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Abstract: This work demonstrates how formation of strongly chemiluminescent  

3-hydroxyphthalic hydrazide by hydroxylation of non-chemiluminescent phthalic 

hydrazide can be applied as a selective reaction probe to obtain information on authentic 

hydroxyl radical, i.e., •OHaq, formation, in black light illuminated Degussa P25 TiO2 

aerated suspensions in the pH range from 3 to 11. The •OHaq formation was found to be 

strongly pH dependent. At alkaline pH, the apparent quantum efficiency of •OHaq 

formation was estimated to be at the ~10−2 level whereas at acidic pH it was near zero. 

Addition of phosphate and fluoride ions substantially enhanced the •OHaq production in the 

acidic pH range. It is suggested that •OHaq-radical formation in TiO2 photocatalysis can 

occur by oxidation of hydroxyl ions in the water layer adsorbed on TiO2 surfaces. 

Keywords: photocatalysis; TiO2; 
•OHaq radical; chemiluminescence 

 

1. Introduction 

In semiconductor materials, absorption of photons with energy greater than the band gap between 

the valence and conduction bands leads to the formation of valence band holes (hVB
+) and conduction 

band electrons (eCB
−). Usually, an electron-hole pair has only transient existence and is rapidly 

eliminated by recombination resulting in heat or light emission, but in some large band gap materials 

the lifetime is long enough to allow a fraction of hole-electron pairs to be manifested on the material 
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surface by inducing red-ox reactions in the surrounding medium. Materials displaying these 

characteristics are called photocatalysts [1]. Amongst different materials showing photocatalytic 

properties, Titania, TiO2, has been identified as the most interesting due to its otherwise inert and 

environmentally friendly properties. In the last two decades, photocatalysis utilizing TiO2 has been 

gaining increasing popularity as an attractive advanced oxidation technique for treatment of industrial, 

potable and natural waters by removing chemical and microbiological hazards without addition of 

(toxic) chemicals [2–6].  

Titania exists in three crystalline polymorphs; anatase, rutile and brookite. Of these, only anatase 

and rutile show substantial photocatalytic activity. Many studies have confirmed that anatase presents 

better photocatalytic properties than rutile due to a lower intrinsic recombination rate of 

photogenerated hole-electron pairs. However, mixed phase titania such as Degussa P25 containing 

nanoclusters of rutile in anatase crystallites shows even better photo activity than pure phase anatase 

and has been used in most photocatalytic studies [7]. The material is also easily available and was 

chosen for this study. 

Anatase TiO2 has a band gap of ~3.2 eV with the valence band edge +2.6 V vs. NHE, and the 

conduction band edge −0.6 V vs. NHE at pH 7 [8,9] Thus, absorption of photons at wavelengths  

<390 nm in this material leads to the generation of electron hole pairs. Following this initial step, 

conduction band electrons (eCB
−) and valence band holes (hVB

+) must be trapped at the surface to allow 

chemical transformations in the surrounding medium.  

The trapping of conduction band electrons (eCB
−) may chemically be associated with formation of 

≡Ti[III]•-centers and/or partially hydrated electrons (ehyd.
−) on the particle surface [10,11]. In air 

saturated aqueous solutions, it is likely that oxygen adsorbed on TiO2 surfaces will react with partially 

hydrated electrons (ehyd.
−) and ≡Ti[III]•-centers on the surface by initial formation of reduced oxygen 

species (ROS), Figure 1. 

Figure 1. Reduction of adsorbed oxygen and formation of ROS (pKa-values [12]). When 

the TiO2 surface is coated in places with nano-dots of a noble metal such as Pt, conduction 

band electrons (eCB
−) can be directly trapped by Pt nano-particles on a TiO2 surface, i.e., 

(eCB
−) + Pt → (ePt

−) [13]. (ePt
−) may be more reducing than (ehyd.

−) (vide infra). Formation 

of hydroperoxides in TiO2 photocatalysis was shown by Nakamura et al. [14] using 

multiple internal reflection infrared microscopy. Hydroxyl radicals are probably formed by 

catalyzed cleavage of hydrogen peroxide. 
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Depending on the reaction environment, pH and ion composition, radicals and hydrogen peroxide 

may be preferentially bound to the surface or released to the surrounding aqueous solution.  

It is reasonable to assume that valence band holes (hVB
+) reaching the TiO2 surface can be 

chemically associated with oxygen-centered radicals generated from surface hydroxyls [7,15], and 

lattice oxygen anions [10]. The specific nature of these initially formed oxygen centered surface 

radicals will depend on pH. Based on chemical reactivity, they are usually described as surface bound 

hydroxyl radicals, •OHsurface. However, this designation is problematic as it leads the mind to consider 
•OHsurface as an authentic hydroxyl radical trapped on the TiO2 surface. This is not correct. In this 

context it is important to note that diffusion of free hydroxyl radicals from UV-irradiated water 

saturated TiO2-surfaces to the gas phase has been shown by laser-induced excitation spectroscopy [16]. 

Thus, direct physical evidence strongly supports that UV-irradiation of TiO2 can in fact also release 

free hydroxyl radicals to the surrounding medium, i.e., formation of •OHaq. Since •OHaq reacts 

exceedingly fast with most solutes it will only diffuse a very short distance from the surface, typically 

<50 nm, before it is consumed. For this reason, it may seem unimportant to discriminate between 
•OHsurface and •OHaq. However, only the latter can be expected to behave completely as authentic free 

hydroxyl radicals generated by, e.g., radiolysis of water [12]: 

H2O  (H2O
•+)* + e− ՜ eaq

− 
(1)↓10−13 s 

aqH+  + •OHaq 

where (H2O
•+)* denotes an excited state due to a Frank-Condon transition 

There is still a controversy about whether valence band holes (hVB
+), are involved in the formation 

of •OHaq radicals in TiO2 photocatalysis [17–21]. Formation of •OHaq can also proceed by homolytic 

and/or reductive cleavage of accumulated hydrogen peroxide formed by oxygen reduction initiated by 

conduction band electrons (eCB
−), cf. Figure 1. In fact, most investigators seem to prefer this  

reaction model. 

