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Highlights

e Rhodamine 6G adsorption in water at natural pH and in phosphate buffer pH 6 and 8.
e Influence of nano-structure of Ti-based materials on Rhodamine 6G retention.

e Data expressed in umol g'! and umol m are discussed.

e Competition between the dye molecules and phosphates on the TiO2 surface.

e Various sorption affinity of rutile and anatase for phosphate species.

ABSTRACT:

Various titanium based materials were chosen to obtain series of solids with various properties
(structure, texture, morphology, surface reactivity...): nanopowder P25 and commercial Anatase;
ElectroSpun nanofibres; trititanate nanotubes and mixed-phase anatase/trititanate. The adsorption
of Rhodamine 6G was studied at natural pH and from phosphate buffer 0.1M at different pHs.

The adsorption capacities were dependent of the type of particles and the nature and pH of the



solutions. Anatase and ES nanofibres had the lowest and the highest adsorption capacity
respectively, with lower sorption at pH 6 due to the negative surface charge. This effect was
rather small in the case of Anatase, which exhibits huge phosphate species adsorption. This
demonstrates the competition between anionic species, and its consequence on the affinity for

Rhodamine 6G in the presence of PO4>".

KEYWORDS:
photocatalyst, titanium oxides, titanate, Rhodamine 6G, adsorption, competition, phosphate

buffer.

1. Introduction

In recent years, titanium dioxide has attracted much attention in environmental applications for
example the treatment of dye-containing wastewater. Because of their powerful oxidation
strength, high chemical and photo-stability in water, nontoxicity, low cost, and insolubility in
water under most environmental conditions, they have shown great potential as ideal and
powerful photocatalysts [1-3]. The optimization of catalysts performance is based on the
understanding of the main driving forces and mechanisms for their oxidative removal [4], and
especially the selectivity of adsorbent that can be affected by many factors such as properties of
the reactant (size, polarity, structure, etc.), surface charging, solvent, surface atomic structure.
Numerous studies have been carried out to better explain TiOz surface chemistry and especially
at the solid-liquid interface [5]. Because most organic pollutants have weak adsorption on the
TiOz particles, surface treatment or textural modification could enhance the adsorption capacity
and potentially their photocatalytic properties when they are used in degradation process [6-9]. In

various shapes/morphologies, such as nanoparticles, tubes, wires, fibres etc..., nanomaterials



show a better performance in environmental remediation than other conventional techniques
because of their high surface-to-volume ratio [10] especially when using innovative synthesis for
original one-dimensional (1D) electrospun nanostructured materials [11-15] or tubes such as
titanate nanotubes [16, 17].

The morphology, the textural properties, the crystallinity play crucial roles on surface
reactivity [18-21]. Indeed, various acidic character and location of polar sites on the TiO:2 surface
[22, 23] or differences in proton affinity distributions (PADs) and the strength (pK position) of
various local domains of proton adsorption [24] have been observed on anatase with various
shapes and exposed surfaces. Local charge, local arrangements or distortions, fine mixture of
phase, may affect the sorption capacity. The complexity of the liquid-solid interface implies to
consider more variables in comparison to the gas-solid system, with parameters such as the
surface site, preparation procedures, and concentration of the particles, the pH of the solution and
its effect on the surface structure, the concentration of the reactants, ... [1]. These include also
the control of the surface charge by adjusting the pH [25, 26], anchoring specific molecules to
the surface for the selective adsorption of reactants [7, 27] and even some times the idea of the
competitive solute solvent adsorption [28].

