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Abstract

:

This study investigates the synthesis and application of composite electrospun fibers incorporating coal tar pitch (CTP) and various nanomaterial additives, with a specific focus on their potential for eco-bio-applications. The research underscores the environmentally viable aspects of CTP following a thermal treatment process that eliminates volatile components and sulfur, rendering it amenable for fiber electrospinning and subsequent carbonization. Composite fibers were fabricated by integrating CTP with nanomaterials, including nickel oxide (NiO), titanium dioxide (TiO2), activated carbon (AC), and magnetite (Fe3O4). The C/NiO composite fibers exhibit notable acetone sensing capabilities, specifically displaying a rapid response time of 40.6 s to 100 ppm acetone at 220 °C. The C/TiO2 composite fibers exhibit a distinct “beads-on-a-string” structure and demonstrate a high efficiency of 96.13% in methylene blue decomposition, highlighting their potential for environmental remediation applications. Additionally, the C/AC composite fibers demonstrate effective adsorption properties, efficiently removing manganese (II) ions from aqueous solutions with an 88.62% efficiency, thereby suggesting their utility in water purification applications. This research employs an interdisciplinary approach by combining diverse methods, approaches, and materials, including the utilization of agricultural waste materials such as rice husks, to create composite materials with multifaceted applications. Beyond the immediate utility of the composite fibers, this study emphasizes the significance of deploying environmentally responsible materials and technologies to address pressing eco-bio-challenges.
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1. Introduction


The global pursuit of environmental sustainability has led to transformative innovation. In this era, eco-bio-applications, driven by novel materials and advanced technologies, play a pivotal role in our collective effort to achieve a sustainable future. With climate change, pollution, resource depletion, and biodiversity loss as pressing issues, the demand for innovative, environmentally conscious approaches is urgent [1]. Eco-bio-applications represent a paradigm shift by seamlessly integrating ecological and biological principles with cutting-edge materials and techniques. In this context, the synthesis and use of new materials will be vital in bridging the gap between human progress and planetary preservation.



Sustainable development, as championed with the United Nations’ Sustainable Development Goals (SDGs), demands a holistic consideration of the environmental, social, and economic dimensions [2]. New technologies and materials, especially in the composite nanomaterials field, offer great potential in tackling these challenges. Composite nanomaterials within nanotechnology offer diverse shapes and combinations, elevating synthesis methodologies to new levels. This burgeoning field hinges on three key aspects: the composition and structure, fabrication methods, and various application domains of nanocomposites. Combining options within these dimensions provides a wide spectrum of tailored composite forms for diverse applications.



This paper centers on the production of composites via the electrospinning technique for eco-bio-applications. Bioecology, as a subfield of ecology, delves into the interplay between the environment and biological organisms.



Electrospinning stands out as a versatile technique capable of producing one-dimensional (1D) monocomponent and composite fibers, spanning an extensive spectrum of materials, from biopolymers [3] to metals and alloys [4]. These electrospun fibers have found applications across diverse fields, reflecting the adaptability and utility of this method. For a comprehensive exploration of electrospun fiber applications, extensive reviews are available [5,6,7,8,9]. In this context, a concise overview of research on the current use of electrospun fibers in eco-bio-applications is presented below, taking a closer look at electrospun fibers with the addition of nickel oxide, titanium oxide, activated carbon, and magnetite for environmental applications.



The composite nanofibers enhance the water purification process by effectively filtering and retaining fouling particles. A variety of nanofiber composite membranes, including carbon [10], nylon [11], polysulfone [12], cellulose [13], as well as polymers such as polyacrylonitrile (PAN) [14], polyvinylidene fluoride (PVDF) [15], polytetrafluoroethylene (PTFE) [16], and polypropylene (PP) [17] exhibit high performance in removing contaminants from water. Modifying these membranes enhances their performance and reduces fouling. Nanofibers show significant potential in the effective purification of water, positioning them as essential materials for future water treatment technologies.



Electrospun nanofiber membranes have the capacity to remove heavy metals, large particles, bacteria, viruses, and other textile debris, making them well-suited for water purification. Functionalizing these membranes with nanoparticles and additives such as activated carbon can address fouling issues by enhancing the effectiveness of nanostructures. This is due to several unique properties, including a lower volume-to-surface area ratio, where in the nanoscale, the number of atoms on the surface increases while defects decrease [18,19,20].



The application of nanofiber/activated carbon (AC) composites in water treatment processes is recognized as one of the most effective methods for removing various contaminants from aqueous solutions. Within these composites, activated carbon serves a crucial role by absorbing and retaining various contaminants due to its high active surface area and porous structure. In a study conducted by Shahrokhi-Shahraki et al. [21], activated carbon derived from tires was employed to purify water contaminated with synthetic heavy metals, including Pb2+, Cu2+, and Zn2+. The data obtained confirm that this activated carbon demonstrates significant potential for adsorbing heavy metals, with adsorption capacities of 322.5 mg/g for Pb2+, 185.2 mg/g for Cu2+, and 71.9 mg/g for Zn2+, respectively. It has also been observed that other factors such as the presence of other ions, amorphousness, crystallinity of the material, and pore size influence the adsorption capacity of sorbents. In the case of mesopores, the adsorption mechanism begins with the formation of a monolayer on the activated carbon surface, followed by pore condensation. Heavy metals are retained through ion exchange and chemical adsorption mechanisms [22]. To enhance the efficiency of water purification, an important factor is the high content of functional groups or active centers on the activated carbon surface, capable of binding heavy metals. Furthermore, the presence of cations like K+, Ca2+, and Mg2+ in activated carbon, which can exchange with toxic metal ions, further promotes heavy metal adsorption through ion exchange mechanisms [21].



In addition to adsorption methods for purifying water from contaminants, photocatalytic decomposition is regarded as a promising technique. Among the myriad of purification technologies, photocatalysis has proven to be a powerful approach and titanium dioxide (TiO2) stands out as a leading photocatalyst due to its non-toxicity, exceptional photoactivity, and low cost [23]. However, despite TiO2’s remarkable photocatalytic capabilities, its full potential is often hindered by several limitations, such as the rapid recombination of photogenerated electron–hole pairs and the restricted light absorption in the ultraviolet (UV) range [24]. To overcome these hurdles and enhance TiO2’s photocatalytic performance, the incorporation of carbon nanofibers has emerged as a transformative solution. TiO2/carbon nanofiber composites have garnered substantial attention in recent years for their ability to synergize the merits of TiO2 and carbon-based materials, effectively addressing the shortcomings of traditional TiO2 photocatalysts. Due to this, most of the researchers have implemented electrospinning technology [25,26,27], which has demonstrated outstanding outcomes in the treatment of wastewater containing different kinds of dyes.



