N

N
N

HAL

open science

Sunlight photoactivity of rice husks-derived biogenic
silica

Maria de Cordoba, Juan Matos, Ricmary Montana, Po Poon, Silvania

Lanfredi, Fabiano Praxedes, Juan Hernandez-Garrido, José J Calvino, Elena

Rodriguez-Aguado, Enrique Rodriguez-Castellén, et al.

» To cite this version:

Maria de Cordoba, Juan Matos, Ricmary Montafia, Po Poon, Silvania Lanfredi, et al..

light photoactivity of rice husks-derived biogenic silica.
10.1016/j.cattod.2018.12.008 . hal-02108640

HAL Id: hal-02108640
https://hal.science/hal-02108640
Submitted on 6 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Catalysis Today, 2019, 328, pp.125-135.


https://hal.science/hal-02108640
https://hal.archives-ouvertes.fr

Fernandez de Cordoba MC, Matos J, Poon Ps, Lanfredi S, Preaxedes FR, Hernandez-
Garrido JC, Calvino JJ, Rodriguez-Aguado E, Rodriguez-Castellén E, Ania CO, Sunlight
photoactivity of rice husks-derived biogenic silica, Catal. Today 328 (2019) 125-135.

10.1016/j.cattod.2018.12.008

hal-02108640v1

Sunlight photoactivity of rice husks-derived biogenic silica

Marfa C. Fernandez de Cordoba®”, Juan Matos®**, Ricmary Montafia®, Po S. Poon?, Silvania
Lanfredi?, Fabiano R. Praxedes®, Juan C. Hernandez-Garrido®, José J. Calvino®, Elena Rodriguez-

Aguado’, Enrique Rodriguez-Castellén’, Conchi O. Ania®*

? Bioenergy Department, Technological Development Unit, University of Concepcion, Chile.
® CEMHTI CNRS (UPR 3079), Univ. Orleans, Orleans, France.
¢ Millenium Nuclei on Catalytic Processes towards Sustainable Chemistry (CSC), Chile.
9530 Paulo State University (Unesp), Laboratory LaCCeF, Presidente Prudente, Brazil.
® Department of Materials Science and Metallurgy Engineering and Inorganic Chemistry, Faculty
of Sciences, University of Cadiz, Puerto Real (Cadiz), Spain.

"Inorganic Chemistry Department, Faculty of Science, University of Malaga, Spain.



“Corresponding authors. Tel.: +56-412661905. E-mail addresses: jmatoslale@gmail.com,

J.matos@udt.cl (J. Matos); conchi.ania@cnrs-orleans.fr (C.O. Ania)



mailto:jmatoslale@gmail.com
mailto:j.matos@udt.cl
mailto:conchi.ania@cnrs-orleans.fr

Abstract

Carbon-containing SiO,-based photocatalysts were prepared by the solvothermal treatment of rice
husk as biogenic precursor in the presence and absence of TiO, and used for the photocatalytic
degradation of rhodamine-B under simulated solar light. Data showed that the prepared catalysts
are mainly composed of biogenic silica and displayed mesoporous character with surface areas
ranging from 65 to 174 m? g™*. The obtained materials showed photocatalytic activity comparable
to that of commercial TiO,-P25 powders for the degradation of rhodamine-B under sunlight. The
calcination at 350 °C improved the photocatalytic activity of the biogenic precursor by three
times in the absence of TiO,. At converse, calcination of sample SiO,-TiO, decreased the
photoactivity due to the appearance of non-photoactive TiSiO4 crystalline phases in the catalyst,
as inferred by XRD and XPS. A reaction mechanism for rhodamine-B degradation excluding the
deethylation pathway has been proposed, based on the evolution of the absorbance spectra of

rhodamine-B upon the photocatalytic tests.
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1. Introduction

TiO, is considered the best semiconductor photocatalyst for the degradation of aromatic
molecules in water due to several advantages such as a high photostability under UV irradiation,
resistance to strong acid/bases, inertness and relatively low cost [1,2]. However, it has important
scale-up limitations such as the high and pH-dependent recombination rate, a low absorption of
solar light, and the low to moderate surface area of most commercial TiO,-based photocatalysts,
which limits their application to low effluent volumes and low pollutants concentration [3,4]. It
has been extensively reported than most of these limitations can be overcome by using various

co-supports such as alumina [5], silica [6,7], and activated carbon [8-10].

Among them, it been reported that the photocatalytic activity of TiO, can be enhanced by
introducing SiO, as the titania—silica (TiO,—SiO,) mixed oxides benefit from the photocatalytic
activity of titania, and the high mechanical and thermal stability of silica [11-14]. The
photocatalytic activity of TiO,/SiO, catalysts, being strongly dependent on many synthetic
parameters, may be more or less photoactive than titanium dioxide powders, but they usually
display better sedimentability properties, thus enabling the separation of the catalyst after the
photocatalytic treatment [11-14]. Furthermore, as the production of silica can be cheaper than that

of titania, the costs of the photocatalysts can be significantly reduced.

In this context, biogenic (i.e., natural-resources-based) silica is receiving an increasing attention
in different fields covering wastewater treatment [15], biomedicine [16], energy storage in

batteries [17] and catalysis [18], due to the availability, low cost and sustainability of these



materials. However, scarce studies have focused on its potentialities in solar photocatalysis due to

the low sunlight absorption coefficient of most silica-based materials [19,20].