H2O2aq + hν →  × •OHaq (2)

H2O2aq + e− + H+ → •OHaq + H2O (3)

Reaction (2) is efficient in the UVC (200~280 nm) range, where the absorption by hydrogen 

peroxide is significant [22]. Reaction (3) may occur by way of surface excess electrons, e.g., trapped 

on Pt nano-particles:  

(eCB
−) + Pt → (e Pt

−) + H2O2aq + H+ → •OHaq + H2O (4)

Accumulation of reduced oxygen species on the TiO2 surface may also cause back-reactions that 

impair the formation of hydroxyl radicals, e.g.,  

H2O2surface + •OHsurface → H2O + HO2
•
surface (5)

HO2
•
surface + •OHsurface → H2O + O2 (6)

  


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and perhaps most importantly: 

O2
•−

surface + •OHsurface → HO− + O2 (7)

(O2 formed in Reactions (6) and (7) may be singlet excited and chemically reactive). 

These back reactions can be considered as delayed recombinations of valence band holes (hVB
+) and 

conduction band electrons (eCB
−). As both direct and delayed recombinations of hole-electron pairs 

follow second order kinetics, they will gain in importance with increasing light intensity. 

The formation of hydroxyl radicals in TiO2 photocatalysis has also been studied with various 

chemical reaction probes, e.g., formation of formaldehyde by oxidation of methanol [23] or  

TRIS [24], hydroxylation of aromatic compounds [19,25,26], and formation of hydroxyl radical  

spin-trap adducts [27]. However, these reaction probes can generally not discriminate between 

reactions involving •OHsurface and •OHaq radicals. Moreover, one-electron oxidation and hydration of 

the intermediate radical cation, e.g., formed by a direct hole (hVB
+) induced oxidation on the TiO2 

surface, can give the same reaction product as with authentic hydroxyl radicals. Evidently, adsorption 

of the reaction probe can profoundly alter the result of measurement. 

The present investigation is an attempt to investigate the formation of •OHaq radicals in TiO2 

photocatalysis using a selective chemical reaction probe based on hydroxylation of  

non-chemiluminescent phthalic hydrazide (concentration ≤ 0.5 mM) to give the strongly 

chemiluminescent 3-hydroxyphthalic hydrazide (iso-electronic to luminol). At selected time intervals, 

a small sample aliquot of the reaction liquor is transferred to a luminometer where chemiluminescence 

is developed by oxidation of the accumulated 3-hydroxyphthalic hydrazide to the corresponding 

phthalic acid [28,29]. Using this method it was possible to follow the formation and reactions of 

hydroxyl radicals during oxygen and hydrogen peroxide bleaching of paper pulp [28,30] as well as in 

metabolic processes associated with fungal growth in wood shavings [31,32], and in natural  

systems [33].  

Possible reaction pathways during photocatalytic oxidation of phthalic hydrazide are shown in  

Figure 2. The phthalic hydrazide radical cation has an estimated oxidation potential of  

about 1.5 V vs. NHE [29], so the positive hole formed in TiO2 photocatalysis can in all probability 

oxidize adsorbed phthalic hydrazide to its radical cation. However, since the radical cation is a strong 

acid (est. pKa ≤ −3 [29]) a proton is immediately eliminated from the hydrazide moiety leaving an  

N-centered radical that eventually results in formation of phthalic acid. Thus, the back door for 

formation of chemiluminescent 3-hydroxyphthalic hydrazide by addition of water to the radical cation 

is closed. In fact, strong chemiluminescence was only obtained when authentic hydroxyl radicals were 

generated by γ-irradiation, whereas no chemiluminescence could be detected when phthalic hydrazide 

reacted with strong one-electron oxidants such as Ce4+, Co3+, N3
•, HO2

•, CO3
•−, Br2

•− or SO4
•− [29]. The 

selectivity for the hydroxyl radical also excludes the oxyl radical anion, O•−, since virtually no 

chemiluminescence was observed at pH > 12. (pKa of HO• = 11.9 [12]). 
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Figure 2. Reactions occurring when phthalic hydrazide reacts with hydroxyl radicals or 

strong one-electron oxidants. About 50% of hydroxyl radicals react by addition to the 

aromatic ring, the remainder attacks the hydrazide moiety [29]. Oxidation of I1 and I3 

occurs spontaneously by dissolved oxygen in the reaction system. 

 

This pH restriction also bears on other chemical reaction probes based on hydroxylation of aromatic 

compounds since only •OHaq radicals can amalgamate with π-electrons in an aromatic ring to form 

cyclohexadienyl adducts that after oxidation result in aromatic ring hydroxylation. What is generally 

not considered is that this oxidation is rather slow with molecular oxygen due to the reversible addition 

of oxygen to a hydroxycyclohexadienyl adduct [34]. At pH > 6 the self-termination of superoxide is 

entirely proton controlled so the concentration of superoxide may become significant in alkaline 

solution [35]. The reaction with oxygen may then be challenged by superoxide at high pH as its 

reaction with a hydroxycyclohexadienyl adduct should be non-reversible and the reaction rate close to 

diffusion controlled (cf. reaction of superoxide with phenoxyl-type radicals [36]). If so, a range of 

alternative reaction pathways are possible and the yield of aromatic ring hydroxylation could be much 

reduced. To summerize, the use of chemical reaction probes based on hydroxylation of aromatic 

compounds must be well researched at high pH to allow reliable conclusions. 

In strongly acidic solution, pH < 3, the reaction I1 + H+ → H2O + I2 → H+ + I3 becomes important. 

The recommended pH range for •OHaq radical detection by the phthalic hydrazide method thus lies 

between 3 and 11. As demonstrated by γ-radiolysis of phthalic hydrazide solutions [28], the 

chemiluminescence response is linear with the •OHaq radical production (up to about 20% of 

conversion of the initial phthalic hydrazide concentration). Also when chemiluminescence was 

measured vs. the amount of authentic 3-hydroxyphthalic hydrazide (10 pmol–10 nmol) a linear 

response was obtained, Figure 3. 
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Figure 3. Chemiluminescence response vs. the amount of authentic 3-hydroxyphthalic 

hydrazide (2,3-dihydro-1,4-phthalazinedione) synthesized according to Drew and  

Pearman [37]. Mean values of five measurements with a standard deviation <5% are 

presented in the figure. 

 

Similarly, a linear chemiluminescence response and λmax at ~440 nm is reported for solutions 

containing 3-hydroxyphthalic hydrazide (0–50 μM) [38]. 

Moreover, since the hydrazide moiety of the phthalic hydrazide molecule can be linked to hydroxyl 

groups on the TiO2 surface by strong hydrogen bonds it is likely that any surface bound oxidant will 

only cause oxidation according to the right side pathway in Figure 2. For this reason, 

chemiluminescence may only be observed if •OHaq radicals are formed in TiO2 photocatalysis. 