In reference [28], an excellent example of using a combination of TiO2 and metal–organic frameworks, specifically zeolitic imidazolate framework-8 (ZIF-8), is presented. This combination was prepared using ultrasonic and electrospinning methods, demonstrating good photoactivity and the ability to maintain its performance over multiple cycles (88.7% efficiency after five cycles). The use of multilayer composites, including TiO2, carbon nanotubes, and polymethyl methacrylate, created using the same electrospinning method, can enhance the photocatalysis effect for a broader range of dyes, expanding its application scope [29]. Furthermore, a novel photocatalyst [30], known as Janus nanofiber heterojunction photocatalysts (JNHPs), was developed. JNHP incorporates a TiO2/C nanofiber side that responds to UV light and a Bi2WO6/C nanofiber side that is responsive to visible light, efficiently utilizing sunlight. JNHP excels in hydrogen production and methylene blue degradation without the need for noble metals as co-catalysts. This approach holds promise for the development of other bifunctional nanofiber photocatalysts.



Composite nanomaterials find critical applications in the detection of hazardous gases, including toxic, flammable, and explosive substances [31,32,33,34]. Recent interest has centered on gas sensors utilizing carbon fibers and metal oxide nanoparticles, particularly NiO, renowned for their simple production methods and high selectivity [35].



NiO-based gas sensors operate by measuring resistance changes in the sensing layer upon gas molecule adsorption. Nanofibers, with their exceptional surface-to-volume ratio, high porosity, and enhanced active centers, improve gas adsorption, enhancing gas detection performance [36]. Among various nanofiber fabrication methods, electrospinning stands out as a promising, cost-effective, and versatile technique for producing NiO-based composite nanofibers. These nanofibers enhance electrical transport, specific surface area, and contact area with the target gas, and reduce charge transfer time, making them highly suitable for gas sensor development.



In [37], PAN/NiO-based gas sensors were successfully used for methanol detection, demonstrating high selectivity and stability. Gas sensors not only find application in environmental protection but also in biomedicine. For instance, poly(vinyl alcohol) (PVA)/NiO nanofibers produced using electrospinning exhibited a rapid response and recovery time, making them suitable for formaldehyde vapor detection [38]. Electrospun NiO nanograins can be utilized in exhaled air sensors for lung disease diagnoses [39]. Incorporating electrospun nanomaterials into gas sensors results in ultrahigh sensitivity, excellent selectivity, long-term stability, and cost-effectiveness even in challenging conditions.



The potential utilization of magnetic composite fibers, particularly those incorporating magnetite nanoparticles, is determined with their physicochemical and magnetic characteristics. These properties make them remarkably versatile and applicable in a wide range of fields, including sensing, biomedicine, electronics, telecommunications, environmental protection, and energy storage, as discussed in references [40,41]. For example, composite fibers containing magnetite nanoparticles exhibit a significant level of magnetization, a crucial characteristic that underscores their usefulness [42]. It is worth noting that the inclusion of magnetite nanoparticles not only enhances the dielectric properties and magnetic characteristics of the fibers but also exerts influence over their orientation and size. This study also investigated the effects of magnetic fields on fiber orientation during the electrospinning process, resulting in reduced fiber dimensions and improved fiber alignment [43].



In references [44,45], composite fibers based on magnetite nanoparticles in poly(ethylene oxide) (PEO) and polydopamine (PDA) matrices were fabricated through electrospinning for the removal of Pb(II) ions from solutions. Reference [46] discusses the production of polyvinylpyrrolidone (PVP)/Fe3O4 fibers for drug delivery as drug-loaded magnetic materials. Additionally, PVA/Fe3O4 fibers, as described in [47], can be used for physisorption, and they also serve as biomembranes, as discussed in [48]. Alginate/Fe3O4 electrospun fibers, as demonstrated in reference [49], find applications in adsorption and separation of antibiotics, including the separation of ciprofloxacin hydrochloride from aqueous solutions. As a result, the growing body of research dedicated to the development of functional magnetic fibers, distinguished by their exceptional magnetic properties attributed to the presence of magnetite nanoparticles, is indeed significant.



This article presents the results obtained by the Institute of Combustion Problems research group regarding the synthesis of composite materials using the electrospinning method and their environmental applications. The study involved the preparation of carbon-based composite fibers with the addition of MOx (NiO, TiO2, and Fe3O4), as well as carbon–carbon fibers through the incorporation of activated carbon particles. The resulting fibers were subject to testing for the purification of water from metal ions and organic pollutants through adsorption and photocatalytic decomposition. Additionally, the fibers were evaluated for their capability to detect toxic gases in the atmosphere. One noteworthy aspect of this study is the use of coal tar pitch in conjunction with the primary PAN solution as an alternative, cost-effective precursor. Furthermore, the production of activated carbon is involved in the use of agricultural waste, specifically rice husk. This illustrates the potential for converting industrial and agricultural waste materials into environmentally protective materials.




2. Materials and Methods


This investigation involves multiple experimental phases, which can be categorized into three primary stages:




	
Synthesis of basic components intended for subsequent composite material fabrication.



	
Synthesis of composite fibers through electrospinning and their subsequent heat treatment.



	
Evaluation and practical implementation of the resulting materials.








It is important to note that each stage incorporates fundamental techniques for examining intermediate and final products, including morphological and physicochemical analyses. Some of these steps are illustrated in Figure 1.



2.1. Production of Coal Tar Pitches (CTPs) with Thermal Treatment


Coal tar pitches were obtained through the thermal conversion of coal tar in a tube furnace equipped with a quartz reactor under an inert atmosphere. To investigate the influence of temperature on pitch formation, heat treatment was carried out within the temperature range of 200–500 °C, while maintaining an argon gas flow rate of 90–92 cm3/min. A pre-dried and accurately weighed porcelain or quartz boat was loaded with coal tar, and its initial mass was recorded for a subsequent mass loss analysis. The boat containing the coal tar was then placed into the reactor and subjected to argon purging to eliminate atmospheric air. Argon purging was maintained for 5 min, after which the reactor was gradually heated to the specified temperature range (200–500 °C). The temperature treatment duration was set at 1 h. Once the heat treatment was completed, the reactor heating was turned off, and the sample was allowed to cool to ambient temperature within an argon-filled environment. After extraction, the product boat was re-weighed to measure the mass loss. Subsequently, the resulting material was used for electrospinning to produce fibers.