Competitive adsorption onto TiO2 surfaces is studied in different manners. Yang and Davis
[29] reported Cu(Il) and EDTA adsorption from single and bi-component systems onto P25 TiO2
sample. They have shown that the behaviour in single component system was strongly modified
when ionic and cationic species were mixed, with the occurrence of ligand bridged ternary
complexes. In the case of glutamate and lysine molecules in the presence of Ca?*, Lee et al. [30]
have evidenced cooperative, or competitive, effects, depending on the modification of surface
charge after adsorption of Ca**, inducing attraction or repulsion of the organic species to be the

adsorbed. Weng et al [31] have shown that in the presence of humic (HA) or fulvic (FA) acids



together with phosphate, the sorption on goethite FEOOH exhibits much stronger competition
effects of FA in comparison with HA, in relation with the difference in the spatial distribution
more or less close to the oxide surface. In some cases, when the sorption is performed in buffers
[32], the sorption of humic acids (HA) in phosphate buffer may be reduced, not only due to the
effect of pH or ionic strength, but phosphate might compete with HA on the surface of adsorbent,
or may interact with the HA in the solution and affecting HA adsorption.

To evidence the influence of competitive effect in particular in presence of phosphate,
adsorption of Rhodamine 6G, a cationic orange-fluorescent dye often used in degradation tests
was extensively studied in different conditions (in water or in buffer, at various pHs), in order to
establish the influence of physicochemical conditions. Different types of Titanium based
nanomaterials, nanopowder (P25, Anatase Commercial), nanofibres and nanotubes in two forms
calcined and not calcined, denoted TNT-C and TNT-NC, respectively, were chosen as adsorbent
for the organic dye Rhodamine 6G. Nanotubes and ES nanofibres samples were prepared using a
hydrothermal chemical route and electrospinning method, respectively. As reference,
commercial P25 and Anatase commercial Nanopowder were used. In the end, the sorption
properties were correlated with the competitive character of the mechanism on the surface active
sites.

2. Experimental section

2.1. Materials and syntheses of adsorbents / photocatalysts

The dye Rhodamine 6G was purchased from E. Merck India. The formula is shown on the
Figure 1 and was labelled Rh6G. Commercial TiO2 nanopowder P25 was obtained from Degussa
AG and Titanium (IV) oxide, Anatase from Aldrich. They were used as received. The phosphate

buffers and all solutions of Rh6G were prepared in ultrapure water (resistivity of 18.2 MQ)



produced by using an Elga LabWater Model PL 5241 system. Nanofibres and nanotubes were

prepared using the conditions described in the following.

2.1.1. Electrospun ES nanofibres

For the synthesis of TiO2 ES nanofibres, a procedure similar to that in [33] was followed. A
carrier polymer solution made of 230 mg of polyvinyl pyrrolidone (PVP, Mw ~1,300,000,
Aldrich) in 3.3 mL of absolute ethanol (puriss., Sigma-Aldrich) was added to a precursor
solution made of 0.52 mL of titanium(IV) isopropoxide (97 %, Aldrich, stored in a glove box)
and 1 mL of acetic acid (Sigma-Aldrich). The solutions were degassed by ultrasonication for 15
min, mixed together, stirred for 1 hour and loaded into the syringe. Electrospinning of the final
solution was carried out in air at room temperature with a standard syringe and a grounded
collector plate configuration with the following conditions: distance between the needle tip and
the collector plate of 10 cm, applied voltage of 15 kV and flow rate of 0.5 mL h!. The as-
prepared fibres were calcined in air at 500 °C at a heating rate of 5 °C min™! for 6 hours in order
to decompose and remove PVP and obtain pure inorganic fibres.

2.1.2. Nanotubes

For preparation of tubes 4.5 g of TiO2 (Sigma Aldrich) was dispersed into 80 ml of 10 M
NaOH (Acros Organics) and stirred for 1 hour. Further, the mixture was transferred to an
autoclave and kept in an oven at 150°C for 48 hours. The obtained solid was recovered by
centrifugation and further washed with distilled water, which resulted in sodium trititanate
nanotubes. Afterwards, the sample was ion-exchanged by stirring the obtained material for 30
min in 480 ml of 0.1 M solution of HCI at room temperature. The sample was recovered by
centrifugation and further washed three times with water and two times with ethanol. Finally, the

washed sample was dried at 100°C for 3 days. The as-obtained samples are denoted as TNT NC.



