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ABSTRACT: SiC-based mesoporous solids with fibrous nanostructure were prepared by impregnation of a polycarbosilane precursor on annealed 

polyacrylonitrile (PAN) fibers and subsequent pyrolysis. The obtained material exhibits a mesoporous structure and has a specific surface area of 

~20 m2/g. It has a semiconducting electronic character with a bandgap of 2.65 eV, i.e., in the visible range. Adsorption tests of methylene blue 

were performed on the material under dark conditions, which showed an adsorption amount of 78 wt%. The photocatalytic activity of the material 

was then evaluated for the degradation of the dye under artificial daylight irradiation over a period of 7 h. A degradation of 94 wt% was achieved. 

Regeneration and reuse of the material was also tested and resulted in 97 wt% degradation after reuse, indicating potential interest of the material 

as a contactor in environmental remediation devices. 
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1. Introduction 

Water is the most important resource for life on earth. Unfortunately, a large number of the drinking water in rivers and 
groundwater bodies is polluted with inorganic and organic wastes, mainly due to the increasing discharge of municipal and industrial 
wastewater [1]. The pollutants present in water affect the environment and also human life. Heavy metals and some other organic 
pollutants have been found to be carcinogenic [2]; also, some dyes present in wastewater show mutagenic and cytotoxic effects on 
humans. Besides, they have been found to have the potential to cause allergic dermatitis, skin irritation, and even cancer [3]. 

There are several methods to remove pollutants from water. One of them is photocatalysis, which can achieve the total 
mineralization of most organic pollutants [4] according to the following steps: (1) Transfer of reactants from the liquid phase to the 
surface; (2) Adsorption of at least one of the reactants; (3) Reaction in the adsorbed phase. Here, the photocatalytic reaction is 
carried out with a photonic activation of the catalyst [5], in which a semiconducting catalyst is irradiated with an energy higher than 
its bandgap energy [6]. Then an electron jumps from the valence band to the conduction band, leaving a positively charged hole in 
the valence band. This hole can oxidize water molecules and form hydroxyl free radicals (•OH), which attack the pollutant 
molecules in water the most [7]. The electron in the conduction band also contributes by forming O2

•− species. 
Much work has focused on the use of metal oxide nanoparticles as photocatalysts for the degradation of organic pollutants. In 

addition to compounds such as vanadium oxide, zinc oxide, and tin oxide, titanium oxide (TiO2) remains the most common materials 
used as photocatalysts for the removal of organic pollutants [7]. However, the bandgap of anatase TiO2, the most commonly used 
compound for photocatalysis, is always 3.2 or 3.5 eV, which corresponds to the UV range, unless the bandgap can be reduced to 
the visible range by very specific surface preparation [8] or doping. Alternatively, inorganic materials may be considered as they 
could combine interesting properties such as a bandgap in the visible range and superior mechanical, chemical, and thermal 
resistance. Silicon carbide (SiC) belongs to the family of such materials. 

The use of SiC as a photocatalyst for the degradation of organic pollutants in water can be found in the literature: for example, 
the use of Ag-decorated β-SiC for the photo-degradation of Orange G and Amido Black 10B under UV light [9]. Also, the 
degradation of methylene blue under visible light by using SiC hollow spheres with a bandgap of 2.15 eV (obtained by a vapor–
solid reaction using carbon spheres as templates) [10]. Recently, we published the preparation and characterization of SiC foams 
as photocatalytic solids for the destruction of methylene blue in water [11]. We had used polyurethane foams taken from packaging 
waste as template materials for SiC. 
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In this work, we also use SiC as a photocatalyst for the degradation of methylene blue under visible light. However, instead 
of using polyurethane foams as the template material, which end up being a somewhat brittle material, we used polyacrylonitrile 
(PAN) fibers produced by electrospinning as the template. The PAN fibers have been used as precursors for carbon fibers [12], 
giving them characteristics such as light weight, low oxidation resistance, high mechanical properties [13], and high strength [12]. 
We used such fibers as a solid template after annealing treatment under air at 250 °C, which we impregnated with a solution of 
polycarbosilane (SiC precursor). Subsequently, the impregnated fibers were pyrolyzed to obtain a SiC based fibrous matrix. 
Therefore, our work slightly differs from previous studies that have focused on the synthesis of SiC using PAN fibers as a template. 
For example, electrospun PAN fibers were used as a template for the synthesis of SiC nanowires with uniform cross-section [14]. 
Needle-shaped 3C–SiC nanowires have also been fabricated on PAN carbon fibers by the reaction of Si vapor on the fibers (vapor-
solid reaction) [15]. 