2.2. Synthesis of C/NiO Composite Fibers


Nickel oxide nanoparticles were synthesized using the solution combustion method. Nickel nitrate hexahydrate (Ni(NO3)2∙6H2O) was employed as the oxidizer, and urea (NH2CONH2) as the fuel. The process commenced by dissolving these reagents in distilled water and evaporating the solution to a final volume of 5–7 mL, resulting in a gel-like substance as most of the water evaporated. Subsequently, the mixture was heated to 260 °C, causing spontaneous ignition. The choice of ignition temperature was based on urea’s decomposition point, which can reach temperatures of up to 1200 °C in the burning zone. This led to the deposition of the final product on the inner surfaces of the glassware, yielding a fine, jet-black powder.



To prepare a fiber-forming PAN and CTP solution with nickel oxide nanoparticles, the following steps were followed:




	
A well-suited suspension of powdered PAN was combined with N,N-dimethylformamide (DMF) in a mass ratio of 9:91. This mixture was stirred on a magnetic stirrer at 150 rpm and maintained within a temperature range of 70–80 °C for 2 h until a homogeneous solution was achieved.



	
Once complete homogenization was achieved, the PAN solution was blended with small quantities of CTP in a mass ratio of 70:30. The resulting mixture underwent ultrasonic treatment in a bath operating at a temperature range of 70–80 °C for 60 min, ensuring the uniform dispersion of CTP within the polymer solution.



	
Subsequently, nickel oxide powder was added to the solution, maintaining a weight ratio of 70:30 ((PAN/CTP):NiO). This suspension was continuously stirred on a magnetic stirrer for a duration of 12 h.








The electrospinning process was conducted using a specialized apparatus consisting of a solution delivery system, a syringe reservoir equipped with a metal needle, a power source, and a variable-speed drum collector. The fiber formation procedure was carried out under ambient conditions, with a temperature range of 20–30 °C and a relative humidity of 30–40%.



The polymer solution was loaded into a 5 mL syringe, with a metal needle securely attached to its end. A negative voltage was applied to the needle, while a positive voltage was applied to the collector. Specifically, both the needle and the drum collector were subjected to a voltage of 15 kV. The solution feed rate was maintained at 1.0 mL/h, the drum collector had a radius of 20 cm, and the distance between the needle and the collector was set at 15 cm. To facilitate fiber deposition, the collector’s surface was lined with aluminum foil. Voltage levels and the distance between the electrode and the collector were meticulously adjusted to ensure the stable formation of the electrospinning jet. Subsequently, the fibers underwent a two-step process involving stabilization and carbonization.



For stabilization, the PAN/CTP/NiO fibers were placed in a tubular CVD (Chemical Vapor Deposition) furnace with a quartz tube, heated to 260 °C, and kept at this temperature for 1 h in an air atmosphere. Afterward, the furnace was turned off, and the sample was allowed to cool to room temperature inside the furnace.



Subsequently, carbonization was carried out in the same CVD furnace. The quartz tube was purged with high-purity nitrogen (99.993%) to eliminate any traces of air and prevent contact with oxygen. The furnace was then heated to 700 °C, and the carbonization process lasted for 1 h. After completion, the furnace was turned off, and the sample was cooled to room temperature in a nitrogen atmosphere, again without removal from the reactor. The obtained sample was named “C/NiO fibers”.



To assess the gas sensitivity, the C/NiO fibers were meticulously ground in an agate mortar. The ground composite fibers were blended with PVDF at a mass ratio of 85:15 (C/NiO:PVDF), with PVDF serving as a binding agent in the mixture. The resulting viscous suspension was applied onto a microchip specially designed with interdigitated gold nanowires and two electrodes mounted on aluminum oxide. Subsequent to the application of the suspension, the sample was subjected to a 2 h drying process in an oven set at a temperature of 100 °C.




2.3. Synthesis of C/TiO2 Composite Fibers


The production of nanostructured composite fibers, incorporating PAN and CTP with the addition of titanium oxide nanoparticles, was successfully achieved. The preparation of the fiber-forming solution closely adhered to the methodology outlined in a previous section of this article. In brief, CTP was added to a 9% PAN:DMF solution with a PAN:CTP weight ratio of 7:3. Subsequently, titanium oxide nanoparticles were introduced, maintaining a (PAN/CTP):TiO2 weight ratio of 7:3. The electroforming of fibers was carried out, followed by the processes of stabilization and carbonization. The samples obtained after carbonization were designated as “C/TiO2 fibers”.



The investigation of the photocatalytic performance of carbon nanofibers modified using titanium dioxide (C/TiO2) was carried out through the photocatalytic degradation of methylene blue (MB). This degradation process occurred under the irradiation of a 300 W xenon lamp, with experiments conducted at room temperature. The lamp was positioned approximately 15~20 cm above the solution surface.



In the experimental procedure, 5 mg of C/TiO2 were dispersed within a 50 mL solution of methylene blue, initially having a concentration of 10 mg/L. Following the introduction of the nanofibers, the mixed solution was allowed to stand in the dark and underwent stirring for 30 min to establish adsorption–desorption equilibrium within the system.



Subsequently, the entire system was placed under the xenon lamp to initiate the photocatalytic degradation process. At 10 min intervals, 5 mL aliquots of the solution were extracted and subjected to centrifugation. The purpose of this centrifugation step was to separate solid residues from the liquid phase for a further analysis.




2.4. Synthesis of C/Fe3O4 Composite Fibers


Magnetite (Fe3O4) nanoparticles were synthesized using a chemical condensation method as previously detailed in reference [50]. In brief, an aqueous solution of iron (III) chloride with a concentration of 0.32 mol/L and iron sulfate with a concentration of 0.2 mol/L was combined in a heat-resistant flask. This mixture was agitated using a heated magnetic stirrer, while a 25% aqueous ammonia solution was added gradually, at a rate of one drop per second. The temperature of the iron salt solution was maintained at 50 °C. Subsequently, magnetite nanoparticles were extracted from the solution using a permanent magnet, washed several times with water to neutralize the reaction, and then dried under standard conditions.



The fabrication of nanostructured composite fibers, incorporating PAN and CTP with the inclusion of magnetite nanoparticles, was successfully achieved. The preparation of the fiber-forming solution closely adhered to the procedure described in a previous section. In summary, CTP was incorporated into a 9% PAN/DMF solution with a PAN/CTP weight ratio of 7:3. Following this, magnetite nanoparticles were added, maintaining a PAN/CTP:Fe3O4 weight ratio of 7:3. Subsequently, the electroforming of fibers was conducted, followed by the crucial stages of stabilization and carbonization. The resulting samples were designated as “C/Fe3O4 fibers”.