In this study, we have investigated the generation of •OHaq radicals by black light illumination 

(345–385 nm) of Degussa P25 TiO2 aqueous suspensions in the pH-range 3–11 by the selective 

phthalic hydrazide chemiluminescence method. The sensitivity of the method is extremely high 

allowing accurate measurements at very small radiation doses. This prevents accumulation of 

hydrogen peroxide which is an efficient hydroxyl radical precursor in TiO2-photocatalysis [22]. The 

lower energy by the black light also reduces possible complications due to photo-ionization and  

photo-induced secondary reactions. 

2. Results and Discussion 

2.1. Gamma Radiolysis 

The initial interaction of high energy γ-radiation with molecules in a mixture follows from their 

electron fractions [12]. In dilute aqueous solutions it can thus be safely assumed that all energy is 

absorbed by water molecules (55 M) and not by solutes (<0.1 M). As shown by Equation (1), this 

energy allows generation of •OHaq radicals by direct water oxidation, i.e., without loading the reaction 

system with additives as required by other methods to produce hydroxyl radicals, e.g., Fenton 

chemistry, peroxynitrite, photolytic cleavage of hydrogen peroxide. Knowing the radiation dose by 

dosimetery, quantitative calibration of radical yields can be obtained. In fact, a γ-irradiation source can 

be considered as a radical titration apparatus, e.g., for •OHaq. 

In this study, all irradiations were performed in the same vessel containing 40 mL solution.  

The γ-dose rate in this volume was determined by Fricke dosimetry [12] to be 9.5 Gy/min. This 

translates to a radiolytic •OHaq production rate of 2.70 μM/min [12]. 
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When dilute aqueous solutions are exposed to γ-irradiation, hydroxyl radicals (•OHaq) and solvated 

electrons (eaq
−) are produced with identical yields [12], cf. Equation (1). In air saturated solutions, 

solvated electrons are rapidly scavenged by dissolved oxygen to give superoxide O2
•−. If solutions 

contain dinitrous oxide, N2O, formation of superoxide is substituted by additional formation of 

hydroxyl radicals [12]: 

N2O + eaq
− + H2O → N2 + OH− + •OHaq (8)

In the experiments with N2O present, phthalic hydrazide solutions were saturated with  

a N2O/O2 mixture (20% O2) before the irradiation. Due to a much higher solubility of N2O over O2 

(The Henry constant for O2 is 1.3 × 10−3 M/atm, and for N2O is 2.5 × 10−2 M/atm [39]), practically all 

solvated electrons are scavenged by N2O in this case. Comparisons of the chemiluminescence yields 

by gamma-irradiation of solutions saturated with air and with a gas mixture containing N2O and O2 

should reflect the conversion of eaq
− to •OHaq according to reaction (8), Figure 4. 

Figure 4. Chemiluminescence (CL) intensity (a.u.) determined at different pH by  

γ-irradiation of 0.5 mM phthalic hydrazide solutions saturated with air and with a gas 

mixture of 20% O2 in N2O. 

 

As can be seen in Figure 5, saturation with the N2O/O2 gas mixture results in a 2.0 times stronger 

signal in the pH-range 3–11 as expected by Reactions (1) and (8). Another conclusion from this study 

is that substitution of superoxide with an additional formation of hydroxyl radicals through  

Reaction (8) caused no superoxide related effect, i.e., in the investigated pH-range superoxide is 

unimportant in the chemistry of phthalic hydrazide hydroxylation. 

In presence of Br− ions hydroxyl radicals will be scavenged by formation of bromidyl radicals,  

Br2
•−: one-electron reduction potential 1.66 V [40]) Since these only oxidize the hydrazide moiety,  

cf. Figure 2, the chemiluminescence yield will be reduced by competition between the reactions:  

•OHaq + Braq
− → [BrOH]aq

•− +Braq
− → Br2aq

•−;limiting rate k’ 
(9)Br2aq

•− + PHaq → yields no CL 

and 

•OHaq + PHaq → yields CL; limiting rate k” (10)

(PH: phthalic hydrazide; CL: chemiluminescence yield measured in the luminometer). 
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This reaction scheme translates to the equation: 

 
 














PH

Br
1

CL

1

CL

1

0 k

k
 (11)

where CL0 is the chemiluminescence yield in absence of Br−. 

Figure 5. Data from Figure 3 plotted as CL intensity obtained with a gas mixture of 20% O2 in 

N2O vs. the CL intensity obtained with air saturation at corresponding pH-values. 

 

An experimental verification of equation 11 is shown in Figure 6 below: 

Figure 6. Competition plot of 1/CL vs. [Br−]/[PH] in borate buffer at pH = 10. 

 

From the plot in Figure 6, we obtain k’/k” = 0.0213/0.09 = 0.237. Since k’ is reported to be  

8.0 × 108/M·s at pH 10 [41], we obtain k” = 3.4 × 109/M·s. This is in excellent agreement with 

previously determined values which range between (3 ± 1) × 109/M·s [29,42]. This demonstrates that 

the simple competition kinetics described in Reactions (9) and (10) is valid for authentic hydroxyl 

radicals, i.e., •OHaq. Later in the discussion, Section 2.2.3, we will come back to the same experiment 

repeated with hydroxyl radicals generated by photocatalysis.  

Lawless et al. [21] performed a pulse radiolysis study on colloidal 13 nm TiO2 particles  

at pH about 3 and reported a diffusion-controlled rate constant for the reaction of the •OHaq radical 

with these particles. This report prompted us to investigate the influence of Degussa P25 TiO2 powder 

suspensions on the formation of chemiluminescence in the pH range 3–11 by comparing the 
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chemiluminescence obtained by γ irradiation of 0.5 mM phthalic hydrazide solutions with and without 

addition of 100 ppm TiO2. 

Results presented in Figure 7 show, apart from a possible irregularity at pH 6, no noticeable effects 

under the experimental conditions. This demonstrates that free hydroxyl radicals being generated in the 

reaction liquor by γ irradiation are not scavenged by 100 ppm P25 TiO2-particles to any significant 

degree in competition with 0.5 mM phthalic hydrazide. Moreover, there is no indication of a selective 

adsorption of formed 3-hydroxyphthalic hydrazide on TiO2 particles. 