Keeping this in mind, the main objective of this work was to prepare biogenic silica and silica-
TiO, hybrid catalysts from an abundant biomass waste, and to evaluate their photocatalytic
activity for the degradation of a recalcitrant dye in aqueous medium under artificial solar light.
Rice husk, an agro-waste product largely generated around the world has been used as natural
source for the fabrication of the silica-based materials, as is contains ca. 15-20% of inorganic
(SiO7) matter. On the other hand, Rhodamine B was chosen as target molecule, as it is a toxic
dye, one of the mostly used fluorophores in biotechnology applications [21], and also widely used
in cosmetic products. Being a toxic and largely used compound its photocatalytic degradation on

various semiconductor-based photocatalysts has been extensively reported [22-26].

2. Experimental
2.1. Synthesis of silica-based materials

Analytical grade titanium (IV) isopropoxide and Rhodamine B (RhB) were purchased from
Sigma-Aldrich. Absolute ethanol was purchased from Merck. Rice husk was provided by a
Chilean agroindustry company, and it was used as received. The catalysts were prepared by
solvothermal treatment of ca. 0.5 g of crushed and sieved rice husks (sample RH) in 9 mL of
absolute ethanol in a Teflon-lined autoclave heated at 180 °C for 16 h. The obtained solid was
filtered and washed several times in absolute ethanol and dried under static-air at 100 °C for 2 h.

The resulting catalyst was denoted as RH-Si. A hybrid catalyst was prepared by adding ca. 0.5 g
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titanium isopropoxide to the RH suspension in ethanol before the solvothermal treatment (sample
RH-Si-Ti). Additionally, a TiO, catalyst was synthesized following the solvothermal procedure in
the absence of RH (sample TiO, synth). Calcination of the catalysts was carried out in a muffle at
350 °C for 2 h under static air; calcined samples were denoted RH-Si-350 and RH-Si-Ti-350.
Commercial TiO, (P25, Evonik) and amorphous SiO; (Sigma-Aldrich) were also used for

comparative purposes.
2.2. Characterization of materials

The texture of the materials was characterized by measuring the N, adsorption-desorption
isotherms at -196 °C (Micromeritics equipment). The samples were previously outgassed under
dynamic vacuum (ca. 10”° Torr) at 200°C for 17 h. Ultrahigh purity gas (i.e., 99.9992 for N.) was
supplied by Air Products. The isotherms were used to evaluate the specific surface area (BET
equation), the total pore volume (evaluated at a relative pressure of 0.99) and the micropore
volume from the Dubinin-Radushkevich formulism [27].

The surface pH of the materials was measured as the pH of a suspension of the catalysts in
distilled water (ca. 50-5 mg of solids in 20 mL) under stirring at 800 rpm [28]. The pH of the
suspension was measured until a constant value (ca. 1-2 h) and plotted as a function of the
amount of catalyst in the suspension. The surface pH was considered as the value at the plateau of
the representation.

The carbon content in the catalysts was estimated from gravimetric analysis.

Chemical bonds were studied by Fourier transformed infrared spectroscopy (FTIR). The sample
was diluted in KBr (ratio of 1:100) and the measurements were carried out in the range of 4000—

400 cm™ with a resolution of 4 cm™ for 100 scans (Shimadzu, IR Affinity-1).



X-ray diffractograms on powder samples were obtained using a Shimadzu (model XRD-6000)
diffractometer, with Cu-Ka.1 radiation (k = 1.54056 A) provided with a graphite monochromator
and operating at 40 kV and a current of 30 mA. Measurements were carried out over an angular
range of 5-80° with a scanning step of 0.02° and a fixed counting time of 10 s. Divergence,
scattered and receiving radiation slits were 1°, 1° and 0.2 mm respectively. From XRD
measurements, a Crystallinity Index (CI) was calculated as proposed by Focher and coworkers
[29] using the equation (1):

I —I
Crystallinity index (%) = “11—‘“
111

x100 @

where l1;1 is the maximum intensity value for the scattering angle of silica phase at 26 of 22° and

lam IS the minimum intensity value of the amorphous diffraction peak at 17°.

The optical features were evaluated from UV-Vis diffuse reflectance spectroscopy, recorded on a
spectrophotometer equipped with an integrating sphere, and using BaSO, as a reference.
Absorbance and reflectance measurements were carried out between 220 and 700 nm and
transformed to a magnitude proportional to the extinction coefficient through the Kubelka-Munk
function, F(Rew). The energy band gaps (Eg) were estimated from the Tauc representation using a

double linear fitting.

The morphology and microstructure of the samples was studied by scanning electron microscopy
(SEM) and energy dispersed X-ray (EDX). SEM images were acquired in a (FEG) SEM Nova
NanoSEM 450, operated at 24 kV, with integrated EDX system (EDAX TEAM™) to perform

elemental composition analysis on the targeted region of interest.