2.5. Synthesis of C/AC Composite Fibers


The highly porous activated carbon (AC) was produced from rice husk waste, following the methodology detailed in a prior investigation [51]. The fabrication of composite fibers, incorporating PAN and CTP with the inclusion of activated carbon, was successfully carried out. The preparation of the fiber-forming solution closely adhered to the methods described in previous sections. In summary, CTP was introduced into a 9% PAN:DMF solution with a PAN:CTP weight ratio of 7:3. Subsequently, activated carbon was added, maintaining a (PAN/CTP):AC weight ratio of 7:3. Subsequently, the electroforming of fibers was performed, followed by the crucial stages of stabilization and carbonization. The samples obtained after carbonization were designated as “C/AC fibers”.



The sorption characteristics of the resulting C/AC composite fibers regarding the adsorption of manganese (II) ions from aqueous solutions were investigated with respect to adsorption time. Calibration solutions were carefully prepared to contain manganese (II) ions at concentrations of 5, 10, 15, and 20 mg/L, following the guidelines of State Standard, GSO (Certified Reference Material) no. 7875-2000. The working concentration was set at 10 mg/L. Samples of C/AC fibers, weighing 0.25 g, were immersed in 200 mL beakers filled with 100 mL of the working solution. At specific time intervals (3, 10, 30, 60, and 720 min), samples were retrieved from the beakers to determine the manganese ion content using atomic absorption spectrometry.




2.6. Methods of Characterization


2.6.1. X-ray Phase Analysis


X-ray patterns were obtained with a DRON-4 universal X-ray diffractometer equipped with an IBMPC-based digital control and registration system using copper radiation. This method allowed us to accurately determine the lattice parameters of crystalline materials and perform qualitative and quantitative phase analyses of materials. The X-ray tube operated at voltages up to 30 kV, with a tube current of 30 mA. The goniometer moved in steps of 0.05° 2θ, and the measuring point intensity reached up to 1.0. The sample’s own-plane rotation speed was 60 rpm.



X-ray data were processed to determine angular position and reflection intensity using the ‘Fpeak’ program. The phase analysis was conducted through the ‘PCPDFWIN’ program, which utilized a diffractometric database. Spectra obtained were identified with reference to the JCPDS X-ray database. Notably, the primary hardware error in the X-ray counting measurement did not exceed 0.4%.




2.6.2. Electron Microscopy


The structure, size, and morphology of the obtained samples were investigated using a Quanta 200i 3D scanning electron microscope (FEI, Hillsboro, OR, USA) with an accelerating voltage of 30 kV. This microscopy analysis was carried out at the “National Nanotechnology Laboratory of Open Type” within KazNU (Al-Farabi University, Almaty, Kazakhstan). This method allowed us to determine surface structures in images, facilitating the assessment of both structural characteristics and the sizing of individual particles. Notably, the Quanta 200i 3D SEM is equipped with an energy-dispersive X-ray system (EDS), which enables the analysis of a wide range of chemical elements, spanning from B to U. The energy resolution of this system is 132 eV (Mn Kα).



In addition, the structural and morphological characteristics of magnetite nanoparticles were investigated using a transmission electron microscope, JEM-1011 (JEOL, Tokyo, Japan) in the Kazakhstan-Japan Innovation Center of the Kazakh National Agrarian Research University. This microscope is equipped with a digital camera, Morada (Olympus, Tokyo, Japan). Key technical specifications include an adjustable accelerating voltage within the range of 40 to 100 kV, a dot resolution of 0.3 nm, a line resolution of 0.14 nm, a LaB6 electron gun, and a magnification range from 100 to 1,000,000.



Fiber diameters and particle sizes were determined from a set of SEM/TEM images using the open-source program “ImageJ”, specially developed for an image analysis and processing, which automates the calculation of the average particle diameter and standard deviation.




2.6.3. Raman Spectroscopy


Raman spectra of the samples were obtained on an NT-MDT NTegra Spectra spectrometer located at the “National Nanotechnology Laboratory of Open Type” of KazNU (Al-Farabi University, Almaty, Kazakhstan).



Raman spectroscopy was carried out with unpolarized radiation from a semiconductor diode laser as the excitation source, emitting at a wavelength of λexc = 473 nm. The wavenumber scale had a relative error tolerance maintained within ±0.5%.




2.6.4. P-45X Potentiostat-Galvanostat Workstation


The gas-sensitive properties were evaluated using a static test method. The sensor was positioned within a 10 L test chamber, with its electrodes connected to a P-45X potentiostat-galvanostat workstation. Current characteristics between the two electrodes were measured while exposing the sample to the analyzed gas. This procedure enabled the assessment of the composite fibers’ sensitivity to gases when connected to the specialized microchip and measurement equipment.



A volume of vapor saturated with acetone was introduced into the chamber to create an environment with a specific concentration of acetone, and the gas detection characteristics of the sensor were recorded. The sensor response was determined using the following Formula (1):


  R = (   I   a   −   I   g   ) /   I   g   ,  



(1)




where Ia is the sensor current in air; Ig is the sensor current in the acetone environment.




2.6.5. UV-Vis Spectroscopy


The UV-Vis absorption spectrum of the material is to analyze the change in UV-Vis spectra of methylene blue solutions before and after the photocatalytic degradation process after centrifugation.



The analysis was conducted using a UV-Vis spectrophotometer, enabling us to quantify the amount of methylene blue adsorbed using the material based on the observed spectral changes.



This technique provided valuable insights into the adsorption capacity and efficiency of the test material for methylene blue molecules. The spectral analysis yielded essential data concerning the degradation efficiency of methylene blue over time, facilitating an evaluation of the photocatalytic activities of the C/TiO2.




2.6.6. Atomic Absorption Spectroscopy


Atomic absorption spectroscopy was used to evaluate the adsorption capacity of the obtained materials on metal ions. Alterations in the concentration of manganese ions in acidified aqueous solutions were analyzed using atomic absorption spectra, utilizing a “PerkinElmer AAnalyst 200” instrument. Sample concentrations were determined by introducing the sample into the flame of an acetylene-air burner as a nebulizer. The margin of error associated with the experiment was within ±2.5%.


  a =       C   0   − C   · V   g   ,  



(2)




where C0 and C are concentrations of metal ions in the solution before and after precipitation, mg/L; V is the volume of the solution, L; g is the mass of the composite fibers, g.