Figure 7. CL intensity obtained by γ irradiation of 0.5 mM phthalic hydrazide solutions 

with and without addition of 100 ppm TiO2. 

 

2.2. Photocatalysis 

As is clearly seen in Figure 8, the chemiluminescence obtained by photo-irradiation of  

TiO2-suspensions containing 100 ppm TiO2 and 0.5 mM phthalic hydrazide shows a vastly different 

pH-behavior from that obtained by γ irradiation of the same reaction system, see Figure 7. Only at  

pH > 7 there is a significant chemiluminescence yield which at pH > 8.5 follows the trend seen in  

Figure 7. 

Figure 8. CL intensity as function of pH obtained by black-light irradiation of  

TiO2-suspensions containing 100 ppm TiO2 and 0.5 mM phthalic hydrazide solutions 

saturated with air or with a gas mixture of 20% O2 in N2O. pH was adjusted only by 

addition of NaOH or HClO4. 
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As can be seen in Figure 9, addition of 5 mM borate buffer can profoundly increase the 

chemiluminescence signal at pH > 6. This demonstrates that presence of buffer can affect the 

measurement. This aspect is further discussed in Section 2.2.4. 

Figure 9. CL intensity as function of pH obtained by black-light irradiation of  

TiO2-suspensions containing 100 ppm TiO2 and 0.5 mM phthalic hydrazide solutions 

saturated with air or with a gas mixture of 20% O2 in N2O. pH was adjusted by addition of 

5 mM borate buffer and NaOH or HClO4. 

 

It was shown by Jaesang Lee et al. [13] that partially hydrated electrons available on platinized 

TiO2 are reducing enough to allow reductive cleavage of N2O, i.e., by analogy with Reaction (8): 

N2O + (ePt
−)aq + H2O → N2 + OH− + •OHaq (12)

Apparently Figures 8 and 9 show no effect of N2O in photo-irradiation of TiO2-suspensions. This 

observation lends support to the suggestion, caption Figure 1, that (ePt
−)aq is significantly more 

reducing than (ehyd.
−). In non-platinized Degussa P25, conduction band electrons trapped at the surface 

may be chemically associated with (ehyd.
−) and ≡Ti[III]•-centers. Exposing the latter to N2O may result 

in formation of ≡Ti[IV]–O• sites, cf. Shultz et al. [43]: 

≡Ti[III]• + N2O → ≡Ti[IV]–O• + N2 (13)

Since the concentration of N2O is much higher than that of O2 in solutions saturated with a gas 

mixture of 20% O2 in N2O (The Henry constant for O2 is 1.3 × 10−3 M/atm, and for N2O is  

2.5 × 10−2 M/atm [39]), Reaction (13) would compete successfully with formation of reduced oxygen 

species, Figure 1. Hence, the lack of an N2O effect also implies that ≡Ti[IV]–O• sites cannot act as 

precursors of •OHaq.  

This conclusion bears on the results reported by Lawless et al. [21]. They studied acidic aqueous 

solutions (pH ~3) containing colloidal 13 nm TiO2 particles by pulse radiolysis and reported a 

diffusion-controlled rate constant for the trapping of •OHaq radicals by these particles. The resulting 

surface bound oxidant was described as a surface trapped hydroxyl radical, •OHsurface. Since colloidal 

TiO2 particles prepared by hydrolysis of, e.g., Ti[IV]Cl4, should contain a large fraction of  

≡Ti[IV]–OH sites on the surface these would react with •OHaq by: 
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•OHaq + ≡Ti[IV]–OH → H2O + ≡Ti[IV]–O• (i.e., •OHsurface) (14)

The reduction potential of •OHsurface was assessed to be in the range 1.5–1.7 V vs. NHE. This is 

significantly lower than the reduction potential of the ·OH/−OH pair at about 1.9 V [40]. Hence, 

thermodynamics would exclude that surface trapped hydroxyl radicals (≡Ti[IV]–O• sites), are 

precursors of •OHaq, i.e., Reaction (14) is not reversible at any pH. 

2.2.1. Adsorption of Phthalic Hydrazide to TiO2 

The chemiluminescence observed may be controlled by the amount of phthalic hydrazide being 

adsorbed on the TiO2 particle surfaces. 

The adsorption of phthalic hydrazide to TiO2 at different pH values was checked by measuring the 

spectral absorption difference at 310 nm in 500 μM phthalic hydrazide solutions before and after the 

addition of 100 ppm TiO2. Suspensions containing TiO2 were filtered through a 0.2 μm membrane 

filter before measurement. Results are shown below, Figure 10. 

Figure 10. Adsorption of phthalic hydrazide to TiO2 vs. pH measured as the absorption 

difference at 310 nm in 500 μM phthalic hydrazide solutions before and after the addition 

of 100 ppm TiO2. When required, pH was adjusted by addition of NaOH or HClO4. 

 

The absorption of phthalic hydrazide at pH 3 corresponds to a density of adsorbed phthalic 

hydrazide on the TiO2 surface of about 8 molecules per nm2, which equals to the hydroxyl density  

(5 to 15 OH groups per nm2) on TiO2 surfaces [7,8]. 

Depending on its thermal history, TiO2 preparations contain hydroxyl groups, both terminal and 

bridged, to varying extent [44]. In presence of water these are involved in acid-based equilibria 

resulting in a pH-dependent surface charge. At sufficiently low pH the surface is protonated giving a 

positive charge whereas at high pH the surface is deprotonated leaving the surface negatively charged. 

At an intermediate pH the surface has zero charge. This is the isoelectric point or the point of zero 

charge, pzc. For Degussa P25 pzc occurs at pH ~6.3.  

Deprotonation of both phthalic hydrazide (pKa = 5.87 [29]) and hydroxyl groups on the TiO2 

surface occurs at pH > pzc. This creates repulsive conditions and less adsorption is expected. This is 

clearly seen in Figure 10 and the lack of chemiluminescence signal at pH < 6 seen in Figures 8 and 9 

can, partly at least, be ascribed adsorption of phthalic hydrazide on TiO2 particles. 

Since phthalic hydrazide can be adsorbed on TiO2 surfaces, one may expect a higher 

chemiluminescence signal when the concentration of phthalic hydrazide is reduced. This was tested in 
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unbuffered solutions at pH 3, 7 and 9. It was found that at pH 9, the concentration of phthalic 

hydrazide has only little effect, whereas at pH 7, 50 μM phthalic hydrazide gave rise to about 10 times 

higher chemiluminescence signal than that obtained by 500 μM phthalic hydrazide. Hence, it looks 

like adsorption of phthalic hydrazide to TiO2 blocks the release of hydroxyl radicals at pH < 9, 

whereas at pH ≥ 9 hydroxyl radicals are able to diffuse from the TiO2 surface and can be detected as 

free species, i.e., •OHaq, through their reactions with phthalic hydrazide. Results for pH 3 and 7 are 

shown in Figure 11. 