The surface atomic composition of samples was analysed by X-ray photoelectronic spectroscopy
(XPS). XPS measurements were carried on a Physical Electronics spectrometer (PHI Versa Probe
I Scanning XPS Microprobe, Physical Electronics, Chanhassen, MN, USA) with monochromatic
X-ray Al Ka radiation (100 um, 100 W, 20 kV, 1486.6 eV) and a dual beam charge neutralizer.
The energy scale of the spectrometer was calibrated using Cu 2ps», Ag 3ds, and Au 4fy,
photoelectron lines at 932.7, 368.2 and 84.0 eV, respectively. Under a constant pass energy mode
at 23.5 eV condition, the Au 4f7; line was recorded with 0.73 eV FWHM at a binding energy
(BE) of 84.0 eV. The collected XPS spectra were analyzed using PHI SmartSoft software and
processed using MultiPak 9.3 package. The binding energy values were referenced to
adventitious carbon C 1s signal (284.8 eV). Recorded spectra were always fitted using Gauss—
Lorentz curves. Atomic concentration percentages of the characteristic elements of the surfaces
were determined considering the corresponding area sensitivity factor for the different measured

spectral regions.

2.3. Adsorption studies and photocatalytic tests

Rhodamine-B (RhB) was selected as recalcitrant dye to carry out the adsorption and
photocatalytic degradation tests, using UV-visible spectroscopy (554 nm) to follow the extent of
the reaction. Initially, kinetics studies were performed to evaluate the adsorption capacity of the
catalysts in the dark. For this, solutions of RhB of various initial concentrations ranging from 2 to
20 mg L™ were put in contact with ca. 1 g L™ of catalyst. An equilibration time of 90 min was
obtained for all the catalysts; thus this value was used for all the experiments to evaluate the
equilibrium adsorption isotherms. Equilibrium experimental isotherms were fitted to both

Freundlich and Langmuir models. For the photocatalytic tests, a Pyrex open-to-air photoreactor
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was used with 125 mL of solution and 125 mg of catalyst. Commercial silica (SiO, comm) and
titania (T10,-P25) were used for comparison purposes. Irradiation was performed with a solar
simulator box equipped with a Xe-lamp emitting the solar spectrum (photon flux ca. 3.2 x 10"
photons m?s™). The radiation intensity in the UV region was ca. 20 W m™? measured with a
radiant power meter, corresponding to a total radiation intensity of 250 W m The amount of
photocatalyst in the suspension was constant (ca. catalyst loading of 1 g L) for all the samples.
However, for a proper comparison, equivalent amounts of commercial silica or titania matching
the composition of the hybrid catalysts were also measured. The initial concentration of RhB in
solution in the photocatalytic tests was adjusted based on the dark adsorption assays, to assure the
same concentration in solution for all the catalysts (ca. 8.5 mg L™) when the illumination was
applied. All the experiments were performed at least in duplicates, and the accuracy of the

experiments was found to be below 2%. Here, average data is presented.

3. Results and discussion
3.1. Characterization of the materials

Figure 1 shows a series of SEM images of the rice husk raw material after crushing and sieving.
The typical morphology of the biomass precursor is observed, characterized by an aligned
cellular structure. Interestingly, the raw biomass displayed a well-ordered mountain-valleys
microstructure (Fig. 1c), similar to that commonly reported for cross-linked polymerized

hydrogels [30]. Figure 2 shows the SEM images corresponding to the catalysts prepared by the



solvothermal treatment of the rice husks, so as to investigate the evolution of the morphology and

microstructure of the precursor upon the modification.
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Figure 1. SEM images of the raw rice husk precursor at various magnifications.

After the solvothermal treatment at 180°C (sample RH-Si), the morphology of the rice husks is
preserved, with the mountain-valley morphology evolving to a flat surface (Fig. 2a, 2b). After
calcination at 350°C (sample RH-Si-350), the sample displayed an amorphous morphology (Fig.
2¢, 2d). For the case of Ti-containing samples (Fig. 2e, 2f), the mountain-valley morphology of
the precursor is preserved after the solvothermal treatment, indicating that the Ti-species do not

have a strong influence in the morphology of SiO,-based material (Fig. 2¢).
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Figure 2. SEM images of the prepared catalysts. (a-b): RH-Si; (c-d): RH-Si-350; (e-f): RH-Si-Ti;

(g-h): RH-Si-Ti-350.
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A small cracking of the husks particles is also observed during the solvothermal treatment
(Fig. 2f); for the Ti-containing sample after calcination (RH-Si-Ti-350) spherical (globular)
particles are clearly observed (Fig. 2g, 2h), likely suggesting some particles coalescence during

calcination.

For a better understanding of the interaction between the biogenic-silica matrix and the Ti-
containing particles, a SEM-EDX analysis was performed to sample RH-Si-Ti-350 (Fig. 3) in
different regions (marked as 1 and 2). As seen, the spherical particles are embedded within the
planar surface of the matrix (Fig. 3a, 3b). The EDX spectrum of the different regions (Fig. 3c,
3d, 3g, 3h) shows the different composition: rich in Si and rich in Ti atoms. For instance, the
planar particles in Figures 3b and 3e (region 1) are mainly composed by Si atoms (ca. 19.6 and
3.3at.% for Si, and Ti, respectively), while the spherical ones (region 2) are predominantly
composed by Ti atoms (ca. 2.4 and 22.6 at.% for Si and Ti, respectively). In both regions, the
almost similar and high oxygen content (ca. 77 and 75 at.%) is consistent with the presence of
mixtures of SiO, and TiO,. Furthermore, the high Si composition in region 2 suggests the

existence of a more complex crystalline phase such a TiSiO4 (see discussion below).
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Figure 3. SEM-EDX analysis of sample RH-Si-Ti-350. (a-e): SEM images; (b-f): SEM images

showing the analyzed regions; (c-d, g-h): EDX spectra.
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The chemical composition of the catalysts was further studied by XPS. Figure 4 shows the C 1s
core level spectra of all four samples, while data corresponding to the raw rice husks is show in
Figure S1 in the Supplementary Material File. For all the samples, the C 1s core level spectra
were deconvoluted to three main contributions: the intense peak at 284.9 eV was assigned to
graphitic carbon in sp® configurations; the peak at 286.5 eV to C-O, C-H bonds (phenolic, alkoxy,
ether), and the contribution featuring at 288.2 eV was assigned to O-C=0 bond (carboxylic, ester
groups). These functional groups are generally found in lignocellulosic materials [31] such as

cellulose and biomass wastes.