In this article, we introduce the fabrication method of the photocatalytic material, then we present an extensive structural, 
textural, and electronic characterization of the material and finally we evaluate its efficiency for the degradation of methylene blue 
under artificial daylight, which consists mainly of rays belonging to the visible range. 

2. Materials and Methods 

2.1. Materials 

The SiC precursor AHPCS (SMP-10) structural formula (SiH2CH2)0.9(Si(allyl)HCH2)0.1 was purchased from Starfire Systems, 
Inc. (Glenville, NY, USA). Porogen Block copolymer SBS (polystyrene-block-polybutadiene-block-polystyrene; 30 wt%, Mw = 140) 
was acquired from Sigma-Aldrich (France). The cyclohexane C6H12 (ACS 99+ %) used as solvent was obtained from Alfa Aesar. 

The model dye methylene blue (C16H18ClN3S·xH2O from Sigma-Aldrich) was used for the photodegradation experiments. 

2.2. Material Fabrication 

The SiC material was synthesized by the replica method, using PAN fiber as a template and a precursor solution prepared by 
dissolving SBS triblock copolymer in cyclohexane and subsequently, adding AHPCS with stirring until the mixture was 
homogenized [16].The mass ratio between AHPCS and copolymer was 1:1. PAN fibers were prepared by electrospinning a solution 
of 10% w/w polyacrylonitrile (purchased from Sigma Aldrich, ref 181315, Mw 150,000) in N,N-dimethylformamide (DMF, Sigma 
Aldrich, D4551, >99%, molecular biology grade). The rotating electrode on which the fibers were collected was placed 15 cm from 
the injection capillary. The voltage was set at 20 kV and the flow rate was 2.4 mL/h. The rotation speed of the collector was set at 
2000 rpm to ensure good alignment of the fibers. After drying at room temperature for 12 h, the nanofibers were annealed in a 
chamber oven under air for 2 h at 250 °C after a ramp of 120 °C/h. 

Before impregnation with the precursor solution, PAN fibers were folded to obtain a thick material and to make it less brittle. Then, 
the PAN folding was immersed in the precursor solution under vacuum for 15 min and then left to dry for 20 min. It was finally immersed 
in the solution again after 5 min to ensure the coating on the outer layer. The material was left to dry for 40 min and subsequently, 
it was pyrolyzed inside a tubular furnace under an argon atmosphere at a rate of 120 °C/h to 1200 °C with a dwell time of 2 h. 

2.3. Characterization 

The surface morphology of the foams was analyzed with a Hitachi S4800 scanning electron microscope (SEM) and the energy-
dispersive X-ray spectroscopy (EDX) was detected by a SEM Zeiss EVO HD15. The crystal structure of the photocatalyst was 
characterized by x-ray diffraction on a Panalytical Xpert diffractometer using CuKa radiation. Nitrogen adsorption measurements 
were performed on a Micrometrics instrument ASAP 2020. Surface area was obtained by means of the BET model and the pore 
size distributions were calculated using the Barret–Joyner–Halenda (BJH) method desorption branch. The FTIR spectrum was 
obtained from a Nexus spectrometer in the 500–4000 cm−1 range. The reflectance of the SiC photocatalyst was measured by UV-
visible diffuse-reflectance spectroscopy using a Perkin Elmer Lambda equipped with an integrating sphere of 150 mm diameter and 
the spectrum of hemispherical reflectance was obtained on a wavelength range between 250 and 2500 nm. The optical bandgap was 
calculated from the reflectance values using the Kubelka-Munk function. 