Figure 11. Effect of phthalic hydrazide concentration on luminescence. 

 

For analysis of the results we assume following competing reactions (PH = phthalic hydrazide): 

hሺTiO2ሻ ቐ

→ OHsurface + PHads→ no CL•

              ֏       
→ OHaq + PHaq→ CL•

 (15)

Under quasi-stationary conditions a solution of this reaction system is: 

 ads

0

PHK1

CL
CL


  (16)

where CL0 is the chemiluminescence obtained when [PH]ads → 0, and K is a collective constant at 

given reaction conditions. 

Suppose the adsorption of phthalic hydrazide (PH) follows a Langmuir isotherm [8,18], then the 

surface density of phthalic hydrazide, [PH]ads, can be expressed as follows: 

aq *
ads ads

aq

[PH]
[PH] [PH]

1 [PH]




=

+
 (17)

where, [PH]aq is the bulk concentration of phthalic hydrazide, α is a Langmuir adsorption constant, and 

[PH]*
ads is the maximum possible phthalic hydrazide surface density on TiO2, and should be a constant. 

Combining Equation (16) with Equation (17) gives:  
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   
 aq

aq*
ads

0

PHα1

PHα
PHK1

CL
CL




  
(18)

It is reasonable to assume that the [PH]ads is far from saturation at [PH]aq < 500 μM, i.e., α[PH]aq << 1. 

With this simplification we obtain: 

   aq
0

*
ads

0

PH
CL

PHαK

CL

1

CL

1
  (19)

The relation of reciprocal chemiluminescence and concentration of phthalic hydrazide is plotted  

in Figure 12. 

Figure 12. 1/CL plotted vs. phthalic hydrazide concentration at pH 7. 

 

Evidently, Equation (19) is corroborated by the experimental result. This also lends support to the 

underlying mechanistic model proposed in Equation (15).  

This study clearly demonstrates that adsorption of the reaction probe, in this case phthalic 

hydrazide, governs the result obtained regarding photocatalytic efficiency of TiO2. Specific for 

phthalic hydrazide is that this adsorption engages the hydrazide moiety, which can be hydrogen bonded 

to OH-groups on the surface. Thus, as shown in Figure 2, any surface bound oxidant will only cause 

oxidation of the hydrazide ring, and no chemiluminescence will be observed. For this reason,  

we conclude that chemiluminescence can only be observed when •OHaq radicals are released from  

the TiO2-surface.  

Another important conclusion from this experiment is that in the unperturbed system at pH ~7 free 

hydroxyl radicals, •OHaq, can be released from TiO2 at least to the same rate as obtained with borate 

buffer at pH 9, see Figure 9. In contrast, at pH 3 there is only a vestige of the dilution effect observed 

at pH ~7. This suggests that increasing protonation of the TiO2 surface at pH < pzc (point of zero 

charge) ≈ 6.3, also blocks the formation of •OHaq whereas at pH > pzc the measured yield of •OHaq is 

entirely governed by the adsorption of phthalic hydrazide.  
  



Catalysts 2013, 3                        431 

 

 

2.2.2. Effects of Added Hydrogen Peroxide  

As shown in Reactions (2–7) addition of hydrogen peroxide may both increase and impair the 

formation of hydroxyl radicals by TiO2 photocatalysis in aqueous solutions. The effects should be 

governed by actual reaction conditions such as pH, ionic composition and the concentration of 

hydrogen peroxide. Reaction (2) is efficient in the UVC range, where the absorption by hydrogen 

peroxide is significant [21]. At 365 nm, the peak wavelength of the black light lamp used in this 

investigation, the absorption of hydrogen peroxide is very weak but Reaction (4) may still give a small 

contribution to the formation of hydroxyl radicals. 
To elucidate some aspects of hydrogen peroxide on the yield of hydroxyl radical formation the 

experiments in Table 1 were performed (PH = phthalic hydrazide): 

Table 1. Effects of added hydrogen peroxide. 

Item PH CLrate (a.u.) 

A. No pH adjustment, 1 mM H2O2, 100 ppm TiO2, 50 μM PH 4.6 0.853 
B. No pH adjustment, 1 mM H2O2, 50 μM PH 6.1 0.255 
C. 1 mM HClO4, 1 mM H2O2, 100 ppm TiO2, 50 μM PH 2.7 3.17 
D. 1 mM HClO4,1 mM H2O2, 50 μM PH 2.7 0.324 
E. 1 mM HClO4, 100 ppm TiO2, 50 μM PH 2.7 0.126 

From Table 1 the following conclusions can be drawn: 

 Comparisons between items E, D and B show that a small yield of •OHaq can be obtained by 

photolysis of H2O2 at 365 nm. However, considering the absorbance of 365 nm UV light by  

TiO2 (~2.0 at 100 ppm), the contribution from direct photolysis of H2O2 can be neglected in the 

photocatalytic case; 

 Comparisons between items E, C and A show that a significant yield of •OHaq can be obtained by 

reductive cleavage of H2O2 at 365 nm; 

 Comparisons between items C and A show that of •OHaq by reductive cleavage of H2O2 at 365 nm 

depends on pH, and low pH promotes a higher yield. This trend is in accordance with the 

reaction suggested in Equation (3). 

A crucial question is whether hydroxyl radical formation in TiO2-photocatalysis can be 

preferentially assigned to oxidative or reductive reaction pathways. Judging from the pH-behaviour 

observed with added hydrogen peroxide and taking into consideration that the amount of hydrogen 

peroxide that may accumulate in the photocatalytic experiments is <0.1 mM, it seems difficult to 

ascribe the reductive pathway a significant role in the present study. Moreover, it would be difficult to 

explain how adsorption of phthalic hydrazide on TiO2 surfaces could completely block the release of 
•OHaq radicals, cf. Figure 8, if they were formed from hydrogen peroxide by the reductive reaction 

route. In contrast, the oxidative route involves surface oxidants that can react directly with adsorbed 

phthalic hydrazide and this would efficiently block the formation of •OHaq radicals.  
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2.2.3. Effects of Br− as •OH Scavenger 

Effects of bromide ions on chemiluminescence in TiO2-photocatalysis were studied, at pH 10 in  

5 mM borate buffer. In contrast to the simple competition obtained by γ-radiolysis, Figure 6, the plot, 

Figure 13, indicates a complex multi-step competition. 