Interestingly, important modifications were obtained upon the solvothermal and calcination
treatments. RH-Si sample showed a marked contribution of the signal at 286.5 eV (Fig. 4a)
assigned to carbonyl groups. This is in agreement with previous works from the literature
reporting the large proportion of carbonyl groups for nanostructured materials prepared by
solvothermal synthesis of biomass [32, 33]. The effect was not so pronounced for sample RH-Si-
Ti sample (Fig. 4c), suggesting that the incorporation of Ti avoids the formation of these groups
and/or promotes its decomposition. The contribution of both carbonyls and carboxylic groups

clearly decreases after calcination (Fig. 4b, 4d).
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Figure 4. C 1s core level spectra for the synthesized catalysts: (a): RH-Si; (b): RH-Si-350; (c):

RH-Si-Ti; (d): RH-Si-Ti-350.

Table 1 shows a summary of the atomic concentration of the elements detected by XPS for the
rice husks and the synthesized catalysts. Besides the expected elements such as C, N, O, Si and
Ti, other elements such as N, Mg, and K were detected in some samples at very low atomic
concentrations. Thus, no significant influence on the adsorption or the photocatalytic activity
would be expected. After calcination, a remarkable decrease in the amount of carbon was

observed for the samples regardless the presence of Ti. This is in agreement with the increase in
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oxygen. The effect was more pronounced for the non Ti-containing samples, which could be due

to a higher interaction between carbon groups and Ti atoms.

Table 1. Summary of atomic concentration (at. %) of the elements detected by XPS analysis.

Sample C N (0] Si Ti Mg K
RH 65.13 1.87 28.51 4.48 nd nd nd
RH-Si 51.63 1.78 40.25 6.34 nd nd nd
RH-Si-350 7.39 0.77 63.80 26.60 nd 0.83 0.62
RH-Si-Ti 46.19 nd 41.95 0.56 11.07 nd 0.23
RH-Si-Ti-350 17.84 nd 57.92 7.48 16.38 nd 0.38

 nd: not detected.

The increase in Si after calcination is also remarkable, with values 4 and 13 times higher for RH-
Si-350 and RH-Si-Ti-350, respectively, than their corresponding non-calcined counterparts. The
low Si amount of sample RH-Si-Ti should be pointed out; this suggests the presence of silica
particles embedded in the matrix, that would diffuse to the surface upon calcination. In addition,
the ratio Ti/Si is ca. 19.8 for RH-Si-Ti and ca. 2.2 for RH-Si-Ti-350, suggesting a strong

interaction between Si and Ti atoms during the calcination.

This was confirmed by the analysis of the O 1s core level spectra of the samples (Fig. 5). As
seen, the spectra of samples RH-Si and RH-Si-350 (Fig. 5a, 5b) are practically similar, with a
main peak at ca. 533.0 eV assigned to O-Si bonding in a SiO, structure [34]. In this case,
calcination of sample (RH-Si-350) caused an increase in the intensity of the spectrum, indicating

a better annealing of SiO.. In the presence of Ti, the O 1s core level spectra were deconvoluted to
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3-4 contributions (Fig. 5, 5d), suggesting different interactions between O, Si and Ti atoms. For
the sample RH-Si-Ti, contributions at 531.7 and 530.0 eV were observed, attributed to O-Ti
bonding in a complex framework SiTiO4 and to O-Ti bonding in the TiO, framework,
respectively. For the sample RH-Si-Ti-350, an additional peak at 534.0 eV was also attributed to

O-Si bonding in a complex framework SiTiO,.
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Figure 5. O 1s core level spectra of the synthesized catalysts: (a): RH-Si; (b): RH-Si-350; (c):

RH-Si-Ti; (d): RH-Si-Ti-350.
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In sum, calcination of RH-Si-Ti sample yields a thermally stable material with nanocrystalline
domains of various inorganic oxide frameworks. This complex structure and the binding energy
assignments for the O 1s region of XPS spectra can be figure out by a super-cell Si3TizO1;
showed in the Fig. S2 (supplementary material). The formation of this ordered SiOy/TiO;
complex structure suggest a kind of assembly mechanism similar than for the case of inorganic

oxides/blocks copolymer assemblies reported by Yang and coworkers [35].

Figure 6a shows the N, adsorption-desorption isotherms at -196 °C of the synthesized catalysts
and the rice husk precursor (RH) before the solvothermal treatment. A summary of textural

properties and physicochemical parameters of the samples is compiled in Table 2.