2.4. Adsorption Capacity and Photocatalytic Degradation 

The experiment started with a solution of methylene blue (MB) with a concentration of 9 × 10−6 mol/L, then 0.26 g of the SiC 
material were added. Then, they were left to stir for 4 h in dark conditions before starting the photocatalytic degradation. At the 
same time, a solution of MB without SiC was also kept stirring in dark as a blank experiment. An aliquot was taking every hour 
and then it was analyzed using a Shimadzu UV-240IPC spectrophotometer. 

The adsorption capacity of the dye on the SiC foam was measured considering the results from the experiment in dark 
conditions, and it was calculated with the following equation [17]: 
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𝑞௧ =
(𝐶଴ − 𝐶) × 𝑉

𝑚
 (1)

where qt (mg/g) is the amount of MB adsorbed at time t, V is the volume of the solution, m is the mass of the SiC foam used, C0 is 
the MB initial concentration and C is the concentration at a time t. 

The percentage of dye retained on the SiC was calculated using the next equation [18]: 

𝑅 (%) = 100 − ൬
𝐶

𝐶଴

 × 100൰ (2)

where R is the percentage of removal. 
The photocatalytic activity of the SiC was tested by photodegradation of MB under artificial daylight irradiation (emission 

ranging from 350 to 800 nm), using an Osram HQI-TS 150 W lamp as the irradiation source directly placed 10 cm above the 
solution to avoid light absorption from the glass beaker (as shown in Figure 1). The wavelength distribution of the light source, 
shown as supplementary information (Figure S1), is a metal halide source designed to reproduce as well as possible daylight, with 
less than 5% of its spectral distribution in the very close UV range. 

The photodegradation was measured for 7 h, by taking an aliquot every hour and then analyzing it with the spectrophotometer. 
After the photocatalytic test, the material was rinsed with ethanol and water several times and then left to dry overnight at 

room temperature. Subsequently, the material was reused to photodegrade the MB and thus, to observe the degradation capacity 
after rinsing it. 

 

Figure 1. Setup used for the photocatalytic degradation of MB under visible light. 

The degradation efficiency 𝜂  of the material was calculated following the Beer-Lambert law, where MB absorbance is 
proportional to the concentration, as in Equation (3) [19,20]: 

𝜂% =
𝐶଴ − 𝐶

𝐶଴
× 100% =  

𝐴଴ − 𝐴

𝐴଴
× 100% (3)

where C0 and A0 are the MB initial concentration and absorbance, and C and A are concentration and absorbance at a time t, respectively. 
The adsorption capacity of the material was measured as well. 

3. Results and Discussion 

3.1. Characterization 

The photocatalyst obtained after pyrolysis is observed in Figure 2, where it is possible to see the shrinkage of the material 
compared to the initial PAN fiber before SiC deposition (Figure 2a). This shrinkage occurs due to the elimination of volatile 
compounds present in the PAN fibers [13]. The structure of the SiC material obtained was observed by SEM. The structure of the 
PAN fiber used as a template is shown in Figure 3a,c,e, where it is clearly observed the way the PAN layers were arranged. Then, 
in Figure 3b,d,f we can observe the fibers after the pyrolysis and formation of SiC. The SiC covered the PAN fibers and some of 
the SiC was deposited on the surface forming a layer on the fibers. The straight shape of the initial PAN fibers had a slight change 
to a less straight shape due to the high temperature it underwent during the pyrolysis process [13]. 

The composition of the fibers before and after SiC deposition was obtained from the EDX analysis and can be observed in 
Figures 4 and 5, respectively. From Figure 4, we can see that the amount of carbon is very high with regards to silicon in the final 
material. This is not surprising as PAN fibers are known as precursor materials for the elaboration of carbon fibers. Therefore, we 
likely obtained fibers made of a carbon core surrounded by a SiC layer, with possible carbon excess in the Si:C stoichiometry. 

