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Abstract  

We report the dependence of the photochemical activity of titania/carbon hybrid catalysts 

towards the degradation of phenol from solution using polychromatic light and filters. In all 

cases larger photooxidative efficiencies were obtained using light at  

200 nm<λ< 600 nm. The incorporation of a carbon additive to TiO2 increased the 

photocatalytic performance regardless the illumination conditions, although the effect was 

more pronounced at λ > 200 nm. The photocatalytic runs carried out with the nonporous 

carbon alone confirmed a certain level of intrinsic photoactivity under both irradiation 

conditions. Nevertheless, a clear deactivation was evident after 60 min of irradiation 

suggesting that the photoactive sites in the carbon are either consumed or deactivated in the 

course of the reaction. The composition of the catalyst and the illumination conditions also 

have a strong effect on the nature of the degradation intermediates, with a marked 

regioselectivity towards ortho-substitution at high energy photons and when the carbon 

component is added to the catalyst composition.  

 

Keywords: sisal-based nanoporous carbons, TiO2/carbon photocatalysts, UV and visible light, 

phenol photocatalytic degradation. 
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1. Introduction  

Heterogeneous photocatalysis has become a popular topic in environmental remediation and 

energy conversion [1], and the low photonic efficiency of common semiconductors is still a 

challenge that calls out for research to be conducted on exploring novel materials [2]. Despite 

carbons are strong light absorbing materials, they have been extensively investigated in a 

number of photo-assisted reactions [3-9 and references therein]. The incorporation of carbon 

materials either as additives or supports to semiconductors has been long explored and many 

studies have shown that adding a carbonaceous component can enhance the performance of 

the photoactive material in a number of photocatalytic reactions. Furthermore, the use of 

carbon/semiconductor catalysts overcomes the operational drawbacks associated to the use of 

nanosized semiconductor powders that hinder the application in continuous flow systems due 

to limited recovery and reuse of the catalyst [6]. 

The origin of the increased photoconversion yields of carbon/semiconductor catalysts has 

been long speculated and mostly discussed in terms of: i) the enhanced visible light absorption 

of the carbon component, ii) an enhanced mass transfer of the adsorbed pollutant from the 

bulk solution to the photoactive particles through the interface between the two catalyst 

components, and iii) strong interfacial electronic effects between the substrate and the 

immobilized catalyst in the case of carbon nanostructures with high electronic mobility 

[3,4,10]. Also, it is considered that the photocatalytic response depends on the nature of the 

carbon; hence different mechanisms would apply for nanoporous carbons compared to 

nanostructured carbon nanotubes, fullerenes and graphene. Our recent investigations have also 

proved the photoactivity of semiconductor-free nanoporous carbons under UV and visible 

light [11-13] and their ability to photogenerate oxygen reactive species as the key aspect to 

achieve enhanced degradation yields of pollutants from solution. 

The origin and dependence of the carbon/light interactions with the irradiation source still 

remains uncertain [14-16]. For instance, it is well known that only photons with λ < 400 nm 

can be absorbed by TiO2 to induce the excitation of electrons from the valence to the 

conduction band and allowing the charge separation that would eventually lead to the desired 

pollutant’s degradation reaction [1,2]. Simultaneously many organic compounds present a 

strong absorption of light at λ < 400 nm, leading to direct degradation in the absence of a 

catalyst (photolytic reaction). When using hybrid carbon/semiconductor catalysts, the 

situation is more complex due to the above-mentioned carbon/light interactions. Indeed, by 
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using monochromatic light we have recently reported the ability of certain semiconductor-free 

carbons to convert photons from the visible spectrum in chemical reactions [13].  

Knowing this and since the use of carbon in photochemical applications has recently gained 

considerable attention, in this work we aimed at exploring the influence of the irradiation 

source on the photooxidative activity of a hybrid titania/carbon catalyst. Our approach 

consisted in exposing the catalysts to varied illumination conditions using filters to cut-off the 

light, while evaluating the effect on the photoconversion of phenol from aqueous solution and 

on the degradation mechanism. As additive to the semiconductor we have selected a 

nanoporous carbon prepared by chemical activation of a lignocellulosic precursor, in line with 

a current interest of our research group [17]. Furthermore, our previous studies have shown 

the good performance of this material as additive to titania with increased photooxidation 

conversions under sunlight [18]. We herein describe the performance of these materials under 

different illumination conditions, aiming at clarifying the role of the carbon matrix upon 

irradiation at high and low wavelengths. Thus the outcome of our previous studies is used 

only for data interpretation. Phenol was selected as model compound representing a toxic 

pollutant frequently found in wastewater and classified as a high environmental risk according 

to the European and American Environmental Protection Agencies. 

