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Abstract
A predictive molecular adsorption model for organic compounds over TiO2-P25 particles was formulated. The 
model is an extension of a theoretical method of surface characterization called Protonic Distribution Affinity 
(PDA), which is obtained from potentiometric titration analysis, zero point charge (ZPC) of the material and 
adsorption isotherms of the Langmuir-Hinshelwood type. The chemical nature of the compound in the model was 
established by initial pH and molecular weigh.  We found that, for the TiO2-P25, the ZPC was 6.8. The model was 
validated using experimental data of dichloroacetic acid (DCA), 4-chlorophenol (4-CP) and phenol (PH) to different 
conditions. The model has high predictive capacity, numerical stability and sturdiness for obtaining the solutions. 
For available experimental data, the correlation coefficient was 0.97.

Keywords: Photocatalysis, protonic distribution affinity, Langmuir-Hinshelwood isotherm, potentiometric titration.

Resumen 
Un modelo predictivo para adsorción molecular de componentes orgánicos sobre partículas de TiO2-P25, fue 
formulado. El modelo es una extensión de un método teórico de caracterización de superficies denominado 
Método de distribución de Afinidad Protónica (PDA), el cual se obtiene a partir del análisis de datos de titulación 
potenciométrica, ZPC del material e isotermas adsorción del tipo Langmuir-Hinshelwood. La naturaleza química 
del componente en el modelo es establecida por el pH inicial y su peso molecular. Se encontró que para el TiO2-P25 
el ZPC es 6.8. El modelo fue validado con datos experimentales de ácido dicloroacético (DCA), 4-clorofenol (4-
CP) y fenol (PH) a diferentes condiciones de operación. Se encontró que el modelo tiene alta capacidad predictiva, 
estabilidad numérica y robustez en la obtención de las soluciones. Para los datos experimentales disponibles, el 
coeficiente de correlación fue de 0.97.

Palabras Clave: Fotocatálisis, Distribución de Afinidad Protónica, Isotermas de Langmuir-Hinshelwood, Dióxido 
de titanio, titulación potenciometrica.
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1. Introduction

The heterogeneous photocatalysis mechanism 
involves a proper understanding of the associate 
phenomenology to molecular processes dynamic 
on interface semiconductor/solution. In generally 
the idea is to describe the initiation stage of 
reactions involving photogenerated electron-hole 
pairs, the possibility of capture, transport through 
load bearing species adsorbed on the catalytic 
surface (water molecules, molecular oxygen 
and hydroxyl ions) and their recombination; 
for generating hydroxyl radicals which attack 
the substrate molecules [Ri] for redox reactions 
(Mueses et al, 2013; Monllor et al, 2007; 
Friedmann et al, 2010; Herrmann, 2010; Turchi & 
Ollis, 1990; Alfano et al, 1997). 

The main mechanism of these processes involves 
an oxidative way by presence of indirect transfer 
of photogenerated charges with adsorbed water 
and air molecules over catalyst surface (Mueses 
et al, 2013; Fujishima et al, 2010; Turchi & Ollis, 
1990; Alfano et al, 1997). In this case, the reactions 
can occur at the interfacial charge region of the 
semiconductor solution or at the Helmholtz layer. 
In the latter case, a direct attack is carried out 
from the photogenerated hydroxyl radicals to the 
molecules of the organics compounds adjacent to 
the surface in pseudo-heterogeneous phase. The 
molecular adsorption of the species although in 
much lower proportion involved activity loss by 
surface contamination of semiconductor. 