The X-ray diffraction results suggest that the prepared SiC material is amorphous, as seen in Figure 6, where the XRD pattern 
does not show any narrow peak that implies a crystal structure, or any peak related to SiC, as we pointed out the expected positions 
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for such peaks. One can also note that there is no strong peak at 26° that would be attributed to the 002 peak of graphite. Carbon 
excess is therefore likely to be in the shape of amorphous carbon. 

 

Figure 2. Photographs of (a) PAN fiber before SiC deposition and (b) SiC formed after pyrolysis. 

 

Figure 3. (a,c,e) PAN fiber used as template and (b,d,f) SiC based photocatalytic material at different magnifications. 

 

Figure 4. EDX results for the PAN fiber before SiC deposition. 
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Figure 5. EDX results for the SiC photocatalyst. 

 

Figure 6. XRD pattern for the SiC photocatalyst. Positions of the main Bragg peaks expected for face-centered cubic SiC are shown for guidance. 

The FTIR spectra are shown in Figure 7. Figure 7a presents the spectrum of the PAN fiber used as a template. The peak located 
at about 2240 cm−1 is attributed to the C≡N stretching of the acrylonitrile unit in the polymer chain, one of the main functional 
groups of PAN fibers. The bands at 1369 cm−1 (CH bending), 1458 cm−1 (CH2 bending) and 2940 cm−1 (CH stretching) are 
characteristics of aliphatic CH groups along the PAN backbone. These peaks almost completely disappear after pyrolysis (as seen 
in Figure 7b), and a new peak appears around 1600 cm−1, which corresponds to the C=C bond, due to the formation of the carbon 
fiber structure [21]. Another peak is also visible in Figure 7b at around 815 cm−1, and corresponds to the formation of SiC. 

Altogether, XRD and FTIR results suggest that the amorphous SiC phase expected to form at such a pyrolysis temperature 
[11,22,23] might be mixed with amorphous carbon originating from the calcination of PAN fibers, in a proportion large enough to 
make the Si–C stretching bond visible, but too low to resolve the SiC large Bragg peaks. 

The nitrogen adsorption-desorption isotherm of the SiC sample is shown in Figure 8. We can see the presence of a hysteresis 
loop, which corresponds to a type IV isotherm according to IUPAC classification. It confirms the presence of mesopores in the final 
material [24]. The BET specific surface area for the SiC sample is 19 m2/g. On the other side, Figure 9 shows the pore size 
distribution obtained from the desorption branch by the BJH method, with an average pore size of 19.6 nm. 

 

Figure 7. FTIR spectra of the (a) PAN fiber and the (b) SiC material obtained. 
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Figure 8. Nitrogen adsorption-desorption isotherm for the SiC on PAN fibers. 

 
Figure 9. Pore size distribution for the SiC sample. 

3.2. Bandgap 

The reflectance spectrum was obtained for the SiC material and is shown in Figure 10. These data were used for the calculation 
of the bandgap energy along with the Kubelka-Munk function F(R∞). By using this function, the reflectance data can be converted 
into the absorption coefficient as shown in Equation (4): 

𝐹 (𝑅ஶ) =
𝐾

𝑆
=

(1 − 𝑅ஶ)ଶ

2𝑅ஶ
 (4)

where R∞ is the reflectance of an infinitely thick specimen, K is the absorption coefficient and S is the scattering coefficient. Kubelka-
Munk function could be substituted by the absorption coeffient α as in Equation (5) [25,26]: 

𝐾 = 2𝛼 = 𝑆𝐹(𝑅ஶ) (5)

Then, from Tauc equation: 

(𝛼ℎ𝜈)ଵ/௡ = 𝐴(ℎ𝜐 − 𝐸௚) (6)

Substituting F(R∞) instead of α gives: 