Figure 13. Competition plots obtained by photolysis and γ-radiolysis of 5 mM borate 

buffer solutions at pH 10 containing NaBr (0–30 mM), phthalic hydrazide (500 μM) and 

100 ppm TiO2. 

 

Because HBr is a very strong acid, bromide ions show no preference to form hydrogen bonds with 

OH-groups on a TiO2 surface over linking with water molecules, and no significant adsorption of 

bromide ions on the TiO2-surface is expected to occur. For analysis of the data we assume the 

following competing reactions: 

h(TiO2)

ە
ۖ
۔

ۖ
ۓ  → hsurf

+  + Braq
-  → Brsurf

•  + Braq
-  → Br2 aq

•-                

  OH•
surf + PHads

yields
ሱۛ ሮ no CL                                 

                                 
→ OHaq + Braq

-  → ሾBrOHሿ•- + Braq
-  →  Br2 aq

•-  ; limiting rate k'•

 

PHaq ֎ PHads 

 Br2 aq
•-  ൅ PHୟ୯

୷୧ୣ୪ୢୱ
ሱۛ ሮۛ  no CL 

OHaq
•  + PHaq
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ሱۛ ሮ CL; limiting rate k''

(20)

These reactions translate to: 
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where the last term mimics Equation (19)  

The general form of Equation (21) can be represented as: 
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where A and B are constants.  

The curve drawn in Figure 13 is fitted to Equation (22). Apparently, there is a good correspondence 

between experimental points and Equation (22). For the sake of comparison, the same reaction system 

was also exposed to γ-radiolysis and the chemiluminescence data were analysed according to the 

reaction mechanism suggested in Equations (11–13). The initial slopes in the two graphs are very close 

corroborating our reaction model. 

Another aspect related to the suggested reaction model (20), is that formation of dibromidyl 

radicals, Br2
•−, on the TiO2 surface proceeds by:  

hsurf
+

  + Braq
-   → Brsurf

•  + Braq
-   → Br2 surf

•-
(23)

The first step in Reaction (23) is an outer sphere electron transfer process and it would require that 

the oxidizing specie formed on the TiO2 surface, here denoted h+
surf, is oxidizing enough to allow 

formation of Br•
surf. Since the reduction potential of Br•

aq is reported to be about 1.9 V vs. NHE [40], 

the reduction potential of h+
surf should be at the same level. The reduction potential of  

≡Ti[IV]–O• sites was assessed to be in the range 1.5–1.7 V vs. NHE [21]. We thus conclude that h+
surf 

cannot be ascribed to ≡Ti[IV]–O• sites for energetic reasons. Valence band holes (hVB
+) reaching the 

TiO2 surface can be chemically associated with oxygen-centered radicals generated from surface 

hydroxyls [7,15], and lattice oxygen anions [10]. Only the latter can then be assigned h+
surf. 

2.2.4. Effects of Added Phosphate and Fluoride Anions 

It is known that anions such as phosphate show a strong tendency to be bound on  

TiO2 surfaces [45]. When adsorption of phthalic hydrazide to TiO2 at different pH values was 

measured in presence of 5 mM phosphate by the spectrophotometric method described in 3.2.1, no 

significant adsorption could be detected. Thus, addition of phosphate can be used not only to attain 

pH-buffering but also to control the adsorption of other molecules to a TiO2 surface. The Reaction (24) 

is an attempt to explain how this can be. Both phthalic hydrazide, by its hydrazide moiety, and 

phosphate ions can be linked to OH-groups on the surface by hydrogen bonds. At sufficient high 

concentration of phosphate there will be no free OH-groups available for phthalic hydrazide and its 

adsorption to the TiO2 surface is blocked. 

(TiO2)൞
-OH------- A- + H+ ֎ HA  pKa(HA)     

     A-: e.g., phosphate anion

-OH------NH < hydrazide moiety of PH

(24)

Free hydroxyl radicals do not react with fluoride ions and their reaction rate with phosphate ions 

(HPO4
2−/H2PO4

−) is reported to be 2.0 × 104/M·s [46]. Far smaller compared with the above 

determined reaction rate of hydroxyl radicals with phthalic hydrazide, 3.4 × 109/M·s. Thus, in a 

solution containing 5.0 × 10−4 M phthalic hydrazide, 0.1 M phosphate can be added before a noticeable 

scavenging of free hydroxyl radicals by phosphate is reached. However, since phosphate ions are 

adsorbed at the TiO2 surface, where hydroxyl radicals occur, the local concentration of phosphate ions 
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is probably much higher and the scavenging of hydroxyl radicals may become important at 

considerably lower bulk concentrations than 0.1 M phosphate. 

Since addition of phosphate ions can block the adsorption of phthalic hydrazide to TiO2 particles 

increased chemiluminescence can be expected if the phosphate complex on the TiO2 surface also 

allows diffusion of hydroxyl radicals. Recently, additions of fluoride and phosphate ions were also 

shown to result in increased photocatalytic activities [45,47,48]. 

The effect of phosphate and fluoride anions on the chemiluminescence yield at pH 3 and 4 is seen in 

Figure 14. 

Figure 14. Effect of phosphate and fluoride anions on the chemiluminescence at pH 3  

and 4, phthalic hydrazide (500 μM) and 100 ppm TiO2. 

 

Figure 15. Chemiluminescence yield (a.u.) by photocatalysis of TiO2 vs. pH. Conditions: 

TiO2 100 ppm; phthalic hydrazide 0.5 mM; 365 nm photon flux 2.6 × 10−6 Einstein/min; 

water volume 40 mL.  

 

Figure 14 shows that addition of these two ions can substantially increase the chemiluminescence. 

The enhancement by addition of phosphate ions is higher than that by addition of fluoride ions. When 

the study was extended, it was found that addition of fluoride ions was only effective at pH < 5,  

(pKa value of HF is about 3.18 [49]), whereas addition of phosphate ions showed an effect in the 

whole pH-range. Figure 14 also reveals that there is an optimal chemiluminescence yield at a certain 

concentration of added anions. For the addition of phosphate, this optimum concentration corresponds 
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to about 15 mM under present conditions. Hence, the full potential of •OHaq. radical production in the 

TiO2 photocatalytic system, may be achieved by addition of 15 mM phosphate ions. The resulting 

chemiluminescence is shown in Figure 15, where also the above already reported results obtained with 

borate (Figure 9) and no buffer (Figure 8) are included. 