Most of heterogeneous photocatalysis kinetic 
models do not consider the molecular adsorption 
as a rate-limiting stage; different semi-empirical 
kinetic models describe adequately photocatalytic 
degradation of organic pollutants have been 
proposed (Ollis & Turchi, 1990; Sawage et al, 
2010; Satuf et al, 2008 and 2007; Zalazar et al, 
2005; Ballari et al, 2009; Cabrera et al, 1997; 
Alfano et al, 1997; Monllor et al, 2007), however 
these do not consider adsorption mechanism in the 
mathematical structures. Some researchers have 
reported that photooxidation reactions follow a 
classical Langmuir-Hinshelwood mechanism, 
assuming implicit adsorption/desorption 
equilibrium, not only in the dark phase but also 

in the lighted (photoreaction) stage (Friedmann 
et al, 2010, Herrmann, 2010; Sawage et al, 2010; 
Alfano et al, 1997; Monllor et al, 2007). However, 
even if the numerical predictions of experimental 
data are suitable in most of cases, the effects of the 
adsorption and the photocatalysis are not clearly 
distinguished because these overall equilibrium-
based models cannot describe the dynamics of 
the system at high concentrations and high pH. 
These operating conditions are not desirable since 
TiO2-based photocatalysis processes are usually 
favoured at low pH. 

Experimental evidence shows that in all 
heterogeneous photodegradation processes with 
suspended particles, the initial adsorption stage 
is critical and can yield substantial organic matter 
removals (between 5 and 25%), which is finally 
attributed to the photocatalytic degradation 
(Mueses et al, 2013; Suaterna et al, 2012).

This phenomenon is critical in a proper 
quantification of photocatalytic performances, 
since it is involve in the loss of catalytic ability of 
the semiconductor surface due to the occupancy 
by organic molecules of active sites available 
to photoinduction, in addition, loss of substrate 
molecules and potential contamination of the 
catalyst with organic compounds. The molecular 
adsorption of components (organic molecules, 
water, oxygen and hydroxyl ions) is essential in 
limiting the yields of the process; in addition, 
molecular diffusion in homogeneous phase 
becomes a limiting of rate reaction (Mueses et al, 
2013; Herrmann, 2010; Friedmann et al, 2010; 
Serpone 1997; Linsebigler et al, 1995).

This indicates that the molecular adsorption 
phenomenon needs to be quantified independently 
of the photocatalytic process as prior step reagent 
system suitability. In this work, we developed a 
new model based on a predictive determination 
of potential active sites for adsorption of organic 
molecules in the semiconductor surface. The 
model is also based on a conventional method of 
surface characterization and it was generated from 
adsorption Langmuir-Hinshelwood isotherms 
obtained by PDA.
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2. Methodology

2.1 Photocatalytic postulates 

It was considered that for a heterogeneous 
photocatalytic process the first step of the 
reaction mechanism is associated with molecular 
adsorption phase; therefore, we distinguished 
the following reaction step (Mueses et al, 2013): 
i) Molecular adsorption of water, hydroxyl ions 
and organic compounds over TiO2 surface, ii) 
Photonic excitation of the semiconductor with 
a given wavelength, λ, within the absorption 
catalyst range and the later generation of electrons/
holes (e‒/h+) pairs, iii) Recombination of (e‒/h+) 
pairs in the particle bulk, iv) Capture of holes 
by water molecules and hydroxyl ions adsorbed 
over the TiO2 surface. The probability of holes 
capture by organic compounds was considered 
negligible v) Capture of electrons by adsorbed 
molecular oxygen (main electrons acceptor), and 
vi) Hydroxyl radical attack to organic molecules 
in free state contained in the Helmholtz layer.

The n-type semiconductors as the TiO2-P25, 
which has been used in photocatalysis processes 
applied for organic compounds removal, are 
favoured at acid pH (pH <ZPCTiO2). This condition 
implies the presence of high specific adsorption of 
dissociated water molecules at the Stern plane in 
the semiconductor-solution interface (Linsebigler 
et al, 1995).  The process generates a significant 
availability of the water molecules for subsequent 
reactions with carriers load, however modifies the 
surface properties (surface electronic charges) 
of the semiconductor. This generates a high 
deficit of protons and of surface active sites for 
reaction with organic molecules (Linsebigler et 
al, 1995; Villarreal et al, 2012) but it favors the 
molecular adsorption of water and hydroxyl ions. 
Under these circumstances, we can establish 
mathematically that the concentration of water 
molecules and hydroxyl ions adsorbed on the 
surface is kept constant (Mueses et al., 2013; 
Villarreal et al, 2012).