(𝐹(𝑅ஶ)ℎ𝜈)ଵ/௡ = 𝐴(ℎ𝜐 − 𝐸௚) (7)

where h is the plank constant, v is the photon frequency, A is a proportional constant, Eg is the bandgap energy and n is the transition 
nature with values of n = 1/2 for direct allowed transition, n = 3/2 for direct forbidden transition, n = 2 for indirect allowed transition, 
and n = 3 for indirect forbidden transition. Then, the bandgap is calculated from plotting (F(R∞)hν)1/n as function of photon energy 
hν and from the intersection with the x-axis of the linear fit of the region associated to the optical absorption edge [25–27]. 
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Bandgap was calculated using each of the transition nature (n) values available, in order to observe the type of transition 
presented by the material. Figure 11 shows the different plots obtained for each n value, and as it is observed in Figure 11d, using 
n = 1/2 gives the best fit to obtain the bandgap, suggesting that the material has a direct allowed transition. The bandgap calculated 
was 2.67 eV, which makes this material a photocatalyst capable of working under visible light. 

 

Figure 10. Reflectance spectra of the SiC fibrous material. 

 

 

Figure 11. (F(R∞)hν)1/n as function of hv for (a) n = 2, (b) n = 3/2, (c) n = 3 and (d) n = 1/2. 

3.3. Adsorption Capacity 

The results of the experiment carried out in the dark are shown in Figure 12. As can be observed, the MB solution without 
photocatalytic material presents a negligible discoloration, while the SiC material shows a significant decrease in time. Moreover, 
the reused SiC material is also presented in Figure 12 the discoloration is slightly lower than that for the first use of the material. 
As we can see in Figure 13, the retention percentage of MB on the material is about 78% for the first use of the SiC and then drops 
to 72% when it is reused, which indicates that the SiC lost around 6% of its MB retention capacity. The exact amount of MB 
degraded per gram of SiC was calculated with Equation (1) and the results are presented in Figure 14. 
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Figure 12. Adsorption of MB on SiC in dark conditions. 

 

Figure 13. Percentage of dye retained on the SiC. 

 

Figure 14. Adsorption capacity of the SiC. 

A kinetic model was used to analyze the adsorption kinetics, which were the pseudo-first order (PFO) and the pseudo-second 
order (PSO) kinetic models. Then, the adsorption data obtained were fitted to these models. The pseudo first order equation of 
Lagergren is represented as: 

d𝑞௧

d𝑡
= 𝑘ଵ(𝑞௘ − 𝑞௧) (8)

where k1 is the rate constant in (min−1), qe and qt are the adsorption capacity in the equilibrium and at a time t, respectively [28]. 
Then, considering boundary conditions as t = 0 to t = t and qt = 0 to qt = qt, and then integrating it, it gives [29]: 
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ln (𝑞௘ − 𝑞௧) = ln(𝑞௘) − 
𝑘ଵ

2.303
𝑡 (9)

A plot of ln(qe − qt) vs t is obtained (Figure 15), and from the linear fitting, the slope is calculated. This value represents the 
rate constant k1 [30]. From Figure 15, it is observed negative values, which indicates that the MB concentration in the solution 
decreases as time increases. The rate constant obtained was k1 = 0.0096 min−1, and R2 = 0.9584. 

For the PSO kinetic model, the equation is expressed as follows: 
d𝑞௧

d𝑡
= 𝑘ଶ(𝑞௘ − 𝑞௧)ଶ (10)

with k2 (g/mg·min) as PSO rate constant, qe and qt are the adsorption capacity at equilibrium and at time t, respectively. For this 

equation, the boundary conditions are applied as well (t = 0 to t = t and qt = 0 to qt = qt) and after integration, Equation (10) becomes 
[29]: 

1

(𝑞௘ − 𝑞௧)
=

1

𝑞௘

+ 𝑘ଶ𝑡 (11)

Then, this equation is arranged, and gives: 

𝑞௧ =
1

1
𝑘ଶ𝑞௘

ଶ +
1
𝑞௘

 (12)

The linear form of Equation (12) is [29]: 
1

𝑞௧

=
1

𝑘ଶ𝑞௘
ଶ

+
1

𝑞௘

 (13)

The k2 was calculated from the slope of linear plot of 
ଵ

௤೟
 vs t [30]. This plot is represented in Figure 16. The calculated k2 = 

0.856 and the correlation coefficient obtained was R2 = 0.6039. 
Therefore, comparing the correlation coefficient obtained from the PFO and the PSO kinetic model, we can conclude that the 

kinetic mechanism that governs the adsorption is the PFO, and it suggest a physisorption mechanism, probably promoted by the 
SSA and by the high amount of carbon contained in the material, which leads to a high adsorption of dye [31]. 