 

2. Experimental 

2.1 Materials synthesis  

A nanoporous carbon prepared by chemical activation of a lignocellulosic industrial residue -

discarded sisal ropes- was selected as carbon material for the preparation of the titania/carbon 

photocatalysts. Details on the synthesis of sisal-derived carbons have been reported elsewhere 

[18]. Briefly, 1 cm long sisal pieces were impregnated with a K2CO3 solution (weight ratio 

sisal: K2CO3 of 2:1) and activated in a horizontal furnace at 700 ºC for 1 h under N2 flow  

(5 cm3 s-1). After the activation, the sample was thoroughly washed with distilled water until 

pH 7 and dried at 100 ºC. The sample will be labeled as S. Commercially available TiO2 (P25 

Degussa, Evonik) was used as a standard catalyst for the photocatalytic activity. The hybrid 

titania/carbon photocatalyst with a 1:1 weight ratio composition was prepared by physical 

mixture of TiO2 and carbon powders in a mortar. The sample will be labeled as TiO2/S.  

 

2.2 Photodegradation runs  

Phenol photodegradation experiments were carried out at room temperature using a photo-

reactor of 0.5 L capacity and a loading catalyst ratio of 0.5 g L-1. The irradiation source was 
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provided by a high pressure mercury lamp (Helios Italquartz, 125 W) emitting in the UV and 

visible light spectrum (between 200-600 nm, see Figure S1 in the Electronic Supplementary 

Information); the lamp was vertically suspended in a cylindrical, double-walled jacket cooled 

by flowing water, immersed in the solution. The water cell was used to control the 

temperature during the experiments, preventing any overheating of the suspension due to the 

irradiation. The reactor was open to air in all the experiments to ensure that enough oxygen 

was present in the reaction solution. The series of experiments were performed in the 

photoreactor with a quartz jacket (λ > 200 nm) or glass (pyrex) jacket (λ > 360 nm) that acts 

as a cut-off filter of the irradiation below 360 nm, and hence avoids the photolytic reaction in 

the catalytic runs (spectra in Figure S1). The incident photon flux emitted by the lamp and 

transferred to the photoreactor in both irradiation conditions was measured by chemical 

actinometry [19]. The values determined were 9.1x10-6 and 1.35x10-5 Einstein s-1 for the lamp 

with and without the pyrex filter, respectively. 

In each run, the catalyst was added to the phenol solution under vigorous stirring (900 rpm) 

and allowed to equilibrate in dark conditions for 30 min. This step accounts for the adsorption 

on the porous catalysts and assures a similar phenol concentration in solution when the 

catalysts are illuminated (86 mg L-1) [18]. After the equilibration step, the suspension was 

irradiated for 360 min. During the irradiation, small aliquots of the solution (~ 1 cm3) were 

taken out at predetermined time intervals, and analyzed by reverse-phase HPLC (Spherisorb 

C18 column 125 mm x 4 mm, methanol to water 5:95, 30 ºC, 0.7 cm3 min-1 flow rate, 

photodiode array detector using the corresponding wavelengths) to determine the residual 

concentration of phenol (269 nm) and its aromatic degradation products, namely quinones 

(1,4-benzoquinone -245 nm- and 1,4-dihydroxybenzene -288 nm-), 1,2-dihydroxybenzene (o-

catechol, 275 nm), 1,3-dihydroxybenzene (resorcinol, 273 nm), 1,3,5-trihydroxybenzene 

(264 nm) and 1,2,4-trihydroxybenzene (482 nm) (all Aldrich 99% reagents). The samples 

were previously filtered using cellulose filters with mean pore size of 0.45 μm. All the 

experiments were done in duplicate with deviations below 5 % in all cases; reported data 

represent the average values. Total organic carbon (TOC) of the solution at the end of each 

run was also measured in a TOC-V analyzer.  

Experiments were also carried out in the absence of irradiation (series dark), for further 

comparison between the extent of phenol photodegradation and the uptake due to adsorption. 