Some of the material was calcined in order to change the content of anatase in the sample (re-
crystallization while maintaining morphology) according to the following procedure 1 °C min!
to 350°C for duration of 6 hours in ambient atmosphere followed by stepwise cooling. The

obtained calcined material is denoted as TNT C.

3.2. Characterization of the solid materials

The specific surface areas Sger (m* g™') were deduced from nitrogen adsorption at -196°C
using a Micromeritics ASAP2020 and calculated with the Brunauer-Emmet-Teller BET method.
The samples were previously outgassed at 200°C for 16 h under a residual pressure of 10~ Pa.
The crystal phase of the titanium nanoparticles was determined by X-ray diffraction (XRD) on a
PANAlytical X pert powder diffractometer equipped with CuKq radiation (A = 1.542 A) and by
FT-Raman spectroscopy [34, 35]. The morphology of all samples was analysed by using a
Hitachi S-4800 scanning electron microscope (SEM).

3.3. Isotherms of Rhodamine 6G adsorption

Adsorption of Rh6G was carried out using a batch process, in pure water or in buffer.
Phosphate buffer solutions (0.1 mol L") were used throughout the experiment to maintain a pH
value of 6.0 or 8.0. They were prepared by mixing various amounts of two stock solutions, 0.2
mol L' monobasic and 0.2 mol L™! dibasic sodium phosphate. For pH 6, the volumes are 87.7 ml
and 12.3 ml of NaH2PO4*H20 and Na:HPOs4 respectively, with ultrapure water to 200 ml. For pH
8, the volumes are 5.3 ml and 94.7 ml with ultrapure water to 200 ml. The same buffer solution

was used to prepare Rh6G stock solution with concentration 10 umol L', It was then diluted to
prepare the solutions at various initial concentrations (0.25 - 10 umol L") for the various

experimental points on the adsorption isotherm. In each tube, a solid sample of titanium oxide (5

mg) was dispersed in 10 ml Rh6G solution of already known initial concentration. Then, the



tubes were stirred overnight at 25°C by using a rotary shaker at 10 rpm to obtain adsorption
equilibrium. The pH of the suspension was then carefully checked. The separation of the solid
phase from the liquid was achieved by centrifugation at 10 000 rpm for 12 min. The supernatant
was then analysed by using V-670 UV-Vis Spectrophotometer (interval of wavelength 400-600
nm) to determine the equilibrium concentration. The adsorption capacity (Qads, tmol m™) is the

calculated as follows and displayed as function of equilibrium concentration.

_ Vo(Ci — Ceq)

Qaas = MsSmpr

Ci and Ceq are the initial and final (equilibrium) concentration of Rh6G respectively expressed
in umol L', Vo (L) is the initial volume of the sample solution, and ms and Sger are the weight
(in g) and the specific surface area (in m? g'!) of the adsorbent, respectively.

3.4. Zeta Potential measurements

The dependence of { potential on pH was studied in aqueous suspension with a concentration
of 1 mg L! for all investigated samples, by using the Malvern instrument Zetasizer 3000HSa.
The pH values of the aqueous mixtures were adjusted, adding 1 mol L' HCI and 1 mol L™!

NaOH, respectively. Zeta potentials for different solids were measured in phosphate buffer

solutions at pH 8.

3. Results

The Figure 2 shows the Scanning Electron Microscopy (SEM) images of the variousTiO2
samples. The P25 nanopowder is known to exhibit spherical primary particles with 21 nm, with
significant aggregation of the elementary particles. The Anatase is also composed of

agglomerated nanoparticles (10-20 nm). The ES nanofibres are very long filaments, with 100-



200 nm diameters and several um in length. TNT (NC or C) display needles or flakes with 10 nm

thickness and 1 um length.