 

Figure 15. Linear plot of PFO kinetic model for the SiC sample. 

 

Figure 16. Linear plot of PSO kinetic model for the SiC sample. 
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3.4. Photocatalytic Evaluation under Artificial Daylight 

The photocatalytic evaluation of the SiC was carried out after the dark experiment for 7 h of artificial daylight irradiation. To 
exclude photolysis, a blank sample was used only with MB solution without SiC. Figure 17 shows the results obtained, including 
the results from the dark experiment, and the results of the SiC reused were included to observe the photocatalytic performance and 
compared it with the data of the 1st use of the material. 

The degradation process that took place first starts with the irradiation with artificial daylight, which includes photons of 
higher energy than the bandgap of the SiC material (2.67 eV). According to the most probable scenario, this energy excites the 
electrons (e−) in the valence band, transferring them to the conduction band and leaving behind photogenerated holes (h+). The 
electrons can move and act as reductors to produce superoxide radicals (∙O2

−) whose function is to oxidize the dye molecules. On 
the other hand, the photogenerated holes can react with the H2O molecules to form hydroxyl radicals (∙OH) that also act as oxidants 
and with the (∙O2

−) to degrade MB molecules turning them into CO2 and H2O [32,33]. As these photocatalytic mechanisms are well-
known, we focused on the quantification of the catalytic performance of our SiC-based material. 

In Figure 17, Comparing the dark conditions with the irradiation process, the MB blank had a degradation of 4% in the dark, 
and after irradiation it reached 25%. Thus, 21% of MB was degraded with the artificial daylight. On the other hand, the SiC adsorbed 
78% of MB in the dark, mainly in the first 4 hours, and after a plateau of ~20 h, the MB concentration further decreased by 16% 
when irradiated, reaching a total MB degradation of 94%. However, when the material is reused, the photocatalytic effect is more 
noticeable since there was a MB adsorption in the dark of 72%, and a MB concentration further decreased by 25% upon irradiation, 
rising the degraded fraction of MB up to 97%. When observing the behavior of the degradation under artificial daylight, it could be 
concluded that the light enhances the degradation of the dye, and the total degradation reached after irradiation for the 1st and 2nd 
uses of the foam is relatively similar. Thus, it could be inferred that the material could be reused without significantly losing the 
adsorbing property and the photocatalytic effect. 

 

Figure 17. Degradation of MB under artificial daylight as function of time. 

4. Conclusions 

PAN fibers were used as a template for the synthesis of SiC to obtain SiC fibers with a high carbon content. The synthesized 
material exhibited nanopores and an SSA of 19 m2/g and a bandgap of 2.65 eV, which enabled this material to adsorb methylene 
blue in dark conditions and to photodegrade this dye in the presence of visible light. 

The photocatalytic evaluation demonstrated that this material was able to almost completely degrade the methylene blue in 
water under artificial daylight during 7 h of irradiation. Besides, the photocatalyst could be reused without losing the photocatalytic 
properties and being able to degrade the dye at almost the same percentage. 

Compared to the performances attributed to SiC foams in a previous study [11] under visible light, we can observe that the 
SiC-based fibrous material presented in this article surpasses the results obtained with the foam both in terms of pure photocatalytic 
performance and in terms of mechanical resistance of the material itself. The fibrous SiC material showed no signs of deterioration 
after the two usage cycles, while the SiC foam was found to be brittle and exhibited an increased adsorption capacity related to its 
larger specific surface area associated with its partial splitting. 

These promising results open the way to the realization of robust materials with tunable shape that could efficiently degrade 
organic pollutants using artificial daylight. 
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