The stability of the photocatalysts under irradiation was also explored upon illumination of 

the catalyst’s suspensions in water in the absence of phenol.  
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2.3 Characterization of the catalysts 

The physicochemical and textural characterization was carried out on the fresh and used 

catalysts (after the photocatalytic runs). The porosity of the samples was characterized by 

measuring the N2 and CO2 adsorption isotherms at -196 and 0 ºC, respectively 

(Micromeritics). Before the experiments, the samples were outgassed under vacuum (ca. 10-3 

torr) at 120 °C overnight. The isotherms were used to calculate the specific surface area, ABET, 

total pore volume, Vtotal, while the micropore volumes were analyzed using the Dubinin–

Radushkevich formulism to the N2 and CO2 adsorption data (W0,N2, W0,CO2) [20]. For the 

characterization of the spent catalysts, the samples were recovered by filtration, dried 

overnight at 60 ºC and then outgassed as detailed above. Elemental analysis was carried out in 

LECO CHNS-932 and LECO VTF-900 automatic analyzers. Fourier transformed infrared 

spectroscopy (FTIR) was carried out using a Nicolet Magna-IR 560 spectrometer with a high-

sensitivity MCT/A detector. Spectra were obtained using the attenuated total reflectance 

method (ATR) on powdered samples, without KBr addition. Each spectrum was obtained by 

collecting 300 interferograms with 4 cm-1 resolution. The optical features of the catalysts were 

determined by UV-Vis diffuse reflectance spectroscopy, recorded on a Shimadzu 

spectrometer (UV-2501) equipped with an integrating sphere and using BaSO4 as a blank 

reference. Measurements were recorded in the diffuse reflectance mode (R) and transformed 

to a magnitude proportional to the extinction coefficient through the Kubelka-Munk function, 

F(R∞). The morphology of the samples was observed by Field Emission Gun Scanning 

Electron Microscopy (FEG-SEM) with an X-ray Energy-Dispersive System (EDS) in a JEOL 

JSM-7001F, and in a FE-SEM apparatus (QuantaSEM, FEI), using an accelerating voltage of 

25 kV. 

 

3. Results and discussion 

 

Before the photocatalytic runs, the catalysts were thoroughly characterized by different 

techniques. A more elaborated discussion on the physicochemical properties of the 

nanoporous carbon used as additive was reported in a previous study [18], however selected 

properties are herein shown for data interpretation purposes. It should be pointed out that the 

carbon additive is a nanoporous material with high surface area and pore volume (Table 1), 

thus the hybrid carbon/titania photocatalysts also shows an outstanding porosity. The carbon 

material is also characterized by a slightly acidic character (surface pH of 6.3), in agreement 

with a quite large oxygen content (elemental analysis rendered 15.9, 82.2 and 1.2 wt.% of 
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oxygen, carbon and hydrogen, respectively, Table S1). Additional characterization of the 

carbon component was carried out by infrared and diffuse reflectance spectroscopy (Figure 1). 

The infrared spectra of the nanoporous carbon (Figure 1 (b)) showed the presence of the broad 

band between 3200 and 3600 cm-1 (representing the vibrations of OH moieties in water 

molecules and/or structural OH groups), a week band at 1000 cm-1, representing C-O- 

vibrations, a more intense band at ca. 1400 cm-1, representing C-OH groups and sharper band 

at 1672 cm-1, accounting for C=C from the aromatic ring mode conjugated carbonyl and 

carboxylate groups. A similar infrared pattern was obtained for the carbon/semiconductor 

photocatalysts, as expected since it was prepared by physical mixture of both components. For 

the same reason, no changes were detected in the optical features of the catalysts; as seen in 

Figure 1(a), the reflectance spectrum of titania showed the characteristic absorption sharp 

edge of the anatase in the UV region lying above 400 nm; the incorporation of the carbon 

material results in a broader background absorption in the visible light region, while the 

absorption onset is the same.  

In photocatalytic reactions involving porous materials, several reactions occur simultaneously 

upon irradiation of the catalysts (namely adsorption, direct photolysis and photocatalysis) and 

must be considered when comparing the performance of different systems. Due to the 

characteristics of our irradiation source (i.e., wavelength and incident flux, Figure S1), the 

photolytic breakdown of phenol at λ>200 nm was quite large in terms of phenol conversion, 

reaching similar values of those obtained when the catalysts are irradiated (Figure 3). 