Table 1 summarizes the characteristic of all commercial and synthesized materials used in this
work. Concerning the textural parameters, two classes of materials could be distinguished, each
of them has the similar specific surface area. The first set of materials, with nanotubes TNT,
exhibit high Sger, 342 and 340 m? g! for not calcined and calcined samples respectively. Their
specific surface areas are approximately seven times higher than that of the three other samples,
which possess Sser between 46 and 57 m? g'!. On the other hand, XRD analysis (data shown in
ESI) confirmed that the commercial anatase sample is pure anatase phase. Besides, P25 and ES
nanofibres contain the mixture of rutile and anatase phases, with mainly anatase in both cases
[36]. For nanotubes, the not calcined sample contain only TNT phase, whereas a small

percentage of anatase appears after calcination as detected by FT-Raman Spectroscopy [35].

In order to evaluate the influence of both surface charge and pH, the dye adsorption was
performed at natural pH (pH 5.2-5.7) and in phosphate buffer at two different pHs, pH 6 and pH
8. The adsorption isotherms of Rh6G on the spherical nanoparticles P25 are presented on Figure
3. Maximum amounts of dye adsorbed on all titanium oxide samples from H2O at natural pH and
from phosphate buffer solution at pH 8 and pH 6 are compared for all samples on Figure 4. The
maximum is evaluated for high equilibrium concentration, when the amount adsorbed seems to
reach a pseudo plateau. In buffered solutions, it can be noticed that for P25 adsorption capacity
increases from 0.8 x 102 pmol m? to 1.5 x 102 umol m™ with increasing pH from 6 to 8
respectively. These amounts are very low, especially when compared with the ones obtained on

modified solid, for example in the case of Tada’s work [7], in which experimental conditions or



surface treatment could increase 2.6-fold the saturated adsorption amount. It is well known that
the adsorption onto oxides with variable surface charge is strongly pH dependent. The PZC of
the materials are slightly different. Even if the sorption is performed at similar pH, the surface
charge if the materials may be different. Since the point of zero charge (PZC) of P25 is evaluated

at pH = 6 [37], adsorption of cationic molecule Rh6G is favoured under basic conditions

compared to acidic conditions in similar ionic strength or without competing species and specific
interactions [38]. When pH increases from 6 to 8, Rh6G is more easily attracted by the P25
surface, and the adsorption is more favourable as observed on Figure 3. This result points to

importance of electrostatic interaction between Rh6G and the surface of the adsorbent.

For commercial Anatase nanoparticles (Figure 1 in ESI), the difference between the maximum
adsorbed at pH=6 and pH=8 is not significant (0.48 x 10?and 0.51 x 10~ umol m™ respectively,
within the experimental error range). It can be explained by the limited affinity of the Anatase
sample for the dye adsorption from the buffer solutions. In contrast to the P25 for which the
adsorption is pH dependent, the increase of pH has no influence on the amount adsorbed onto
Anatase. In both cases for P25 and Anatase on Figure 4, the adsorption capacity in pure water, at
natural pH (5.2-5.7 for P25, 4.7-5.3 for Anatase), is 4 or 5 times higher than in buffer solution.
This cannot be explained by the simple influence of pH, since adsorption should be lower at acid
pH when the surface charge decreases. One of the aim of this study was also to evaluate the
modification of sorption capacity when photocatalysts are nanostructured, and display specific
morphology, sometimes together with high specific surface areas. Sorption properties were
evaluated for fibres of anatase-rutile mixture and for calcined and not calcined trititanate
nanotubes. The obtained results are shown on Figure and Figure 6. The comparisons of the

maximum adsorption capacity in different media are shown on Figure 4. Similar conclusions are

10



drawn for nanotubes and ES nanofibres. Adsorbed quantities for not calcined and calcined tubes
are lower in the buffer solution (0.9 x 10 umol m™ and 1 x 102 umol m, respectively), than
those in water (4.8 x 102 umol m and 2.7 x 10”2 umol m™). This effect is less obvious in the
case of electrospun fibres for which only the sorption in buffer at pH 6 of lower. Indeed, for ES
nanofibres maximum adsorbed amount from buffer at pH=6 is 4.7 x 10> umol m™ while it
increases in the range 8 to 10 x 102 umol m at pH=8, whereas it reaches 12 or 14 in water 10

pmol m?2.