Despite of the deficit of available active sites, 
these can be occupied probably by species [Ri] 
that ultimately affect the initial concentration of 

the substrate in the heterogeneous photocatalysis 
processes.  An Adsorption Probability Function 
(APF) is proposed as a theoretical method 
for predicting the possible amount of organic 
molecules adsorbed on the semiconductor surface. 
APF was calculated by using a modification of 
the PDA method, which permitted a theoretical 
characterization of the surface properties of 
solids and to identify the functionality of the acid 
sites present on the surface of the material from 
potentiometric experimental data and protonation 
constants, pK (Villarreal et al, 2012).

The PDA method has been implemented for 
the surface characterization of semiconductors 
and activated carbon. The obtained results of 
the prediction fit satisfactorily to experimental 
characterization data from the same surface using 
XDR and BET (Villarreal et al, 2012).

The main assumption was supported under the 
hypothesis that the PDA method allows to obtain 
the maximal fraction of active sites on the surface 
of a material; therefore this method will allow the 
prediction of the ion absorption [H+] or the fraction 
of the surface occupied by organic molecules. 
This fraction could be considered as an equivalent 
to the highest probability for absorption of species 
[Ri] on the solid surface. 

This is consistent with the molecular mechanism 
of adsorption in which the adsorbed species for 
heterogeneous photocatalysis effects are mainly 
water molecules and hydroxyl ions; therefore, the 
remaining fraction (<< 1) will be organic species 
of the reagent system (Mueses et al, 2013).

2.2 Mathematical formulation
 
The PDA functions were generated by analysis 
of binding protons curves obtained from 
potentiometric titration (Villarreal et al, 2012): 
See Eq. (1).

It is considered that surface has a “multi-site” 
configuration, in which the presence of acidic sites 
on the surface is minimal and it can be described 
by a Langmuir-Hinshelwood equation  for the 
binding protons: See Eq. (2).
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Where θi
*(pH) and K+ are fraction of site i and 

protonic affinity constant, respectively; and [H+] 
is the molar concentration for the equilibrium 
in the basic form inside the solution with 
pH = –log[H+] (Villarreal et al, 2012). 

The binding protons equation (Ec. 2) can generate 
a continuous spectrum of acid sites from discrete 
experimental data coupled to an interpolation 
mathematical method. 

For PDA determination, we considered an integral 
function in terms of the distribution function 
f(pK) and the binding protons equation θi

*(pH), 
which define a global average fraction θAv(pH) of 
acid sites on surface with an acid affinity constant 
within an interval of (pH, pH + ΔpH): See Eq. (3).

The distribution function f(pK) was calculated by 
using a local integral solution of the L-H isotherm. 
This solution was: See Eq. (4).

The summation function was truncated in 
second term because of the high order terms 
were considered not representative and they can 

introduce unstable performance. In addition, these 
terms are very sensitive to experimental errors. 
These functions were calculated by using a Taylor 
series:  See Eq. (5) to Eq (6).

Where δh is the pass for the numerical derivative. 
The integrals were calculated with the Simpson 
1/3 algorithm.

2.3 Probability function p(κads)

Finally, since it was required to correct the value 
of the function of the average amount of active 
sites for each specific substrate; it was proposed 
a simple correction factor of Eq. (3), which 
involved the initial concentration, the molecular 
weight of the water and the reaction compounds. 
Furthermore, since the main premise was referred 
to keep constant molecular adsorption of water and 
hydroxyl ions, this was divided by the molecular 
weight of water to have a specific function of the 
absorption probability. The proposed probability 
function, p(κads), was given by the following  
equation: See Eq. (7).
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Where Mw,i and Mw,H2O are molecular weight for 
organic compounds and water respectively. In this 
equation the initial concentration ci,0 was given in 
ppm.