However, the mineralization extent of the photolysis -estimated from the TOC values in 

solution after 6 hours of illumination- was very poor (ca. 5% for direct photolysis and 55% in 

the presence of the catalyst, Table 2). This is important as it shows the need of an appropriate 

catalyst to further degrade the intermediates, thus enabling the comparison of the efficiency of 

both irradiation set-ups. Similar mineralization values have been reported in the literature for 

direct photolysis of phenol aqueous solutions at λ> 200 nm using much powerful irradiation 

sources (ca. 500 W) [21,22]. When the light below 360 nm was cut-off with the pyrex filter, 

the photolytic reaction was largely suppressed as inferred from the low phenol conversion 

after 6 hours (i.e. 3 %) with no noticeable mineralization. This finding was quite expected 

considering that the fraction of light absorbed by the aqueous phenol solution above 360 nm is 

negligible [13] and the dependence of the energy of the photons with the emission wavelength 

of the irradiation source [22].  
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As the yield of photolysis is highly dependent on the concentration of phenol in solution [23], 

controlling the extent of the non-catalyzed reaction is of paramount importance for comparing 

the performance of the catalysts. For this reason, the photocatalytic runs were carried out on 

catalysts previously exposed to phenol (pre-adsorption step), so as to allow the adsorption of 

the pollutant on the porosity at equilibrium conditions, and to maintain the same initial 

concentration of phenol in the solution at the beginning of the illumination period. This 

procedure also enables to discriminate between the adsorption and photooxidation reactions, 

as both may take place simultaneously in porous catalysts.  

The first step then consisted on evaluating the adsorption capacity of the catalysts at dark 

conditions (series dark) and the time needed for reaching the equilibrium during the pre-

loading step. Phenol adsorption kinetics was quite fast for all the catalysts, with the 

equilibrium being reached after 30 min (Figure S2). The amount adsorbed by titania powders 

was negligible (below 3%), in agreement with the low porosity of the semiconductor (Table 

1). In contrast, it was quite large for the carbon (ca. 145 mg g-1) and the carbon/titania 

photocatalyst (ca. 70 mg g-1), which is attributed to the open porosity of the catalyst provided 

by the carbon component (Table 1). Along with surface area and micropore volume, the open 

pore structure of the carbon matrix is also seen in the SEM images (Figure 2) showing a 

globular structure with large cavities, characteristic of materials with high external area, hence 

favoring the adsorption kinetics. At converse, the uptake was almost negligible (below 3%) 

for bare titania, as expected based on its non-porous nature. Hence, the concentration of 

phenol in the solution was adjusted for each run considering the adsorption capacity of each 

catalyst, so as to obtain a constant value of 86 mg L-1 phenol in solution after the pre-

equilibration step.  

Figures 3 and 4 show the evolution of phenol and its degradation intermediates in solution at 

different irradiation conditions. Several differences become clear; first, higher phenol 

conversions and mineralization were obtained when the catalysts are irradiated using light at 

λ> 200 nm (lamp without filter); this is consistent given the higher energy of the photons and 

the higher photon flux of the arriving radiation at the system measured by chemical 

actinometry. Secondly, phenol photooxidation conversion after 6 hours was higher for TiO2/S 

compared to bare TiO2 and regardless the illumination conditions (Table 2), although the 

effect was more pronounced at λ>200 nm (Figure 3(a)). This is most remarkable bearing in 

mind that the amount of semiconductor in the catalyst (weight ratio 1:1) is half of the amount 
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used in the experiments with titania, since the photocatalytic runs were carried out using a 

constant total solid loading of 0.5 g L-1.  

The extent of mineralization followed a similar trend, being the beneficial effect of the carbon 

more significant when the catalysts are exposed to light at λ>200 nm as seen in Table 2; while 

the values obtained for TiO2 and TiO2/S exposed to light at λ>360 nm are rather similar, 

phenol mineralization increased by 1.5 times for the hybrid carbon/titania photocatalyst at 

λ>200 nm, with half the amount of titania as mentioned before. The higher efficiency of the 

photooxidation when the catalysts were exposed to more energetic light (lower wavelength) is 

in agreement with the light absorption features of the semiconductors, since it is well known 

that for titania only photons with energy above 3.2 eV (corresponding to λ < 400 nm) are 

capable of promoting the electrons from the valence band.  