3. Results and Discussion


3.1. Characterization of Coal Tar Pitches Obtained with Thermal Treatment


The coal tar used in this study was sourced from the Shubrakol coal deposit in Kazakhstan. The Shubrakol field holds substantial reserves, amounting to an impressive 1.5 billion tons. Coal tar itself is characterized as a dense, dark liquid with a distinctive odor, exhibiting a viscosity of 1.04 g/cm3.



To examine the properties of coal tar, specimens were subjected to controlled heating processes at various temperature intervals, and the mass variation was meticulously assessed by comparing the pre- and post-treatment weights of the samples. The resulting data is summarized in Figure 2, providing insights into the extent of mass reduction following each treatment. As indicated in the tabulated data in Figure 2, the peak of mass reduction occurs at the temperature threshold of 500 °C, representing approximately 76% of the initial mass. The application of thermal treatment accelerates the elimination of volatile constituents within the coal tar substrate.



The data presented on the heat treatment of coal tar are instructive in understanding its chemical transformation with increasing temperature. The significant mass loss observed at 500 °C indicates the substantial removal of volatile fractions. This is crucial for materials intended for further high-temperature applications, such as carbonization. The removal of sulfur from the composition at 400 °C is particularly significant. Sulfur can be undesirable in carbon materials as it leads to impurities and can affect the final properties of carbon-based materials.



The reduction in volatile content and the removal of sulfur at higher temperatures enhance the carbonization potential of the material, which is favorable for the production of high-quality carbon materials. The removal of volatile components implies greater structural stability at elevated temperatures, which is beneficial for applications requiring thermal resistance.



The analysis of SEM imagery reveals significant structural alterations in coal tar samples subjected to varying processing temperatures. At an initial processing temperature of 200–250 °C, discernible transformations manifest in the form of a porous microstructure and the initiation of active mesophase centers. Subsequent elevation of the processing temperature to 300 °C results in a pronounced escalation in surface degradation. The treated sample exhibits a more pronounced topographical relief, accompanied with a heightened density of mesophase centers per unit area. At a processing temperature of 350 °C, a critical transition is observed, marking the shift from an isotropic to an anisotropic structural configuration. Notably, this sample demonstrates the complete removal of volatile fractions, yielding a homogeneous surface with mesophase centers averaging around 2 µm in size.



When coal tar is processed at 400 °C, a comparable anisotropic structure forms, occasionally featuring a layered arrangement. This structural alteration accompanies an increased degree of graphitization within the sample. The size of the mesophase particles notably expands to a range of 3.5–5 µm. The culmination of this temperature-based experimentation occurs at a coal tar processing temperature of 500 °C, resulting in a definitive transition from an isotropic to an anisotropic structural state.



Figure 3 shows the Raman spectra obtained from coal tar subjected to different temperature treatments. The interpretation of these Raman spectra was carried out with reference to the comprehensive analysis presented in research article [52].



In the context of the original graphite, two primary first-order peaks manifest themselves at wavelengths of 1355 cm−1 (referred to as the D peak, associated with the defective Raman zone) and 1575–1582 cm−1 (referred to as the G peak, attributed to the presence of carbon atoms in the sp2 state and located within the graphite lattice plane). In particular, the second-order spectral lines around ~2710 cm−1 show minimal resolution and considerable disorder, making their identification impossible. Several key parameters are crucial in interpreting Raman spectra: λD and λG, the wavelengths of the D and G peaks, respectively, measured in cm−1; ID and IG, the intensities of the D and G peaks in relative units; and R, the ratio of the intensities of the D and G peaks (ID/IG). The appearance of graphite nanocrystallites in the sample is accompanied with a shift of the G peak from 1575–1582 cm−1 to higher values, around ~1600 cm−1. Accurate interpretation of peak half-width and area requires careful determination of the background line in the Raman spectrum.



Within the samples designated CTP-200, CTP-250, and CTP-300, there is an observable shift of the G-peak towards higher frequencies, approximately in the range of ~1405–1428 cm−1. This phenomenon can be attributed to the presence of clusters with a reduced number of aromatic rings in these samples. In particular, there is considerable background noise in these two samples, which makes it difficult to accurately determine the degree of graphitization. Consequently, the R value, indicating the ID/IG ratio, has not been considered for these samples. A brief summary of the wavelengths of the G and D peaks, their corresponding intensities, and R values are given in Table 1.



For sample CTP-350, a significant change in both the intensities and positions of the G and D peaks can be seen. This change implies the elimination of all volatile fractions and the onset of a transition from a disordered to a more ordered structural state, characterized by the formation of mesophase centers. Additionally, for samples CTP-350, CTP-400, and CTP-500, an observable shift of the D peak towards the region of 1600–1610 cm−1 is noted, which can be attributed to the appearance of nanocrystalline mesophase centers.



Based on the data presented in Table 1, it is possible to estimate the degree of graphitization using the equation provided [53]:


  g   %   =   1 −   R   n     · 100  



(3)




where g is the graphitization degree, %; R is the ID/IG ratio; n is the maximum value of R obtained during the study (in this case, 0.7214).



Thus, the calculation showed that for sample CTP-350, the degree of graphitization is ~5%; for sample CTP-500, it is ~10%. For sample CTP-400, this indicator cannot be determined, because the value of R was taken as the maximum value (n).




3.2. Characterization of C/NiO Composite Fibers


Within the X-ray diffraction pattern (Figure 4), there are four noticeable peaks. These peaks are distinctly located at 2θ angles of 37.27°, 43.27°, 62.84°, and 75.42°. Importantly, they correspond to cubic NiO crystalline structures, with each peak originating from a distinct diffraction plane: (111), (200), (220), and (311), respectively. It is worth noting that these diffraction peaks closely match the expected pattern defined in the JCPDS card 47-1049. Consequently, the XRD data strongly suggest that the sample primarily comprises single-phase nickel oxide. The size of the nickel oxide crystallites, estimated using the Scherrer equation, approximates 480 Å.



The SEM analysis (Figure 4) shows that the nanoparticles exhibit a spherical morphology and, notably, tend to form agglomerates. This aggregation phenomenon is likely driven by the nanoscale dimensions of the crystallites and the presence of numerous uncompensated surface bonds. The inherent high surface energy associated with nanocrystals compels them to aggregate, a mechanism aimed at minimizing surface energy during the synthesis process.