2.4 Experimental validation

2.4.1 Materials and equipment 

For experimental test we used dichloroacetic 
acid (DCA: CAS 79-43-6), 4-chlorophenol (4-
CP: CAS 106-48-9) and phenol (CAS 108-95-2) 
Merck® analytic grade as organic compounds 
and titanium dioxide Degussa P-25 as adsorption 
particle. HCl and NaOH, both analytic grade from 
Merck®, were used for potentiometric titrations. 
A dark chamber with 100 mL-beakers, with 
magnetic stirring, was used for the tests. In 
addition a spectrophotometer SHIMADZU UV-
1800 was used for concentration analysis. Filters 
of Nylon of 0.15 μm, a pH-meter AB15 from 
Fisher Scientific, micropipettes EPPNDORF of 
100 to 1000 μL and a centrifuge JANETZKI-T23 
were used for guaranty an efficient separation of 
particles from solution.

2.4.2 Experimental procedure for molecular 
absorption

A solution of 700 mL with distilled water was 
prepared with the substrate systems (DCA, 4-CP 
or phenol) using a concentration of 300 ppm for 
each compound. After dilutions were done to 
obtain different solutions of 50 mL between 120 
and 30 ppm of initial concentration (conventional 
concentrations found at heterogeneous 
photocatalytic processes). Each solution was 
stirred and adjusted to pH 4.0 with NaOH or 2M 
HCl, depending on the case. An aliquot was taken 
to associate the blank and later it was weighed 
and added to the TiO2-P25 to the stirred solution 
with an equivalent concentration of 0.3 g/L of 
the catalyst. The solutions were stirred during 12 
hours. After stirring, the pH was measured and the 
aliquot was filtered, centrifuged and analyzed by 
UV-Vis spectrophotometry. The experiments were 
performed in the dark chamber in order to avoid 
the catalyst activation by the natural radiation.

2.4.3 ZPC determination

For the estimation of the ZPC of TiO2-P25, we 
used the intersection method (Villarreal et al, 
2012). An alkaline aqueous solution was prepared 
with sodium hydroxide and the pH was set at 10.1. 
The solution was stirred and then the catalyst was 
added for setting its concentration at 0.01 g/L. 
Then, it was acidified with HCl for adjusting 
the pH at 3.1, recording the values   of pH at 
equilibrium. Correspondently, it was prepared an 
acidic aqueous solution of HCl at a pH of 3.1 and 
later stirred, meanwhile the TiO2 was added for 
setting its concentration at 0.01 g/L. This solution 
was later alkalinized with NaOH at a pH of 10.1.

3. Results and discussion
 
3.1 Potentiometric titration and ZPC

In Figure 1, we showed the potentiometric 
titration curve obtained for TiO2-P25 Deggussa. 
The measured pH in both processes was plotted 
in function of the sequence of collected data. 
By transferring the charge effects, the isotherms 
(acid and basic) presented an intersection that 
corresponds to the ZPC of the solid.

Figure 1. Potentiometric titration curve for TiO2-P25 
Degussa (♦ basic titration; ◊ acid titration).

The obtained value using potentiometric titration 
for ZPC of TiO2-P25 was 6.8. This value is 
very similar to the reported one in literature 6.6 
(Zalazar et al, 2005). The protonic affinity constant 
estimated at this pH value was 1.25893x10‒7.
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3.2 Adsorption probability function 

The probability function of the generalized 
adsorption for TiO2-P25 semiconductor, in a range 
between 3<pH<10 and without correction effects 
for molecular weight and initial concentration, is 
showed in Figure 2.

From Figure 2, it can be inferred that, at acidic pHs, 
the probability of adsorption of organic species [Ri] 
is smaller than at alkaline pHs. This indicates that 
the adsorption of water molecules and hydroxyl 
ions is higher and therefore the probability of an 
attack of photogenerated holes to these species is 
greater as well. This last phenomenon is beneficial 
for heterogeneous photocatalytic degradation 
processes with TiO2-P25 (Mueses et al, 2013; 
Linsebigler et al, 1995). 