For the carbon component, our previous studies using monochromatic light have shown that 

the intrinsic photochemical activity of nanoporous carbons (if any) is higher under UV light 

[13]. It is also interesting to note the distinct performance of the carbon material alone (in the 

absence of titania) with the irradiation source. When exposed to light at λ > 200 nm in the 

absence of the semiconductor, a relatively high photooxidation yield was obtained. In fact, 

similar results were obtained for the nanoporous carbon (S λ>200nm) and for carbon/titania 

(TiO2/S λ>200nm) under the same illumination conditions, indicating that the carbon material 

presents a certain level of self-photochemical activity. The conversions however dropped 

significantly when the pyrex filter was used to cut-off the light (Table 2), particularly for the 

carbon alone.  

To further explore the superior performance of the hybrid carbon/titania photocatalyst 

compared to bare titania, additional photocatalytic runs were carried out varying the total 

solids loading between 0.25 and 1 g L-1 (Figure 5 (a) and (b)). Data of photolysis 

corresponding to zero catalysts loading is also plotted for comparison. The beneficial effect of 

the carbon component in the catalyst is clearly seen; for the experiments performed using a 

titania loading of 0.25 g L-1, phenol conversion was under 40 %, far below the 84 % obtained 

for the hybrid carbon/titania photocatalyst with a total solids loading of 0.5 g L-1, thus using 

an identical amount of TiO2. When the total loading of the photocatalyst is raised to 1 g L-1 

When the total loading of the photocatalyst is raised to 1 g L-1 (sample labeled as 2xTiO2/S, 

see Figure 5 (b)), for which the amount of semiconductor was doubled, a high and almost 

unchanged phenol conversion was observed, whereas the mineralization extent improved 
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(Table 1). An enhanced performance of the yield with increasing the catalyst loading is rather 

common in heterogeneous photocatalysis [24]; in this case it also seems consistent as both 

individual components of TiO2/S show some photoactivity (although very different) under 

adequate irradiation (Table 2).  

The analysis of the porous features of the catalysts after the photocatalytic runs also revealed 

interesting information. First of all, it is worth noting that the accessible porosity of the 

nanoporous carbon after the pre-equilibration step in darkness (Sdark) was largely reduced, 

which was expected considering the phenol uptake of this carbon. Secondly, the textural 

features of the used catalysts (after the photocatalytic runs) are larger than those of their 

corresponding counterparts after dark adsorption (Table 1), which indicates a lower pore 

clogging of the used catalysts after the photocatalytic runs than after the adsorption in dark 

conditions. The effect is similar for both illumination conditions, although it was more 

pronounced when the catalysts were exposed to light at λ>200 nm.  

This is more clearly evidenced in the analysis of the narrow microporosity by means of the 

CO2 adsorption isotherms at 0 ºC (Figure 6). According to literature the adsorption of phenolic 

compounds on hydrophobic nanoporous carbons at low coverage occurs preferentially on the 

narrow micropores [25,26]. Since the microporosity of the hybrid carbon/titania photocatalyst 

is inherited from the carbon component, investigating the evolution of the volume of narrow 

micropores allows clarifying the fate of the fraction of phenol initially adsorbed on the 

porosity of the carbon material in the course of the photocatalytic reaction. 

The higher micropore volume of the catalysts illuminated for 6 hours compared to the 

accessible porosity after the pre-equilibration step in darkness (series dark) demonstrates that 

neither phenol nor its intermediates are accumulated (adsorbed) in the micropore network but 

rather decomposed due to the photocatalytic reaction. During the photocatalytic runs, a small 

fraction of the pollutants may be decomposed inside the carbon matrix, since the fraction 

retained in the porosity decreased compared to the starting of the illumination, and the 

concentration in solution does not rise. This is in agreement with our previous studies 

reporting the photodegradation of the adsorbed fraction for some nanoporous carbons [11,13].  

Interestingly, the same trend was seen when the nanoporous carbon alone was exposed to 

light (Table 1), which points out to some level of photochemical activity for this carbon. 