Furthermore, the specific surface area of the NiO nanoparticles has been determined to be 65.544 m2/g, which is a promising outcome for oxide materials. In comparison, a previous study conducted by the authors [54] involved the synthesis of nickel oxide through the sol-gel method, yielding a significantly lower specific surface area of 5.8 m2/g. This comparison underscores that nickel oxide produced via the solution combustion method exhibits reduced dimensionality and heightened porosity, making it a noteworthy advancement in materials synthesis.



PAN/CTP/NiO composite fibers were fabricated via the electrospinning technique, subsequently of stabilization and carbonization processes. In Figure 5, depiction is presented, encompassing both the SEM image and the accompanying diameter distribution analysis of the electrospun composite fibers following the stages of stabilization and carbonization.



Fibers produced via the electrospinning method exhibit structural resilience during subsequent heat treatment processes, including stabilization and carbonization. These critical steps, involving high temperatures and chemical transformations, do not compromise the integrity of the electrospun fibers. This retention of structure is vital for the practical applications.



SEM images illustrate the successful inclusion of nickel nanoparticles within the fiber structure. Additionally, these images reveal the formation of visible agglomerates on the fiber surface. NiO particles have high adhesion to the fiber surface due to chemical and physical changes occurring during the carbonization process.



The alteration of average fiber diameter throughout the fabrication process, from electrospinning (150 nm) to stabilization (190 nm) and finally to carbonization (121 nm), can be attributed to several factors. During stabilization, elevated temperatures cause some swelling due to cross-linking and the elimination of volatile components. Subsequently, carbonization results in a reduction in diameter due to the removal of non-carbon atoms and the development of a denser, graphitic carbon structure. This dynamic process allows for precise control over fiber diameter and, consequently, material properties for various applications.



To determine the optimal operating temperature for the composite fibers, an investigation was conducted into the influence of heating temperature on the response of these fibers when exposed to 100 ppm of the test gas, namely acetone (as depicted in Figure 6). Observations reveal a nuanced temperature-dependent response pattern. As the temperature escalates from 160 °C, the sensor response exhibits a gradual increase, culminating at its zenith around 220 °C, only to exhibit a rapid decline with further temperature elevation. This observed behavior primarily hinges on the temperature’s impact on the adsorbed gas.



In ambient air, oxygen molecules are adsorbed onto the surface of the sensing material. As the temperature rises, a transition occurs from physical adsorption to chemical adsorption for the adsorbed gas. Notably, oxygen ions, which facilitate electron transfer within the adsorbed gas, can significantly amplify the reaction within a specific temperature range. However, if the temperature exceeds a certain threshold, it can impede the adsorption of gas onto the sensing material’s surface.



Figure 6 illustrates the composite fibers’ response to 100 ppm of acetone at the optimal operating temperature. Upon introduction of gaseous acetone into the test chamber, the sensor current value exhibits a rapid decrease, swiftly followed by an increase in sensor current upon the cessation of acetone exposure.



Both microdispersed and nanodispersed nickel oxide particles are recognized for their gas-sensitive properties, yet their sensitivity and response times to gas exposure may diverge. Generally, nanodispersed nickel oxide particles boast a larger surface area in comparison to their microdispersed counterparts, endowing them with a heightened capacity for detecting and responding to gas exposure [55]. This advantage translates to faster response times and greater sensitivity. Nevertheless, it is worth noting that a precise comparison between the two is contingent on factors such as particle size, morphology, distribution, and the specific gas under consideration [56]. The response of the optimized sensor is compared with those of previously reported ones in Table 2, demonstrating that the as-fabricated gas sensor exhibits superior acetone sensing performances.



In essence, the superior surface-area-to-volume ratio inherent to nanodispersed nickel oxide particles engenders enhanced surface reactivity and heightened sensitivity to fluctuations in gas concentration [61]. This heightened sensitivity emerges from the greater abundance of active sites available for interaction with gas molecules [62]. Additionally, the diminutive size of nanodispersed nickel oxide particles accelerates the diffusion of gas molecules towards these active sites, thereby contributing to swifter response times.



Conversely, microdispersed nickel oxide particles typically exhibit smaller surface areas, resulting in lower sensitivity to variations in gas concentration. Nevertheless, their utility in gas detection remains valuable due to factors such as cost-effectiveness, stability, and ease of synthesis when compared to their nanodispersed counterparts.



It is imperative to acknowledge that the gas sensing characteristics of microdispersed and nanodispersed nickel oxide particles can exhibit substantial variations contingent upon numerous factors, including particle size, morphology, crystal structure, surface chemistry, and the presence of impurities or surface defects. Consequently, a comprehensive analysis of the gas-sensitive attributes of both forms of nickel oxide is requisite for a definitive comparison.



According to the operating principle of p-type semiconductors such as NiO, oxygen molecules adsorbed onto the surface capture electrons from the semiconductor, transforming into ionic species in the presence of air [63]. This transformation results in an augmentation of basic carriers, thereby yielding high sensor current values in ambient air. However, gaseous acetone, being a reducing gas, initiates a reaction between the reducing gas and oxygen ions on the NiO surface when exposed to the sensor. Based on our findings, the response and recovery times for NiO amount to 40.6 s and 630.2 s, respectively.




3.3. Characterization of Obtained C/TiO2 Composite Fibers


Composite fibers were synthesized through the incorporation of titanium oxide nanoparticles into a matrix comprising polyacrylonitrile and coal tar pitch. The morphological characteristics of these fibers after stabilization and carbonization were studied using SEM (Figure 7). SEM images demonstrate the preservation of the fibrous structure, which is emphasized with the presence of crystalline inclusions of metallic nanoparticles adhering to the fiber face, as well as the formation of nanoparticle agglomerates.



Figure 8 shows the change in the concentration of methylene blue during the adsorption process in the absence of light. Here, C0 is the initial concentration of the dye, while Ct is the remaining concentration of MB at that time.



The degradation efficiency D% is obtained with the following equation:


D % = C0 − Ct/C0 × 100%,



(4)




where C0 is the concentration of MB. The final degradation efficiency is obtained by taking the Ct value when t is 180 min. It is seen that the degradation efficiency is about 96.13 ± 0.05%, which is the highest efficiency.



Table 3 provides a comparison of different photocatalysts in their ability to degrade specific model dye pollutants, along with the degradation rates and irradiation times. The last entry is for the current study.



The obtained results are of practical interest for the removal of organic dyes using photocatalytic decomposition, as demonstrated with the example of methylene blue decomposition. The results indicate that C/TiO2 composite fibers were obtained after stabilization and carbonization of PAN/CTP/TiO2 fibers. These fibers after high-temperature treatment and removal of all volatile components possess both chemical stability and mechanical strength [68].