The Figure 4 confirms that the specific shape of this solids and their morphology increase the
adsorption capacity. Furthermore, the comparison of TNT-NC and TNT-C shows the
contribution of anatase in calcined sample. The adsorption onto anatase is lower compared to
pure TNT, and the total adsorption is lower on calcined nanotubes, compared to raw material
before calcination. But it is important to mention that the tendency of the maximum adsorption
between samples is strongly dependant on how it is evaluated. In pmol/g (Figure 4 B), the tube
exhibit the higher capacity. But when normalized using the specific surface area (umol/m?

Figure 4 A), the electrospun fibres are performing.

For all samples, there is an increase of the amount adsorbed in the pure water (see Figure 4), in
comparison with experiments in the buffer solution. In order to clarify these differences in
adsorption, zeta-potential measurements were carried out. Figure S2 in ESI shows the results
obtained for all titanium oxide particles at pH 8 in water (pH adjusted with NaOH) and pH 8 in

buffer solution. Except for calcined nanotubes in water, the values of zeta potential are negative

11



for all samples. This result was expected since IEP of rutile and anatase are evaluated at pH 5.8-
6, whereas it is evaluated at 3 or 4 for TNT depending on their synthesis conditions [16]. As it
can be observed, zeta potential values measured in buffer are higher than the values obtained in
water (except for not calcined nanotubes). It shows clearly the influence of the buffer on the
surface properties of adsorbents. Theoretically, because of the higher zeta potential of the
surfaces in buffer solution, Rh6G should be more attracted and more adsorbed in buffer

surroundings. Nevertheless, Rh6G is more adsorbed in water, with lower values of zeta potential.

In order to explain the difference between Rh6G adsorption on Anatase and P25 from the
buffer solutions at different pHs, adsorption of phosphates on these two solids was performed.
Results of the adsorption isotherms of HPO4>* are shown on Figure 7. It can be observed that
Anatase exhibited completely different behaviour compared to P25. Phosphate adsorption onto
P25 is insignificant (1.5 10 pmol m?), whereas Anatase displays high adsorption capacity (Q
max = 0.9 umol m?1i.e. 90 102 umol m), and higher affinity toward phosphate species. From
these data, it is obvious that for Anatase particle, phosphates are highly adsorbed. This firstly
explains the decrease of adsorption capacity in buffer solution compared to measurements in
pure water. Moreover, this is the evidence of the presence of the competitive adsorption between
the Rh6G molecules and the phosphates on the titanium oxide surfaces. Similar competition
behaviour was already reported for humic or fulvic acids onto titanium dioxide nanoparticles

from phosphate buffer solutions [32] or goethite in the presence of phosphate [31].

When adsorption of the dye is performed in buffer solution, the competitive adsorption
between phosphate and dye takes place. Surface sites are strongly hindered by phosphate species,

which are adsorbed on it. They are thus not available for dye adsorption. Finally, the influence of

12



pH is negligible, since, even if the surface charge is higher at pH 8, all the new ionized sites are
occupied by phosphate. Anatase is more affected by adsorption of phosphates, and that is why
there is no difference in adsorption capacity at pH 6 or 8§ for this sample. In the case of P25, the
sites are less sensitive to phosphate sorption. However, in the buffer solution, there is still slight
effect of pH, with 0.8 and 1.6 10 pmol m™ for pH 6 and pH 8 respectively. The strength of the
interaction between TiO2 and phosphate species was also evidenced by Connor et McQuillan.
From phosphate absorbance collected with internal reflection spectroscopy they obtained
isotherm typical of a strongly binding adsorbate, with adsorption increasing to saturation
coverage at relatively low concentrations. They observed that phosphate binds strongly to TiO2
surface through surface complexes and influences the interfacial and surface chemistry of TiO2
[39].