Based on our previous studies [12], we attribute this to the ability of the carbon material to 

generate oxygen radicals when exposed to high energy light. The large amount of 
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polyhydroxylated degradation intermediates also corroborates this. The concentration decay 

curves of phenol and intermediates upon irradiation of sample S showed an interesting 

pattern. When exposed to light at λ> 200 nm (high energy), the conversion of phenol is quite 

similar to that obtained from direct photolysis (Figure 3), while the time evolution of 

intermediates detected in solution is markedly smaller (Figure 4). This behavior is not 

accompanied by a clogging of the pore structure of the carbon (Figure 6 and Table 1), which 

confirms that the disappearance of phenol (and intermediates) from the aqueous solution 

cannot be attributed to the accumulation in the porosity. Additionally, an outstanding 

mineralization was achieved (ca. 53 % for S λ>200nm), a value comparable to that of TiO2/S and 

higher than that of direct photolysis and bare titania (Table 2).  

When the filter is used (light at λ> 360 nm), the conversion of phenol obtained upon 

irradiation of the nanoporous carbon alone is quite small; the concentration decay curve 

displays an interesting shape with a sharp decrease at short irradiation times (Figure 3) 

followed by a steady conversion above 60 min. As discussed above, the accessible 

microporosity of the carbon after the photocatalytic runs is still higher than that after dark 

adsorption, indicating some photoactivity. However, the plateau indicates that the 

photochemical reaction is stopped after 60 minutes of illumination; under these illumination 

conditions (wavelength λ> 360 nm) the contribution of direct photolysis of phenol can be 

neglected, thus data suggests that the photoactive sites of the carbon under visible light are 

consumed or deactivated in the course of the reaction.  

In a previous study [18] we observed that the incorporation of the nanoporous carbon in the 

catalyst does not affect the degradation mechanism of phenol under visible light. Indeed, as 

seen in Figure 4, similar intermediate patterns were obtained for TiO2 and TiO2/S when 

exposed to light at λ> 360 nm, with quinones (due to the pH dependence of hydroquinone and 

benzoquinone, these are discussed together as total quinones, QU) as predominant 

compounds. The concentration of intermediates steadily increases with time for titania; in 

contrast it reaches a maximum after ca. 3 h of irradiation for TiO2/S, pointing out a faster 

degradation of phenol and its intermediates.  

A different trend appeared when the samples were irradiated with light at λ> 200 nm. Overall, 

the intermediate products are the same as those detected when the filter is applied, although 

their amount and distribution is different. A marked regioselectivity is noticed towards the 

preferential oxidation in the ortho position to form catechol (over meta or para positions in 
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resorcinol and hydroquinone) in the case of samples S and TiO2/S and for the non-catalyzed 

reaction (photolysis λ> 200 nm). In the case of TiO2, the amount of CAT increased although 

QU are still the major intermediates. Interestingly, a similar regioselectivity to the formation 

of CAT over QU has been reported for other nanoporous carbons under UV illumination [11]. 

This is important since CAT has a higher reactivity over QU [27], which would account for 

the improved conversion of phenol upon irradiation at λ> 200 nm. Additionally, trace 

concentrations of trihydroxylated benzenes (i.e., 1,2,4-trihydroxybenzene and 1,3,5-

trihydroxybenzene) were detected for all three catalysts, not seen in the photolytic breakdown 

under the same illumination conditions nor upon irradiation with light at λ> 360 nm. The 

formation of polyhydroxylated subproducts suggests that more hydroxyl radicals are involved 

when the reaction is carried out using light at λ> 200 nm and catalysts.  

Doubling the amount of TiO2 in the catalyst (sample 2xTiO2/S) reversed the distribution of 

the intermediates (Figure S3 in Supplementary Information), showing again the predominance 

of QU over CAT, following the same trend as TiO2. Thus it seems that the distribution of the 

intermediates depends on the composition of the catalysts, with QU being favored over CAT 

at low energy photons and when titania is the major component of the photocatalyst (either 

TiO2 alone or high loadings in the catalyst), and vice versa when the carbon component is 

added to the catalyst composition. Both cases indicate that the photooxidation of phenol 

proceeds through the ortho- and para-substitution, which are the preferred positions in 

electrophilic substitutions of aromatic rings [27]. The formation of polyhydroxylated 

compounds along with the accumulated amounts of intermediates - suggesting lower 

photooxidation reactivity than phenol itself - are also characteristics of electrophilic mediated 

pathways.  

