastewater treatment to remove pollutants. 

The FTIR absorption spectrum of TiO2/AC (3 wt%) after five cycles is presented in Fig. 9b. The measured data provide insight into 
the chemical structure and composition of the material following multiple regeneration cycles. The findings are consistent with those 
presented in Fig. 6a, which demonstrated that the TiO2/AC (3 wt%) possessed both robust structural integrity and notable catalytic 
activity. These results collectively indicate the reusability of the material for the effective removal of pollutants from wastewater. 

3.3. Mechanism 

The decontamination mechanism of the composite was attributed to a synergistic effect between highland barley straw AC 
adsorption and the TiO2 photocatalysis, as shown in Fig. 10. Firstly, activated carbon adsorbed MB molecules by physical adsorption 
and chemical adsorption. Due to its significant surface area and porosity, AC physically adsorbs MB molecules driven by van der Waals 
forces. Then it is promoted by hydrogen bonding or π-π interaction between the aromatic rings of AC and MB, so that chemisorption 
occurs simultaneously. Under the strong adsorption of AC, the pollutants are fixed on the surface of the composite material, which 
increases the concentration of pollutants around TiO2. In the photocatalytic degradation process, AC can act as an electron acceptor, 
reducing the recombination rate of electrons and holes, thus making more of them available for photocatalytic reactions. AC can also 
increase the dispersion of TiO2 particles, exposing more active sites for the photocatalytic reaction. Upon illumination with light of 
sufficient energy, TiO2 generates electron-hole pairs. The electrons can reduce oxygen to form superoxide radicals (⋅O−

2 ), while the 
holes can oxidize water or hydroxide ions to form hydroxyl radicals (⋅ OH). These ROS are highly reactive and capable of degrading MB 
molecules adsorbed on the surface of the composite breaking down their chemical structure into smaller, less harmful compounds until 
complete mineralization to CO2, H2O, and inorganic ions is achieved. The final degradation products have a lower molecular weight 
and are less likely to adsorb onto the surface of AC or TiO2. Consequently, these products desorb from the photocatalyst surface, freeing 
up sites for the adsorption of more MB molecules and maintaining the efficiency of the photocatalytic process. The combined action of 
TiO2 and AC in the TiO2/AC composite not only captures MB molecules more effectively through adsorption but also degrades them 
more efficiently under light irradiation due to enhanced charge separation, increased catalytic sites, and the generation of reactive 
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oxygen species. This synergistic effect makes TiO2/AC an effective photocatalyst for the degradation of organic pollutants like 
Methylene Blue. 

4. Conclusion 

AC was prepared successfully from highland barley straw through a chemical activation method with KOH followed by a calci
nation process. The loading of TiO2 onto pre-prepared activated carbon (AC) was carried out. Successful preparation of TiO2/AC 
nanocomposites with stable synergistic adsorption and photocatalysis characteristics was achieved. Furthermore, we assessed the 
synergistic adsorption and photocatalytic efficacy of the TiO2/AC nanocomposites for the degradation of methylene blue (MB) in 
industrial wastewater. We successfully elucidated the effect of AC carriers on the photocatalytic reaction of TiO2, using various 
analytical techniques, such as scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), surface area 
analysis, and transmission electron microscopy (TEM). The characterization results revealed that the TiO2 particles were uniformly 
distributed on the AC support, with both anatase and rutile phases present. Through parameter studies, it was found that under natural 
light irradiation, the synergistic degradation of 100 mg/L MB was achieved with a dye degradation efficiency of 99.6 % within 100 
min. These results demonstrated the excellent synergistic adsorption and photocatalytic properties of TiO2/AC, making it an efficient 
and effective catalyst for degrading organic pollutants. This method has the potential for application in the treatment of industrial 
organic pollutants in water. 

Table 1 
Comparison of the rate constants (k) of the composites.  

Sample k (min− 1) R [2] 

AC 0.0111 0.9934 
TiO2/AC (1 wt%) 0.0334 0.9865 
TiO2/AC (2 wt%) 0.0420 0.9895 
TiO2/AC (3 wt%) 0.0585 0.9869 
TiO2/AC (4 wt%) 0.0284 0.9603 
TiO2/AC (5 wt%) 0.0212 0.8867  

Table 2 
Elimination efficiency of the semiconductor-based materials for MB dyes.  

Material Power of Xenon 
lamp (W) 

Time 
(min) 

Elimination 
Efficiency (%) 

The dosage of the material (mg)/amount of MB solution 
(mL) × MB concentration (mg L− 1) 

Ref. 

TiO2/g-C3N4 160 100 98.5 20/100 × 5 [48] 
RS-HTO 300 90 95.18 200/100 × 10 [49] 
CeO2/TiO2 250 120 100 80/100 × 15 [50] 
Banana peel activated 

carbon-TiO2 

/ / 94.61 500/25 × 30 [51] 

WO3/AC 15-25 (mWcm− 2) 25 94 20/20 × 10 [52] 
TiO2/AC 300 100 99.6 1000/50 × 100 This 

work  

Fig. 9. (a) TiO2/AC (3 wt%) degradation of MB over five cycles. (b) FT-IR spectra of TiO2/AC (3 wt%) sample after recycling.  
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