The structure of the resulting fibers resembles a “beads-on-a-string” [69] configuration, where the “beads” are crystalline TiO2 inclusions interconnected with carbon fibers. This structure provides access to photocatalytically active TiO2 for the degradation of dye molecules such as MB. Since the mat composed of C/TiO2 fibers can be approximated as a permeable membrane due to the voids between the fibers, even TiO2 particles in the deeper layers of the electrospun mat remain active [70]. These results are promising for the application of composite fibers in photocatalytic processes, especially in areas such as wastewater treatment and environmental protection.




3.4. Characterization of C/Fe3O4 Composite Fibers


The examination of magnetite nanoparticles involved a comprehensive investigation utilizing XRD and TEM. In Figure 9, the TEM image with the particle size distribution is presented based on the TEM analysis of the magnetite particles synthesized via chemical deposition. Predominantly, the particles fell within the size range of 6 to 16 nm, with an average particle diameter measuring approximately 12.22 nm.



The X-ray pattern of the magnetite nanoparticles, as illustrated in Figure 9, reveals a distinctive pattern marked by nine well-defined diffraction peaks occurring at 2θ angles of 18.5, 30.1, 35.5, 43.2, 53.6, 57.1, 62.7, 71.3, and 74.2 degrees. These angles correspond precisely to the crystallographic planes of the magnetite phase, specifically identified as (111), (220), (311), (400), (422), (511), (440), (620), and (533), respectively (JCPDS card 03-065-3107).



The average particle size, symbolized as ‘t’, was calculated employing the Scherrer equation, t = λ/(βcos θ). In our analysis, the size of the synthesized magnetite particles was conclusively determined to be 10.4 nm, a result that consistently concurs with the data obtained from TEM imaging.



The morphology of the obtained fibres was examined by SEM (Figure 10). The elemental analysis of electrospun PAN/CTP/Fe3O4 fibers yielded the following compositional data:



In the electrospun state, carbon (C) constituted 65.95 wt.%, nitrogen (N) comprised 17.49 wt.%, oxygen (O) constituted 7.23 wt.%, and iron (Fe) accounted for 9.33 wt.%.



Post-stabilization, the composition exhibited slight variations, with carbon at 65.86 wt.%, nitrogen at 17.63 wt.%, oxygen at 6.96 wt.%, and iron at 9.55 wt.%.



Following carbonization, a pronounced transformation was observed, with carbon content reducing substantially to 41.50 wt.%, nitrogen diminishing to 3.01 wt.%, oxygen increasing to 15.25 wt.%, and iron markedly escalating to 40.06 wt.%.



Changes in the elemental composition of PAN/CTP/Fe3O4 fibers during the stabilization and carbonization processes can be explained with the main processes occurring at each stage. Initially, the primary constituents of the fibers were carbon, nitrogen, oxygen, and iron, reflecting the composition of the starting materials. During the stabilization stage, there was a loss of carbon and slight changes in nitrogen content, while the iron content remained constant. Subsequently, during the carbonization process, there was a decrease in carbon and nitrogen content, and the increased presence of iron was attributed to its concentration in the remaining material. In general, the changes in the content and composition of C/Fe3O4 fibers at different stages are related to the chemical and structural transformations that occur during processing. The processes of stabilization and carbonization lead to the removal of organic components and their transformation into carbon structures [71], which explains the variations in the content of carbon, nitrogen, oxygen, and iron at each stage.



In summation, the variations in mass content and elemental composition observed at distinct phases of C/Fe3O4 fiber production are fundamentally a consequence of the intricate chemical and structural metamorphoses occurring during the heating and processing of the fibers. The stabilization and carbonization processes are marked by the removal of organic components and the conversion of precursor fibers into carbon-enriched structures, thereby accounting for the marked fluctuations in carbon, nitrogen, oxygen, and iron content observed at each juncture.




3.5. Characterization of C/AC Composite Fibers


3.5.1. Characterization of Activated Carbon Obtained from Rice Husk


Composite fibers based on polyacrylonitrile and coal tar pitches with the addition of activated carbon particles synthesized from rice husk, a vegetable waste, were obtained. As can be seen from the results of the SEM analysis (Figure 11), the sample has a loose-layered structure with a texture of pores represented by interconnected cavities formed because of the release of volatile organic substances.



Activated carbon due to its large surface area and porous architecture, providing exceptional adsorption, adsorbs heavy metal ions, promoting their removal from aqueous solutions [21]. This is facilitated with numerous active sites within activated carbon that bind heavy metal ions through mechanisms such as ion exchange and chemical adsorption [22]. Consequently, using activated carbon declines heavy metal ion concentration in water, promoting water safety and environmental preservation. Furthermore, the adoption of activated carbon in removing heavy metal ions can enhance wastewater quality and prevent soil and groundwater contamination, making it vital for water treatment and environmental protection.




3.5.2. Characterization of PAN/CTP/AC Fibers


In an analytical context, examination of SEM images, depicted in Figure 12, regarding composite fibers based on PAN/CTP/AC, revealed an absence of a methodical orientation axis during spinning. Rather, these fibers displayed a random and disorganized arrangement. After undergoing thermal treatments that included both stabilization and carbonization processes, a notable observation was made: the fibrous structure was preserved without any evident defects or dislocations. This indicates that the fibers maintained their resilience and structural integrity throughout the heat treatment regimen. Upon a thorough examination of micrographs at varying magnifications, a consistent dispersion of the fibers was observed. The uniform distribution remained consistent across various magnifications, demonstrating homogeneous fiber morphology throughout the range under examination. Furthermore, the analysis of fiber shape confirmed the uniformity and homogeneity of the fibers.



There is a reduction in fiber diameter after carbonization owing to different factors. PAN undergoes thermal decomposition during carbonization, leading to the elimination of non-carbonaceous components in the form of volatile gases like water vapor, carbon dioxide, and ammonia [72]. This procedure enhances carbon content within the fibers. As the atomic radius of carbon atoms is smaller compared to heteroatoms present in PAN [73], the carbon structure undergoes rearrangement, leading to increased order, shrinkage, and densification, ultimately decreasing their diameter. The precise and consistent fiber measurements, with an average diameter of 0.5 µm, were demonstrated.