Another distinctive aspect of the photocatalytic runs under different illumination conditions is 

the variation of the solution pH observed for all the studied systems (photolysis and 

photocatalysis). The initial solution pH decreased between 1-3 pH units within the first 3 

hours of irradiation using light at λ > 200 nm, as opposed to a fall by 0.5 units when the filter 

was used (light at λ > 360 nm). Such pH variation is consistent with the difference between 

TOC and TOCHPLC values (Table 2), which account for the amount of short-chain alkyl acids 

present in solution at the end of the reaction. In fact, a smaller difference between these 

values, that is, a lesser amount of acids, is observed when a higher mineralization is obtained. 

This is also consistent with the above-mentioned mechanism based on electrophilic additions 



12 
 

leading to the regioselective oxidation in the ortho-position, which are more favored at acidic 

pH [27].  

Additionally, the stability of the catalysts was confirmed upon irradiation of suspensions in 

water in the absence of phenol. Regardless the illumination conditions (lamp with and without 

filter), the carbon component was found to be stable when illuminated alone or in the hybrid 

TiO2/carbon catalysts, as inferred from the elemental analysis of the samples (Table S1). On 

the other hand, according to the results previously obtained with TiO2 powders and 

TiO2/carbon composites [28] the sligthly acidic characteristics of the sisal based allow us to 

anticipate the re-use of the catalysts in consecutive phenol photooxidation cycles. 

 

4. Conclusions 

We have investigated the dependence of the photochemical activity of hybrid titania/carbon 

photocatalysts with the wavelength of the irradiation source, by using polychromatic light and 

a pyrex filter to remove the contribution at λ < 360 nm. Phenol photooxidative efficiencies 

were larger at 200 < λ < 600 nm for both the photolytic and catalyzed reactions. The use of a 

nanoporous carbon as additive increased both the photoconversion of phenol and the 

mineralization extent using half of the amount of the semiconductor. The effect was more 

pronounced at λ < 200 nm. Photocatalytic runs carried out with the carbon material alone (in 

the absence of titania) demonstrated a certain level of intrinsic photochemical activity of the 

nanoporous carbon additive under both irradiation conditions. When the light is filtered at λ> 

360 nm, the conversion of phenol upon irradiation of the nanoporous carbon alone dropped 

significantly with a steady conversion above 60 min, suggesting that the photoactive sites of 

the carbon under visible light are consumed or deactivated in the course of the reaction.  

In all the studied systems the photooxidation of phenol follows an electrophilic mediated 

pathway, with a marked regioselectivity depending on the composition of the catalyst and the 

illumination conditions. Quinones are favored over catechol at low energy photons and when 

titania is the major component of the photocatalyst (either TiO2 alone or high loadings in 

carbon/titania catalyst), and vice versa when the carbon component is added to the catalyst 

composition. At λ> 200 nm higher amounts of polyhydroxylated intermediates were detected, 

suggesting that more hydroxyl radicals are involved under these illumination conditions.  
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Tables Captions 

Table 1. Phenol degradation, Total Organic Carbon values (TOC, in mg C L-1) and 

mineralization degree after 6 hours irradiation of the catalysts under varied 

illumination conditions. Initial TOC values correspond to the phenol concentration in 

solution after the pre-adsorption step.  

Table 2. Main textural parameters obtained from gas adsorption data of the fresh and used 

catalysts (after the photocatalytic runs) at different illumination conditions. Data 

corresponding to the materials after the pre-equilibration in the dark (adsorption) is 

also included for comparison. 

 
Figures Captions 

Figure 1. Diffuse reflectance (a) and infrared (b) spectra of the catalysts. 

Figure 2. SEM images of the catalysts. 

Figure 3. Phenol concentration decay curves with the illumination time after irradiation at (a) 

λ>200 nm and (b) λ>360 nm. Negative times highlighted in shaded correspond to the 

pre -adsorption period of 30 min to equilibrate each system. Catalyst loading 0.5 g L-1
;
 

86 mg L-1phenol in solution at the beginning of illumination. 

Figure 4. Evolution of phenol degradation intermediates upon irradiation under different 

illumination conditions: QU-quinones; BZ-benzoquinone; CAT-catechol, RES- 

resorcinol; 124THB-1,2,4-trihydroxybenzene; 135THB-1,3,5-trihydroxybenzene. 