The peaks observed in Fig. 2 correspond to 
maximal values   of the adsorption probability for a 
given pH, which relates the surface potential points 
interacting with organic molecules supported. The 
effect of pH on the interface plane  semiconductor/
solution (Helmholtz phase layer) modifies the 

band-gap energies (valence and conduction) 
and it generates positive or negative curvatures 
to the plane of semiconductor surface energy 
(Linsebigler et al, 1995). These changes of the 
surface energy density can support chemisorption 
or physisorption processes (depending on the 
chemical nature of the organic molecule), which 
are reflected in the peaks with most probability in 
the curve generated.

According to these results, the catalytic activity 
could benefit those materials with carboxylic acid 
functional groups or similar ones and reactions 
with charge transfer (such as photocatalytic 
reactions). This relationship is valid for values   of 
f(pK) obtained for the distribution curves regarding 
to the conventional classification reported in 
literature for the OH groups for different materials 
(Villarreal et al, 2012).

Figure 2 showed the performance of the probability 
function for generalized absorption, which does 
not include molecular weights. In the APF, the 
chemical nature of the compound is established 
as a direct dependency on the molecular weight 

Figure 2. Generalized Protonic Distribution Affinity Function PDA for TiO2-P25 with ZPC = 6.8.
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Mw and the intrinsic pH of the molecular surface. 
We considered effects to the equilibrium only; 
however, the model does not include the limiting 
stages due to the mass transport and the molecular 
diffusion.

In addition, despite of the non-linear performance 
associated to APF, the estimation of probability 
curve was stable and robust, which indicated that 
the approximation used for higher order derivatives 
was valid to calculate the slopes of the binding 
protonic isotherms given by the LH model.

3.3 Predictions of the model

From the obtained APF, it is possible to predict 
the molecular adsorption of characterized organic 
substances in terms of their molecular properties 
of superficial energy (reflected in pH) and its 
molecular weight.

For example, the dichloroacetic acid (Mw 
=128.942) with a initial concentration of 0.8531 
mmol/L (110 ppm approximately), with pH=4.4 
and a TiO2-P25 concentration of 0.35 g/L, the 
value of the uncorrected function (Figure 2) 
was 0.066756. After applying the correction 

to the function, its value was 0.47699643. By 
multiplying this value by the initial concentration 
and divided by the catalyst load, the final result 
for the concentration was 1.1626 mmol/gCat. By 
comparing this result to the experimental value of 
1.218 mmol/gCat, an error of 3.2% was estimated. 
Thereby, it can be stated that the model has high 
capability of prediction, as shown in Figure 3. 
It is observed that the model has more accuracy 
at low initial concentrations but its fitting is not 
satisfactory at high concentrations. This behavior 
is explainable because the model was built from 
the Langmuir-Hinshelwood adsorption isotherms; 
therefore, it has the same thermodynamic 
constraints for prediction of experimental data 
at high concentrations. The overall data for 
components evaluated (DCA, 4-chlorophenol and 
phenol) at different operating conditions, have an 
adjustment coefficient of 0.97, which ensures that 
the model has high predictive ability.

4. Conclusions

A predictive model for molecular adsorption 
for organic compounds on titanium dioxide 
particles Degussa-P25 was proposed. The model 
was obtained from a method for the theoretical 

Figure 3. Experimental data and simulation data using proposed model.
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characterization of materials surface called proton 
distribution affinity method, which is based on 
an analysis of adsorption/desorption isotherm 
of Langmuir-Hinshelwood type obtained by 
potentiometric titration.

It was experimentally found that for the P25 
TiO2, the ZPC was 6.8, a very similar value to 
that reported one in literature. The mathematical 
models showed high predictive ability for 
molecular adsorption experimental data of DCA, 
4-chlorophenol and phenol, with a correlation 
coefficient of 0.97. The model showed high 
stability and robust numerical prediction of the 
experimental data.
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