All the catalysts displayed a moderate porosity dominated by mesopores, with surface areas
ranging from 65 to 174 m? g™* (Table 1). The calcination treatment increased the surface area of
the catalysts, with sample RH-Si-350 showing a BET surface area one order magnitude higher
than that of RH-Si. In the presence of titania, the effect of the calcination on the surface area was
less pronounced, accounting for an increase of ca. 2.7. The samples also displayed different
carbon content, following the order: RH-Si-Ti-350 < RH-Si-350 < RH-Si-Ti ~ RH-Si. The carbon
content was quite similar for the non-calcined samples regardless the presence of titania,
suggesting that TiO, does not modify the decomposition of the RH in the solvothermal process.
The slight difference in the carbon content between RH-Si-Ti-350 and RH-Si-350 could be
attributed to a more acidic pH in the Ti-containing sample, being responsible of a higher
consumption of carbon atoms in the calcination. After calcination the surface pH of RH-Si

became more basic, likely due to the elimination of functional groups of acidic nature
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[32] -typically observed after the solvothermal synthesis of biomass- and/or to the formation of

metallic silicates.

Table 2. Selected textural, chemical and structural properties of the studied catalysts.

a b c d e f g
Sample S \ Wo Carbon pH cl D
BET total DR % ) (n m)
2 1 3 -1 3 -1 (wt.%) (%
(mg) (cm g ) (cm g )
RH 5 0.01 0.00 40.8 -- 50.6  1.47 (SiO, 111)
RH-Si 10 0.02 0.01 18.5 6.7 50.3  1.58 (SiO, 111)
RH-Si-350 101 0.13 0.03 5.0 8.2 -- 0.77 (Si0, 111)
SiO, comm 250 0.40 -- -- 6.5 -- --
RH-Si-Ti 65 0.07 0.02 17.2 6.0 46.2  2.11(SiO, 111)
RH-Si-Ti-350 174 0.20 0.05 3.0 5.9 -- 4.79 (TiO, 101)
TiO,-P25 45 0.08 0.00 <0.1 6.4 -- --
TiO,-synth -- -- -- -- 59 -- --

4 BET specific surface area. ® Total pore volume evaluated at at P/Po = 0.99. ¢ Micropore volume evaluated using
the Dubinin-Raduskevich method.  Carbon content obtained from gravimetric analysis. ¢ Surface pH.

Crystallinity index defined by eq. (1). ¢ Average crystallite size obtained by Scherrer’s equation.
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Figure 6. Characterization of the prepared catalysts: (a) N, adsorption-desorption isotherms

at -196 °C; (b) FTIR spectra; (c) XRD patterns; (d) light absorption features.

Figure 6b shows the FTIR spectra for the studied samples; a summary of the band positions and
characteristics observed in the FTIR spectra are listed in Table S1 in the Supplementary File. The
absorption bands in the rice husks spectra are attributed to physically adsorbed water, functional

groups of cellulose, hemicellulose and lignin, as well as the inorganic components in their
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composition [36]. Samples RH, RH-Si and RH-Si-350 present an absorption band at 804 cm™
attributed to the symmetric vibrations of the Si—O bonds in the silicon-oxygen tetrahedrons
(SiOy) [37,38]; the bands at around 465 cm ™ are assigned to Si-O-Si bending vibrations [39]. The
latter band was not clearly observed in the Ti-containing samples. The variations in the intensity
of the peak at 1650 cm™ -attributed to 8-H,O deformation and the presence of C=C bonds in
organic components- are remarkable, with samples RH-Si and RH-Si-350 showing a lower
intensity than RH-Si-Ti and RH-Si-Ti-350. This is indicative of changes in the polarity of the
samples after the incorporation of Ti [39], in agreement with their more basic (hydrophobic)

character as inferred from the surface pH values (Table 2).

Figure 6¢ shows the XRD patterns of the studied samples; RH and RH-Si showed a diffraction
line at 22° related to amorphous SiO,, and another peak at 17° associated with the remnant carbon
matrix. RH-Si-350 sample showed a remarkable decrease in the crystallinity, represented by the
broadening of the peak at 22°. In the case of RH-Si-Ti, the diffraction bands related to the
crystalline phase anatase of TiO, were observed, with an increase in the crystallinity after the

calcination.

For RH-Si-Ti-350, the phase associated to SiO, was no longer observed, suggesting that the silica
phase is embedded within the crystalline framework of TiO, [40]. This phenomenon would be
associated with a redispersion of SiO, nanoparticles, since a similar behavior (i.e., decrease in the
average crystallite size) was obtained after calcination of RH-Si (Table 2). Indeed, it seems
reasonable that the particles of SiO, located nearby the TiO, ones would promote the formation

of the TiSiO, phase observed by SEM, XPS and FTIR data as discussed above. The XRD pattern
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of the titanium silicate would overlap with that TiO, anatase phase (JCPDS card # 21-1272), the

only phase detected in RH-Si-Ti-350.

The different crystallinity of the samples was quantified using the Crystallinity index (CI),
calculated as the ratio between the intensity at 22° and that at 17° of silica bands, as proposed by
Focher et al [29]. The obtained values (Table 2) indicate no modification of this parameter for
RH and RH-Si, and a decrease for RH-Si-Ti, suggesting that the change of crystallinity is
dependent on the presence of titanium. Data also showed that sample RH-Si-350 is an amorphous
material, while for RH-Si-Ti-350, the CI cannot be evaluated since the silica bands were no

longer observed.