Evidently, the chemiluminescence obtained with 15 mM phosphate buffer closely resembles that in 

Figure 7, where authentic hydroxyl radicals were produced by γ-irradiation at a rate of 2.7 μM/min. As 

all chemiluminescence measurements have been performed in a standardized manner, we can now 

assess the hydroxyl radical production rate in photocatalysis from: 

(•OHaq-radical production rate)2.7 μM/min
CL(Figure15)

CL(Figure7)
 (25)

The result of this calibration is shown in Figure 16. 

Figure 16. Production rate of •OHaq-radicals by TiO2 photocatalysis vs. pH. Conditions: 

TiO2 100 ppm; phthalic hydrazide 0.5 mM; phosphate buffer 15 mM; 365 nm photon flux 

2.6 × 10−6 Einstein/min; water volume 40 mL. 

 

Figure 16 shows a nearly constant •OHaq radical production rate in the studied pH range with a 

slight decreasing at pH < pzc. The top •OHaq radical yield is ~2.1 μM/min, which would correspond to 

an “apparent quantum efficiency” of about 3.2% (Determination of quantum efficiency is not 

straightforward. The problem comes in measuring the optical absorption efficiency of a particular TiO2 

sample because of complications associated with light scattering and penetration. Often the ratio of 

detected events per incident photon is reported as “apparent quantum efficiency”. However, what one 

would like to know is the ratio of detected events per incident absorbed photon. Comparisons of 

“apparent quantum efficiencies” are only meaningful if effects due to light scattering and penetration 

are comparable.) The pH trend and the “apparent quantum efficiency” obtained in this study is similar 

to what has been reported in previously published works [50,51], where methanol was used as general 

OH radical probe with a very low tendency to be adsorbed on TiO2 surfaces. However, our “apparent 

quantum efficiency” is at variance with the much smaller value reported by Hirakawa et al. [26]. These 

authors have used a generically similar method to ours, i.e., it is based on transformation of an original 

molecule by aromatic hydroxylation into a hydroxylated analogue that can be detected by emission of 
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photons. In their case detection is by fluorescence and the original molecule is terephthalic acid (TPA). 

Both methods are selective and very sensitive. Compared with our chemiluminescence method the 

TPA fluorescence method is probably more easily adapted and may also allow continuous 

measurement. However, in the cited work by Hirakawa et al. [26], the method has been applied 

beyond its perimeters. At the chosen wavelength 385 nm, the extinction of Degussa P25 TiO2 

suspensions is almost entirely due to scattering, absorption is virtually zero [52]. The chosen pH, pH 

~12, is also too high. At this pH, hydroxyl radicals are to a large extent deprotonated (pKa •OH = 11.9 

at 25 °C [53]).The anionic form, the oxyl radical anion, O•− displays properties distinctly different 

from those of the hydroxyl radical; nucleophilic addition, hydrogen atom abstraction but no tendency 

to add to aromatic rings [53]. It is a very reactive radical and will attack TPA, e.g., by nucleophilic 

elimination of carboxylic groups. Only electrophilic •OHaq radicals can amalgamate with π-electrons in 

an aromatic ring to form cyclohexadienyl adducts that after oxidation result in aromatic ring 

hydroxylation products. In the TPA system this oxidation is very slow with molecular oxygen due to 

the reversible addition of oxygen to a TPA-hydroxycyclohexadienyl adduct [54]. This allows a range 

of alternative reaction pathways, particularly at high pH, and significant reduction in formation of 

fluorescent 2-OH-TPA. 

2.2.5. Formation of •OHaq Radicals  

We have already concluded that •OHaq radicals under prevailing conditions must arise 

predominantly by the oxidative route, i.e., by transformations originating in the formation of valence 

band holes (hVB
+). However, albeit that from thermodynamic point of view these sites can oxidize 

water to produce •OHaq, Salvador [20] has calculated that the highest energy levels of adsorbed water 

species on TiO2 are well below the valence band edge of TiO2. This would thus exclude that •OHaq can 

be formed by the oxidative route as we have found. A possible solution of this dilemma is offered by a 

Cheng and Selloni [55] who have done extensive first principles molecular dynamics simulations for a 

hydrated hydroxide ion on a TiO2 anatase (101) surface. They found that, due to thermal fluctuations, 

hydroxyl ion energy levels can occur above the valence band edge of anatase TiO2 and thus allow 

formation of •OHaq radicals. We interpret their result as: 

h+
surf + [−OH]ads ֎ [h+

surf
…−OH]ads + phonon → •OHaq (26)

where [−OH]ads is an −OH ion in the water layer associated with the TiO2 surface, and [h+
surf

…−OH]ads is 

a charge transfer complex at the TiO2 surface. 

As demonstrated in Figure 10, the unperturbed system at pH ~7 can release free hydroxyl radicals, 

·OHaq, from TiO2 at least to the same rate as obtained by addition of 15 mM phosphate buffer. This 

implies that at pH ≥ pzc (≈6) oxidation stable bases, such as H2PO4
−, HPO4

2−, and HB4O7
−, adsorbed 

on the TiO2 surface, enhances the measured yield of •OHaq merely by blocking the adsorption of 

phatalic hydrazide, but they are not directly involved in the formation of •OHaq. At pH ≤ pzc, oxidation 

stable bases, such as H2PO4
− and F−, may also be involved in the formation of •OHaq by “neutralizing” 

protons on the TiO2 surface and enhancing the presence of hydroxide ions in the water layer associated 

with the TiO2 surface. Combined with Equation (26) we thus suggest that formation of •OHaq by the 

oxidative route can be summarized by the mechanism: 
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h+
surf + [−OH]ads ֎ [h+

surf
…−OH]ads + phonon → •OHaq 

Baq
− + [H2O]ads ֎ HBaq + [−OH]ads

(27)

where B− is an oxidation stable base, e.g., H2PO4
− and F−. 

3. Experimental Section  

3.1. Materials and Preparations 

All chemicals used were of analytical grade or higher and used as received from commercial 

sources (Sigma-Aldrich Sweden AB, Degussa, Germany). Millipore Mill-Q filtered water was used in 

all experiments. TiO2 powder used in this study was Degussa P25 with a reported average primary 

particle size of 21 nm and a specific surface area of 50 ± 15 m2/g (BET) according to the manufacturer. 