Catalyst loading 0.5 g L-1
;
 86 mg L-1phenol in solution at the beginning of 

illumination. 

Figure 5. Effect of the catalyst loading at different irradiation conditions: (a) effect of TiO2 

loading; (b) effect of the total catalyst loading (symbols represent experimental values 

while lines are guides for the eye). Catalyst loading 0.5 g L-1
;
 86 mg L-1phenol in 

solution at the beginning of illumination. 

Figure 6. CO2 adsorption isotherms obtained at 0 ºC on the as-received and exposed catalysts 

at different illumination conditions. 
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Table 1. Phenol degradation, Total Organic Carbon values (TOC, in mg C L-1) and 
mineralization degree after 6 hours irradiation of the catalysts under varied illumination 
conditions. Initial TOC values correspond to the phenol concentration in solution after the 
pre-adsorption step.  
 
 

 
Conversion 

(%)* 
TOC  

(mg C L-1) 

TOC HPLC
** 

(mg C L-1) 
Mineralization 

(%) 
Photolysis λ>360nm 3 64.8 64.8 1 
S λ>360nm 21 61.5 61.5 5 
TiO2 λ>360nm 54 51.3 39.2 21 
TiO2 /S λ>360nm 62 50.4 40.3 22 
Photolysis λ>200nm 81 62.1 17.4 5 
S λ>200nm 85 30.6 12.6 53 
TiO2 λ>200nm 70 43.6 25.2 33 
TiO2/S λ>200nm 84 29.3 11.4 55 
2 x TiO2/S λ>200nm 88 24.6 15.3 62 
*catalyst loading 0.5 g L-1

;
 86 mg L-1phenol in solution at the beginning of illumination 

** Values calculated considering the aromatic intermediates detected by HPLC 
 
 

Table 2. Main textural parameters obtained from gas adsorption data of the fresh and used 

catalysts (after the photocatalytic runs) at different illumination conditions. Data 

corresponding to the materials after the pre-equilibration in the dark (adsorption) is 

also included for comparison. 

 
SBET  

(m2 g-1) 
VTOTAL

 A
 

(cm3 g-1) 

VMESOPORES
 B

 
(cm3 g-1) 

W0, N2
 C

 
(cm3 g-1) 

W0, CO2
 C

 
 (cm3 g-1) 

TiO2  57 0.4 - 0.02 - 
S 968 0.45 0.04 0.41 0.37 
TiO2/S 484 0.23 0.02 0.21 0.16 
S dark 351 0.17 0.02 0.15 0.24 
TiO2/S dark  236 0.13 0.02 0.11 - 
S λ>200nm 354 0.17 0.02 0.15 0.29 
TiO2/S λ>200nm 288 0.16 0.04 0.12 0.14 
S λ>360nm 388 0.18 0.03 0.17 0.29 
TiO2/S λ>360nm 288 0.16 0.04 0.12 0.14 
A evaluated at p/p0 ~ 0.9 to avoid the contribution of interparticle voids 
B Difference between VTOTAL and W0,N2  
C Evaluated from the Dubinin-Raduskevich approach 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure S1. Emission spectra of the high pressure mercury lamp used (Helios Italquartz, 125 

W) with and without pyrex filter. 
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Figure S2. Phenol adsorption kinetics for the catalysts (in the same experimental conditions 

of the photocatalytic runs). For 2xTiO2/S (catalyst loading 1 gL-1) only the data corresponding 

the 30 min is shown, allowing the comparison of the amount adsorbed. 
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Figure S3. a) Phenol concentration decay curve, including the pre-adsorption step, for sample 

2xTiO2/S; b) Evolution of phenol degradation intermediates detected upon irradiation of 

sample 2xTiO2/S: QU-quinones, CAT-catechol, RES- resorcinol; 124THB-1,2,4-

trihydroxybenzene. 
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Table S1- Elemental analysis of carbon S and of the catalysts (after irradiation of the 

catalyst’s suspensions in water in the absence of phenol).*-normalized per gram of carbon. 

 C H O 

S 82.8 1.2 16.0 

S λ>200nm 79.5 1.4 15.6 

S λ>360nm 81.0 1.1 15.4 

*TiO2/S λ>200nm 82.4 1.4 16.2 

*TiO2/S λ>360nm 82.9 1.2 15.9 
 
 
 