3.5.3. Investigation of Metal Ion Sorption Properties


Composite fibers with activated carbon are used in water purification to eliminate heavy metal ions [21,22,74,75,76,77,78,79,80,81]. The collaboration of the fiber matrix in the composite material and the large surface area of the activated carbon enhances the removal of heavy metal ions from water due to its sorption properties. The fibrous matrix increases the contact area of water with the sorbent, while the activated carbon particles act as potent sorption centers for heavy metal ions. Empirical research has confirmed that these fibers possess a high sorption capacity towards heavy metal ions like lead [82], cadmium [83], and mercury [83,84], attributed to the activated carbon’s large surface area and porous structure. A comprehensive analysis was conducted on the sorption properties of the composite fibers obtained (refer to Figure 13) during the adsorption process of manganese (II) ions from water at various time intervals. This study will present insights into the kinetics and efficiency of adsorbing manganese (II) ions through composite fibers.



Table 4 presents a comparative analysis of diverse carbon-based sorbents for their efficiency in eliminating manganese from aqueous solutions. The analysis includes data on the percentage of manganese removal, initial concentration, and operating temperature. The final entry pertains to the current study.






4. Conclusions


The research results encompass the synthesis and testing of composite electrospun fibers using coal tar pitch and various nanomaterial additives for eco-bio-applications. The thermal treatment of coal tar has unveiled its environmental potential, as high temperatures remove volatile components and sulfur, rendering it suitable for fiber electrospinning and subsequent carbonization. The successful application of CTP as an additive to a basic PAN solution is demonstrated through the synthesis of composite fibers incorporating CTP and nanomaterials like nickel oxide (NiO), titanium dioxide (TiO2), and activated carbon (AC). NiO nanoparticles were obtained through the solution combustion method, while activated carbon was synthesized from agricultural waste, specifically rice husks. The C/NiO fibers exhibited good sensitivity to 100 ppm acetone at 220 °C with a response time of 40.6 s. The C/TiO2 fibers, resembling a “beads-on-a-string” structure, demonstrated a high efficiency of 96.13% in the decomposition of methylene blue. Additionally, the C/AC fibers exhibited good adsorption characteristics, as evidenced with their efficient sorption of manganese (II) ions in aqueous solutions, with an efficiency of 88.62%. This research showcases how a combination of various methods, approaches, and materials, including waste materials, can lead to the production of composite materials with a broad range of applications. Beyond advancing the field of composite materials science, this work paves the way for sustainable solutions to pressing eco-bio-challenges. The developed composite fibers exemplify the potential of environmentally responsible materials and technologies to contribute to a greener and more sustainable future.
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Figure 1. The key stages involved in the production of various composite fibers. (A)—Synthesis of coal tar pitches from coal tar by heat treatment; (B)—Synthesis of activated carbon from rice husk; (C)—Solution-combustion synthesis of nickel oxide nanoparticles; (D)—Synthesis of magnetite nanoparticles by chemical condensation; (E)—Preparation of electroforming solution based on PAN and CTP; (F)—Preparation of PAN/CTP-based carbon fibres incorporating diverse additives such as activated carbon, NiO, TiO2 and Fe3O4. 
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Figure 2. Mass loss and elemental composition of coal tar after heat treatment. 
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Figure 3. SEM images (with Raman shifts) of coal tar after heat treatment. 
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Figure 4. SEM (with EDAX-analysis and XRD pattern) image of NiO nanoparticles. 
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Figure 5. SEM (with EDAX-analysis) image and fiber distribution of PAN/CTP/NiO fibers after electrospinning, stabilization, and carbonization processes. 
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Figure 6. Graph of resistance dependence on operating temperature (a), response and recovery time (b), and operating time (c) for C/NiO-based gas-sensitive material for acetone/air mixture. 
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Figure 7. SEM images of composite fibers PAN/CTP/TiO2 after stabilization and carbonization. 
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Figure 8. The adsorption profile of C/TiO2 to MB in the dark and under light. 
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Figure 9. TEM image (with particle size distribution and XRD patterns) of magnetite nanoparticles. 
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Figure 10. SEM images (with EDAX-analysis) of electrospun, stabilized, and carbonized PAN/CTP/Fe3O4 composite fibers. 
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Figure 11. SEM image of activated carbon. 
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Figure 12. SEM images of PAN/CTP/AC fibers after stabilization and carbonization. 
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Figure 13. Sorption of manganese (II) ions of ISO 7875-2000 in aqueous solution using C/AC composite fibers at different times. 
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Table 1. Characteristics of G and D peaks for coal tar samples treated at different temperatures.
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	Sample
	λD, cm−1
	λG, cm−1
	ID
	IG
	R (ID/IG)





	CTP-200 °C
	1428
	1610
	736
	938
	-



	CTP-250 °C
	1417
	1607
	754
	980
	-



	CTP-300 °C
	1405
	1603
	791
	1041
	-



	CTP-350 °C
	1356
	1600
	1102
	1605
	0.6866



	CTP-400 °C
	1363
	1610
	394
	639
	0.7214



	CTP-500 °C
	1356
	1606
	392
	604
	0.6490










 





Table 2. Comparison of NiO-based gas sensors.
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	Sensor
	Conc. (ppm)
	T (°C)
	Res. Time (s)
	Ref.





	Rh–NiO nanofibers
	200
	225
	134
	[57]



	In2O3–NiO nanofibers
	50
	260
	20
	[58]



	NiO sphere
	200
	290
	25
	[59]



	NiO–ZnO sphere
	200
	260
	8
	[59]



	NiO nanofibers
	100
	180
	127
	[60]



	C/NiO fibers
	100
	220
	40.6
	This study










 





Table 3. Comparison of TiO2-based photocatalysts.
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	Photocatalyst
	Model Dye Pollutant
	Degradation Rate
	Irradiation Time (min)
	Ref.





	Fe/TiO2 fibers
	RhB
	99
	120
	[64]



	C/TiO2 fibers
	MB
	97.7
	120
	[65]



	CFs/TiO2 seed-layer/TiO2 nanorods
	MB
	96.7
	80
	[66]



	TiO2-CFs
	RhB
	60
	40
	[67]



	C/TiO2 fibers
	MB
	96.13
	180
	This study










 





Table 4. Comparison of carbon-based sorbents.
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	Carbon-Based Sorbent
	Manganese

Removal (%)
	Initial Concentration (mg/L)
	T (°C)
	Ref.





	Rice husk ash
	100
	3.8
	30
	[85]



	PVA/chitosan
	84.5
	20
	30
	[86]



	White rice husk ash
	26.6
	100
	34
	[87]



	Untreated banana peel
	80
	10
	25
	[88]



	C/AC fibers
	88.62
	5
	25
	This study
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