However, the actual diameter of formed aggregates in Millipore water was found to be about 500 nm 

when measured by a Brookhaven 90 Plus laser scattering particle size analyzer.  

Phthalic hydrazide (2,3-dihydro-1,4-phthalazinedione) is a weak acid (pKa1 = 5.87 and  

pKa2 = 14.75 [29]). At room temperature and at near neutral pH the solubility is about 0.6 mM. In most 

experiments, the concentration of phthalic hydrazide was 0.5 mM. 3-Hydroxyphthalic hydrazide  

(2,3-dihydro-5-hydroxy-1,4-phthalazinedione) was synthesized as described by Drew and Pearman [37]. 

pH was adjusted either directly by NaOH and HClO4 or by phosphate or borate pH buffers. The 

actual pH value was measured with a Metrohm 713 pH meter, calibrated against standard buffers. 

3.2. Irradiations 

Gamma irradiations were carried out in a Cesium-137 source (Gammacell 1000 Elite, Best 

Theratronics, Ottawa, Canada). All irradiations were performed in the same vessel containing 40 mL 

solution. The dose rate in this volume was determined by Fricke dosimetry [12] to be 9.5 Gy/min. This 

translates to an OH-radical production rate of 2.70 μM/min [12] 

Photocatalytic experiments were performed under two Blacklight blue, BLB, lamps (Philips TL-D 

15 W, Philips AB Stockholm, Sweden). Spectrum of this type of BLB lamp, extinction spectrum of 

100 ppm Degussa TiO2, and absorption spectra of 500 μM phthalic hydrzide at different pH values are 

shown in the figure below, Figure 17.  

The wavelength range and peak wavelength were determined (Hamamatsu PMA-12 spectrometer) 

to be 345–385 and 365 nm, respectively, with an average intensity of 0.2 mW/cm2 at the irradiation 

distance (International Light ILT1400 radiometer). All samples to be irradiated were placed in a 

blackened Petri dish (glass) of 9.5 cm inner diameter. The irradiated volume was 40 mL. The samples 

were stirred by a magnetic Teflon coated stirrer to obtain a homogenous mixing of the TiO2 

suspension. The absorbed 365 nm photon flux is thus 6.5 × 10−5 Einstein/L·min in the irradiated 

volume based on the average photon intensity. 
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Figure 17. Extinction spectrum of 100 ppm Degussa TiO2, absorption spectra of  

500 μM phthalic hydrzide in Millipore water at pH 3,7,10, and the radiation spectrum of 

black light blue lamp (BLB). 

 

3.3. Chemiluminescence Measurements 

Figure 18 presents the chemiluminescence measurement process. At appropriate time intervals a 

sample (about 2 mL) of the reaction mixture was withdrawn with a syringe and filtered through  

a 0.2 μm membrane filter (Whatman OE 66, Sigma-Aldrich, Stockholm, Sweden). One hundred 

microliters of the filtered solution was mixed with 1 mL 1M Na2CO3 containing 1 mM diethylene 

triamine pentaacetic acid (DTPA), 100 μL 0.1 M (NH4)2S2O8 and 100 μL 0.1 M H2O2 in an optical 

cuvette. The cuvette was agitated for about one minute in a shaking apparatus and then transferred to a 

luminometer (Bioorbit, 1250 with PC interface and software), and the CL signal was measured. 

Figure 18. Chemiluminescence method to detect the formation of hydroxyl radicals.  

A small amount of phthalic hydrazide is added to the reaction system. At selected intervals, 

samples are removed from the reaction liquor for analysis in a luminometer. 
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Using this procedure, phthalic hydrazides are slowly oxidized by persulfate to the corresponding 

azaquinones, which are nucleophilicly attacked by peroxide anions [56]. The chemiluminescence 

obtained in this way is fairly stable for several minutes and the signal is read as the height of the trace 

above the background level. A low background is obtained when the development of the 

chemiluminescence is performed in 1 M Na2CO3 solutions containing a complexing agent such as 

DTPA [28,29]. A high concentration of carbonate offers pH-buffer capacity, and scavenging of 

adventitious hydroxyl radicals that may arise in the mixing of the reagents: 

•OH + CO3
2− → −OH + CO3

•− (28)

The carbonate radical is a one-electron oxidant [40] that will only oxidize the hydrazide moiety to 

the corresponding phthalic acid. 

All studies were performed in temporal stages and the linear increase in chemiluminescence was 

measured as 
CL

a.u.
t




= . The total conversion of added phthalic hydrazide was controlled to be no 

more than 10%. 

4. Conclusions  

This work demonstrates how formation of strongly chemiluminescent 3-hydroxyphthalic hydrazide 

by hydroxylation of non-chemiluminescent phthalic hydrazide can be applied as a selective reaction 

probe to obtain information on authentic hydroxyl radical, i.e., •OHaq, formation, in black light 

illuminated Degussa P25 TiO2 aerated suspensions.  

At pH ≥ pzc(~6.3), it was found that oxidation stable bases, such as H2PO4
−, HPO4

2−, and HB4O7
−, 

adsorbed on the TiO2 surface, enhances the measured yield of •OHaq merely by blocking the adsorption 

of phatalic hydrazide, but they are not directly involved in the formation of •OHaq. At pH ≤ pzc, 

oxidation stable bases, such as H2PO4
− and F−, adsorbed on the TiO2 surface may also be involved in 

the formation of •OHaq by enhancing the presence of hydroxide ions at the TiO2 surface. Under most 

optimized conditions in our experimental tests (addition of optimized concentration of appropriate 

oxidation stables bases), the •OHaq radical production rate in the pH range 7–11 was nearly constant 

(“apparent quantum efficiency” ~3.2% under prevailing conditions) but decreased slightly at pH < pzc.  

We suggest that the formation of •OHaq by the oxidative route can be summarized by the mechanism: 

h+
surf + [−OH]ads ֎ [h+

surf
…−OH]ads + phonon → •OHaq 

Baq
− + [H2O]ads ֎ HBaq + [−OH]ads 

where [−OH]ads is an −OH ion in the water layer associated with the TiO2 surface, [h+
surf

…−OH]ads is a 

charge transfer complex at the TiO2 surface, and B− is an oxidation stable base, e.g., H2PO4
− and F−. 
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