Furthermore, for the TNT, maximum adsorbed amounts were influenced by calcination
treatment, with higher adsorption for NC samples 4.8 x 10> umol m™ compared to calcined
solids (2.7 x 10 umol m™). This can be attributed to the slightly positive value of zeta potential
(Figure S2, ESI), leading to repulsion, and lower adsorption on calcined samples. Even though
the change in properties of TNT materials in case of calcination was mainly appointed to a
partial change in crystal phase (formation of anatase), it is clear from the results that strongly
altered surface properties have been generated compared to the not calcined materials but also in
comparison to Anatase, which has a clearly negative zeta potential.

To conclude, for all tested nanomorphologies adsorption is higher in the water media with
natural pH. Moreover, the tendency of Rh6G adsorption onto various solids is observed as
follows: nanofibres ES >> nanopowder P25 > nanotubes TNT > nanopowder Anatase. This result
can be related with structural properties of each solid. From Table 1, it can be noted that the

nanotubes TNT have the highest specific surface areas, nevertheless, the amount adsorbed is not

13



the highest on this type of adsorbents. It is also interesting to observe that the percentage of rutile
phase is increased in the materials with higher adsorption properties (i.e. ES and P25), while

percentage of anatase phase is decreased in these two samples.

4. Conclusions

Titanium oxide nanoparticles with different morphologies have been employed for the removal
of organic dye Rh6G. Nanotubes and ES nanofibres were synthesized by hydrothermal and
electrospinning methods. Commercial nanopowder P25, as best photocatalytic material, was
used as reference solid together with commercial Anatase. At first structural characterization of
these adsorbed were performed before isothermal adsorption investigation.

Adsorption isotherms were carried out with batch-mode experiments from the water at natural
pH and from phosphate buffer at pH 6 and pH 8. The results have shown that increasing the
buffer pH from 6 to 8 give rise to the increase of adsorption capacity for P25 and ES nanofibres,
due to the negative surface charge. That is in a good agreement with the results of zeta potential
measurements. Nevertheless, this influence of pH is rather small, especially in the case of
Anatase. Indeed, Anatase exhibits great adsorption capacity for phosphate. This thus clarifies the
low affinity for Rh6G in the presence of PO4*, because of the competition between anionic
species. At pH 6 in water and in phosphate buffer, the adsorption capacity is also reduced, due to
a combined effect of surface charge increase, in addition with the adsorption of competing ions.
This could explain the modification of the catalytic performances. Adsorption from water at
natural pH compared to adsorption in buffer has shown the presence of competitive adsorption
between Rh6G and phosphates species on the surface of the TiO2. The best adsorption capacity

was achieved by ES nanofibres.
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Supplementary Materials: The following are available online at Figure S1: Adsorption
isotherms for Rhodamine 6G onto Anatase Commercial nanoparticles at 25°C from water at
natural pH, from phosphate buffer at pH 6 and at pH 8§, and Figure S2: Zeta-potential
measurements in water with pH=8 (full symbols), and in phosphate buffer at pH=8 (empty

symbols).
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Figure 2. SEM images of Anatase (a), ES nanofibres (b) and nanotubes calcined (c) and not
calcined (d).
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Figure 3. Adsorption isotherms for Rhodamine 6G onto P25 nanoparticles at 25°C from
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Figure 4. Maximum amounts of dye adsorbed onto titanate and titanium oxide samples
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Figure 5. Adsorption isotherms for Rhodamine 6G onto nanotubes TNT-NC and TNT-C at
25°C from water at natural pH and from phosphate buffer at pH8.
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Figure 6. Adsorption isotherms for Rhodamine 6G onto ES Nanofibres at 298 K from
water at natural pH, from phosphate buffer at pH 6 and at pH 8.
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Figure 7. Adsorption isotherms for HPO4? onto P25 and Commercial Anatase
nanoparticles at 25°C from water at natural pH.

Table 1. Specific surface area and crystal phase of the various titanium oxide samples.

Sample name Crystal phase 2 Sser (m2g?)
Anatase Commercial 100% anatase 57

P25 81% anatase 19% rutile 49

ES nanofibres 68% anatase 32% rutile 46
TNT-NC TNT 342
TNT-C TNT + Anatase 340

? Crystal phase determined with XRD or FT-Raman Spectroscopy [35]
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