Figure 6d shows the UV-visible absorbance spectra of the prepared catalysts along with
commercial TiO, and SiO,. The spectrum of TiO,-P25 presented the characteristic absorption
sharp edge of the anatase form of TiO, (predominant phase) in the UV region rising above 400
nm, rendering a band gap value of 3.09 eV, in agreement with the values reported for this
material [1-4]. A remarkably high intensity in the absorbance spectra was observed in the visible
range for all the biogenic silica-based samples compared to TiO,-P25 and SiO, which absorbance
were negligible in the visible range. This can be attributed to the carbon content of the samples.
After calcination, RH-Si-350 absorbed more photons in the visible range than RH-Si. This could
be associated to the larger surface area and lower average crystallite size of this sample, since
both parameters have been associated with low light scattering features [41,42]. RH-Si-Ti-350
showed a different trend with a UV-vis spectrum with two-components of absorbance; the one in
the UV region corresponds to the absorption cut-off of TiO,, with a slight red-shift compared to

TiO,-P25. The second region in the visible light is associated to the absorption of the carbon
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phase itself. The corresponding energy band gap (Ey) value of and RH-Si-Ti-350 was 3.4 eV

agrees with the value reported in the literature for TiSiO4 materials based [43].
3.2. Adsorption studies

The equilibrium adsorption isotherms of RhB on all the studied catalysts are shown in Figure 7.
Previous kinetics studies showed that a 90 min of contact time was required for all the catalysts to
attain the equilibrium (Fig. S3). The main adsorption parameters obtained from fitting the

experimental data to Langmuir and Freundlich models are summarized in Table 3.

With the exception of sample RH-Si, data plotted in Figure 7 showed a good fitting to Freundlich
model, with regression coefficients higher than 0.99 (Table 3). Fitting of experimental data to
Langmuir model (Fig. S4) was not so good, with regression coefficients lower than 0.97 in most
of cases. Given the better fitting and accuracy of Freundlich model to describe the experimental
data, only the adsorption parameters derived from this model will be further discussed (Table 3).
As seen in Figure 7, the samples displayed quite different uptakes of the dye, with the highest
uptake for RH-Si-350, about 15 times higher than that of RH-Si (the least adsorbing sample).
This could be attributed to either the higher surface area of the former, or the increase in the

surface pH upon calcination (Table 2).
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Figure 7. Adsorption isotherms of RhB on the synthesized SiO,-based catalysts. Symbols

account for experimental data; dashed lines to the fitting with the Freundlich model.

No direct correlation between the RhB adsorption and the surface area was found for the Ti-
containing samples, indicating the role of the specific interactions between RhB and the surface
of the catalysts on the adsorption capacity. Despite the surface area of RH-Si-Ti-350 is higher
than that of RH-Si-350, the adsorption capacity of the latter was clearly higher (Table 3),
suggesting that RhB is adsorbed on the basic sample via interactions between the electron-donor
hydroxyl groups in the surface of SiO, with the cationic species formed in the diethylamino group
in the zwitterion (RhB is a zwitterionic cationic dye, as can be seen from Figure S5 in the
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supplementary material, with a pKa of 3.1 units, being the zwitterion form predominant under our

experimental conditions). A similar adsorption mode has been suggested by Chen and coworkers

[44] on a negatively charged SiO,-TiO, composite. The higher K¢ in RH-Si-350 indicates that the

adsorption is favored in basic conditions, where the zwitterionic form of the dye is predominant

in solution. In contrast, RhB uptake in the TiO,-containing samples was practically the same after

calcination, despite their differences in surface area and pH (Table 2). Freundlich heterogeneity

parameter is higher than unity for all the samples, indicating a high surface heterogeneity. The

effect is more pronounced after calcination, likely due to a higher exposition of electron-donor

groups from biogenic silica and to the increase in surface area [45].

Table 3. Adsorption parameters for RhB obtained from fitting the experimental equilibrium

adsorption data to the Langmuir and Freundlich model.

Sample KLP(Lmg™)  dmec (Mgg?) R Ke"(mgg?)  ne’ Re”*
RH-Si 0.07 9.2 0.992 05 1.2 0.968
RH-Si-350 1.43 15.7 0.967 7.5 2.4 0.997
RH-Si-Ti 0.23 10.5 0.958 2.1 1.9 0.999
RH-Si-Ti-350 0.78 10.2 0.955 4.3 3.0 0.995

# Langmuir adsorption constant; ® maximum adsorption capacity obtained from Langmuir model; © linear regression

coefficient for fitting to Langmuir model;  Freundlich adsorption constant; ¢ Freundlich heterogeneity parameter;

"linear regression coefficient for fitting to Freundlich model.
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3.3. Photocatalytic tests

Figure 8 shows the photocatalytic degradation of RhB on the different photocatalysts, compared
to the photolysis of the dye under simulated solar light. The performance of commercial SiO, and
TiO, (P25 and TiO,-synth) has also been included. Table 4 compiles the first-order apparent rate-
constants (Kapp) obtained from the fitting of the photodegradation kinetic data after 180 min.
Above 180 min the response of the kinetic data was not linear, suggesting the presence of
additional reactions (degradation or accumulation of intermediates). The apparent rate-constant

was selected to compare the photocatalytic activity of the different materials [46].

Table 4. Kinetic parameters for the RhB photodegradation.

Sample Catalyst Loading Nads © Kapp ' (x 107
@L? (umol) (min™)

SiO, comm 0.19 0.23 0.2
TiO,-P25 0.13 0.37 55
TiO,-synth 0.13 0.11 0.4
RH-Si 1.0 0.75 11
RH-Si-350 1.0 3.33 3.4
RH-Si-Ti 1.0 2.96 4.1
RH-Si-Ti-350 1.0 2.40 0.5

® RhB adsorbed after 90 min in dark conditions; T First-order apparent rate-constant evaluated in the range 0-180 min

irradiation time.

The conversion of RhB for the non-containing TiO, catalysts (Figure 8a) was higher than that of
the photolytic reaction. The performance of RH-Si (ca. 25 % RhB conversion) was enhanced

after calcination (sample RH-Si-350) with ca. 60 % of conversion after 5 h. The kinetics of the
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reaction was also enhanced after the calcination, as seen in the kg, value of RH-Si-350 (Table 3).
This high photocatalytic activity for RH-Si-350 can be attributed to the adequate surface area
(Table 2), of the material that is responsible for a higher uptake (Table 3), and/or the presence of
a small but not negligible carbon phase remnant after calcination. Interestingly, the conversion of

RhB with the commercial silica powders for a similar catalyst loading was almost negligible.

The incorporation of TiO; in the silica-based catalysts improved the photodegradation of the dye
(Fig. 8b) compared to RH-Si, although different trends were observed for the calcined samples.
The conversion of RhB over RH-Si-Ti was ca. 70 %, comparable to that obtained for the
commercial benchmark TiO,-P25, and with a Kkinetic constant also close to that of the latter. On
the contrary, the photocatalytic activity of RH-Si-Ti-350 was quite poor, in terms of RhB
conversion (ca. 10 % after 5 h of irradiation) and kinetic constant. This contrasts with the optical
features of this sample (Fig. 6d), that presented an absorbance profile similar to that of TiO,, with
a cut-off at around 400 nm. This result suggests that the titanium silicate crystalline phase formed
during calcination (Fig. 6b and 6c, respectively) is most likely non-photoactive for the
degradation of the dye. The decreased photocatalytic activity of RH-Si-Ti-350 (compared to
RH-Si-Ti) does not follow the trend of the surface pH, adsorption uptake or porosity. We also
attribute this fact to the formation of non-photoactive titanium silicates. Indeed, according to
literature [43] different TiSiO, structures can be commonly found in ABO, oxides (e.g., CrVOy-
type, zircon, and scheelite) and SiO,-TiO, composites. This polymorph is comprised of regular
edge-sharing octahedra of TiOg [43] where the silicon atoms occupy the tetrahedral sites
constructed by cubic-packed oxygen atom arrays. Thus, the poor photocatalytic activity of sample

RH-Si-Ti-350 could be explained by the lack of coordination sites for the adsorption of hydroxyl
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moieties and oxygen; this would inhibit the capability of the catalyst to generate oxygen-radical

species (i.e., hydroxyl or superoxide radicals) in the compact arrangements of Ti and Si atoms.
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Figure 8. RhB photocatalytic degradation in (a) SiO,-based and (b): Ti-containing photocatalysts.

Data corresponding to the photolytic reaction and the performance of commercial SiO; and TiO,

catalysts is also included for comparison.
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It should be noted that the experiments using TiO,-P25 were performed with an equivalent
amount of TiO, than that of the hybrid catalysts (ca. 0.134 g L™). Thus, in terms of kinetic

constant (Kapp), TiO2-P25 is only 1.3 times more active than herein synthesized materials.

It is also important to correlate the photocatalytic results with the adsorption parameters obtained
from Freundlich model (Table 3). The higher Freundlich adsorption constant (Kg) of RH-Si-350
points out a high affinity towards the retention of RhB. Then, the superior photoactivity of RH-
Si-350 compared to RH-Si (as discussed below) can be attributed to the increased uptake.
Furthermore, RhB is a zwitterionic cationic dye with a pK, of 3.1 units, being predominant the
zwitterionic form under our experimental conditions. The high uptake of sample RH-Si-350
indicates that the adsorption is favored in basic conditions, where the zwitterionic form of the dye
is predominant in solution. In contrast, RhB uptake in the TiO,-containing samples was

practically the same after calcination, despite their differences in surface area and pH (Table 2).

3.4. Mechanism for RhB photodegradation

Considering all the above, we propose a mechanism for the photodegradation of RhB under
simulated solar light on the silica-derived catalysts. Rhodamine B has a permanent positive
charge (diethylamino group) and a negative charge depending on the ionization state of the
carboxylic group for which adsorption is governed by the electrostatic interactions between the
surface of the catalysts and the charges in RhB. On negative surfaces RhB is adsorbed by the
diethylamino group (positively charged), while for positively charged surfaces the preferred
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adsorption mode is through the carboxylic moiety. Under our experimental conditions, RhB is in
its zwitterionic form in solution (structure C in Fig. S5), while the catalysts are neutral (ca. RH-
Si, RH-Si-Ti and RH-Si-Ti-350) or negatively charged (ca. RH-Si-350). Based on the adsorption
studies, the uptake is favored in RH-Si-350 (negatively charged according to its surface pH
(Table 2). Thus, the preferred adsorption mode is through the diethylamino group. This is
important since the interactions between the catalyst and the pollutant define the possible

photocatalytic degradation pathway.

In the case of RhB, two photodegradation mechanisms have been reported [25,44,47-49], either
through successive deethylation steps [25,44,47], or by direct chromophore cleavage [47-49]
followed by consecutive oxidations of the aromatic rings. When RhB is adsorbed through the
carboxylic moiety in acidic photocatalysts (not the case of the herein studied materials) or at
acidic solution pH, the dominant photodegradation mechanism is the deethylation route
[25,44,47]. The deethylation route shows a characteristic hypsochromic shift in the UV-vis
spectra of the solution, due to the formation of the intermediates (ca. 15-60 nm shift for each
deethylation step) [25,44,47]. We did not observe any shift in the UV-visible spectra as a function
of the irradiation time for any of the synthesized silica-based photocatalysts (Fig. 9) nor for TiO,-
P25 (Fig. S6). Furthermore, most performing catalysts showed a basic surface pH. All this points

out that the degradation of RhB would proceed through the oxidation of the aromatic ring.
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Figure 9. Changes in the absorbance of the UV-visible spectra of the solution as a function of the

reaction time for the different biogenic SiO2-based photocatalysts.

On the other hand and given the low degradation yield for the non-catalyzed reaction, the
oxidation of RhB is most likely promoted by reactive oxygen species (ROS) formed upon
irradiation of the catalysts, as widely reported in the literature for other photocatalytic materials
[25,50-54] such as TiO, [3,4], PbsNb4O13/SiO; [25], Bi-based nanomaterials [47,49-54] and even

Ti0,-Si0O, composites [44].

Considering all this, the most plausible mechanism for the photodegradation of RhB using

biogenic silica-based photocatalysts under simulated solar light would consist on the ring-
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cleavage of the dye induced by the reaction with ROS (Figure S7). This would lead to the
formation of hydroxylated intermediates (structure V in Fig. S7) upon the photooxidation of two-
similar ortho positions of one diethylamino group. The degradation of smaller aromatic fragments
of RhB formed from the hydroxylation (such as hydroguinone/benzoquinone) can also be inferred

from the decrease in the UV region of the spectra (Fig. 9).

Finally, it should also be mentioned that the prepared catalysts were well dispersed in the
solutions, and allowed an easy and efficient separation of liquid and solid phases during the
experiments (compared to TiO, nanopowders used as benchmark catalyst). This is most important
for photocatalytic degradation purposes where phase separation/filtration steps are involved and it
could be related to the adequate surface pH of the catalysts (from almost neutral to a slightly,
Table 2), Further studies on sedimentability should be carried out to confirm and quantify this

behavior.

4. Conclusions

We have prepared hybrid silica-titania-carbon catalysts from the solvothermal treatment of a
biomass waste (i.e., rice husks) as biogenic precursor. The prepared materials were used as
photocatalysts for the degradation of a recalcitrant dye under solar irradiation. The catalysts are
mainly composed of biogenic silica and carbon, depending on the final synthesis step. Indeed, the
calcination at 350 °C of the silica-based catalyst improved its photocatalytic activity of the by
three times; at converse, calcination of the silica-titania material rendered a material with lower

photocatalytic activity, due to the formation of a non-photoactive crystalline phase (e.g. TiSiOy).
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Data also showed that the adsorption mode of rhodamine B defines the photodegradation pathway
favoring the degradation through the chromophore cleavage, excluding the deethylation pathway.
Furthermore, some of the prepared photocatalyst showed catalytic activity comparable to that of
commercial TiO,-P25 powders for the degradation of a recalcitrant dye under simulated solar
light. We believe that the present results open new perspectives for the use of low-cost biogenic-
derived materials as low-cost precursors for the synthesis of materials with a large potential as

photocatalysts for environmental remediation.
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Table Captions
Table 1. Summary of atomic concentration (at. %) of the elements detected by XPS analysis.
Table 2. Selected textural, chemical and structural properties of the studied catalysts.

Table 3. Adsorption parameters for RhB obtained from fitting the experimental equilibrium

adsorption data to the Langmuir and Freundlich model.

Table 4. Kinetic parameters for the RhB photodegradation.

Figure Captions
Figure 1. SEM images of the raw rice husk precursor at various magnifications.

Figure 2. SEM images of the prepared catalysts. (a-b): RH-Si; (c-d): RH-Si-350; (e-f): RH-Si-Ti;

(g-h): RH-Si-Ti-350.

Figure 3. SEM-EDX analysis of sample RH-Si-Ti-350. (a-e): SEM images; (b-f): SEM images

showing the analyzed regions; (c-d, g-h): EDX spectra.

Figure 4. C 1s core level spectra for the synthesized catalysts: (a): RH-Si; (b): RH-Si-350; (c):

RH-Si-Ti; (d): RH-Si-Ti-350.

Figure 5. O 1s core level spectra of the synthesized catalysts: (a): RH-Si; (b): RH-Si-350; (c):

RH-Si-Ti; (d): RH-Si-Ti-350.

Figure 6. Characterization of the prepared catalysts: (a) N, adsorption-desorption isotherms

at -196 °C; (b) FTIR spectra; (c) XRD patterns; (d) light absorption features.
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Figure 7. Adsorption isotherms of RhB on the synthesized SiO,-based catalysts. Symbols

account for experimental data; dashed lines to the fitting with the Freundlich model.

Figure 8. RhB photocatalytic degradation in (a) SiO,-based and (b): Ti-containing photocatalysts.
Data corresponding to the photolytic reaction and the performance of commercial SiO, and TiO;

catalysts is also included for comparison.

Figure 9. Changes in the absorbance of the UV-visible spectra of the solution as a function of the

reaction time for the different biogenic SiO2-based photocatalysts.
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