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Abstract

Photocatalytic degradation (PCD) of tetramethylammonium (TMA, {gN™) ions in water was studied using both naked-J#hd
fluorinated-TiQ (F-TiO,) in order to investigate how the modification in Ti®urface functional groups affects the PCD reaction. A
comparison between the naked-%i@nd F-TiQ systems shows that their relative photoreactivities strongly depend on pH. At pH 3,
the addition of fluoride decreases the PCD rate whereas higher degradation rates are obtained at pH 5 and 7 wittitfe Tiride
effect on the TMA degradation rate is observed at pH 9. The addition of fluoride affects not only the PCD rate but also the mechanistic
pathways of TMA degradation and subsequently the intermediates and product distribution. The modeling resutofdi® speciation
shows that the fluoride addition at pH 3 shifts the dominant surface species from Ji-&id Ti—OH to Ti—F (to near completion). This
reduces the surface positive charge of J{@ pH 3) upon adding fluoride and consequently lowers the electrostatic repulsion between the
TMA cations and TiQ surface. Accordingly, ATR-FTIR spectroscopic measurements show that the TMA concentration at the water/TiO
interface is higher on F-Tigthan naked-TiQ film at pH 3. However, the PCD of TMA on F-Ti{at pH 3 is reduced on the contrary,
which is ascribed to the depletion of surface OH groups that are the site of surface OH radical formation. At pH 5 and 7, the surface OH
sites are not completely diminished even in the presence of fluoride and the presence of surface Ti—F species in fact increases the TMA
degradation rate. The fluoride-induced enhancement of PCD is yet to be understood although some speculative arguments are presented
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction and significantly changes the photocatalytic reactivity of
TiO2. Minero et al[16,17]studied the PCD of phenol using
TiO, photocatalysis that is based upon photo-induced in- fluorinated-TiQ (F-TiO;) and observed that the degrada-
terfacial charge transfer processes has been intensively studtion rates of phenol and its intermediates (hydroquinone and
ied for its application to the destruction of toxic pollutants catechol) were much enhanced with F—7i0hey claimed
[1-7]. Several studies have reported the significance of TiO that the enhancement effect was mainly related to the reac-
surface speciation in the photocatalytic degradation (PCD) tion of homogenous free OH radicals whose formation was
processeg8-12]. Speciation of the Ti@ surface groups favored on F-Ti@. On the other hand, the adsorption of
and substrates (with acidic or basic functional groups) is other inorganic anions on TigOhas been also reported to
pH-dependent and thus significantly alters the PCD trend alter the PCD rat¢18,19]
with changing pH. For anionic species, higher adsorption The present study investigated the PCD of tetramethy-
(through electrostatic attractions) and faster degradation re-lammonium (TMA, (CH)sNT) employing naked-Ti@and
sult at lower pH &pHzpc), whereas cationic substrates show F-TiOz. TMA represents a unique case of recalcitrant or-
increased adsorption and degradation at higher pH ggpH  ganic cations whose surface interaction on J&Drface is
[11]. Modifications in TiQ surface properties have been mostly electrostatic and whose chance of direct electron
also reported to increase both surface adsorption and degratransfer reactions on TiDis insignificant. Since the PCD
dation of aquatic contaminanf$3-15] of TMA on TiO is initiated by the photogenerated OH
The adsorption of fluoride on TiOsurface is known radicals[7], it should serve as a good model compound
to replace the surface hydroxyl groups with Ti—-F species when the relationship between the surface speciation and
OH radical mediated reactions is investigated. The effects
* Corresponding author. Tek:82-54-279-2283; fax1-82-54-279-8299.  Of fluoride on TMA PCD were investigated under differ-
E-mail address: wchoi@postech.ac.kr (W. Choi). ent experimental conditions. The resulting differences in
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PCD trends are related to the pertinent changes in the TiO
surface speciation.

2. Experimental

2.1. Reagents and materials
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MB 104) equipped with a deuterated triglycine sulfate
detector (DTGS) and an ATR unit (SpectraTech, ARK
kit) with a horizontal ZnSe crystal. The ZnSe crystal
(73mmx 8 mm x 3mm, crystal angle 4% was bonded in

a trough-shaped plate to hold liquid samples. The incident
IR beam propagated within the crystal with 12 internal re-
flections. For the preparation of Tioating layer, 30Q.l

of suspension containing 0.76 mg of Ti@as applied over

The following reagent-grade chemicals were used asthe one side of the ZnSe crystal plate and allowed to dry

received: TiQ (Degussa P25), (CHsNCI (ACROS Or-
ganics), (CH)sNHCI (Aldrich), (CHs)2NH2Cl (Sigma),
(CH3)NH3CI (Sigma), NHCI (Aldrich), NaF (Samchun
Chemicals, Korea)tert-butyl alcohol (S.P.C. GR Reagent,

under ambient air. The TMA solution with or without fluo-
ride was applied on the trough-plate and equilibrated with
the TiOy-coated ZnSe plate. The IR spectra of the TMA
on the TiQ/water interface were taken with varying the

Japan), NaCl (S.P.C. GR Reagent, Japan), methanesulsolution pH.

fonic acid (Aldrich), NaCQ (S.P.C. GR Reagent, Japan),
NaHCG; (Kanto, Japan), HCI (S.P.C. GR Reagent, Japan),
HCIOg4 (Aldrich), and NaOH (S.P.C. GR Reagent, Japan). A

Barnstead water purification setup was employed to obtain

the deionized water (18 M cm).
2.2. Photocatalysis

All PCD experiments were carried out using a Pyrex re-
actor (33 ml) with a quartz window. The Ti(particles (at
0.59g/l) were first well suspended in 27 ml deionized wa-
ter by sonicating for 30s. For the experiments using the

F-TiO,, NaF was added to the aqueous suspension to ob-

tain the F-=TiQ suspension. An aliquot of 3ml from 1 mM
TMA stock solution was then added to obtain an initial
[(CH3)4sNT]o = 100uM. The pH of the suspension was
adjusted with HCI or NaOH standard solutions. An Xe-arc
lamp (300 or 450 W, Oriel) with a 10 cm IR water filter and a
UV-cutoff (A, > 300 nm) filter was used as the illumination
source. Sample aliquots of 1 ml were collected at appropri-
ate time intervals and filtered through O PTFE filters

(Millipore). The reactor was kept sealed using a rubber sep-

tum throughout the illumination period.
2.3. Analysis

The TMA and reaction products/intermediates were ana-
lyzed using a Dionex ion chromatograph (IC, DX-120) that
was equipped with a conductivity detector, Dionex lonpac
CS-14 (4 mmx 250 mm; CG-14 Guard, 4 mmx50 mm) for
cation analysis and AS-14 (4 mm250 mm; AG-14 Guard,

4 mmx 50 mm) for anion analysis. The eluent compositions
were 10 mM methanesulfonic acid for the cation analysis,
and 3.5mM NaCOz/1 mM NaHCGQ; for the anion analy-
sis. Fluoride (for fluoride adsorption experiment) was also
analyzed using the IC setup.

The surface interactions of TMA cations with naked-7iO
and F-TiQ surface were investigated by monitoring their
surface concentrations at the THiQor F-TiOy)/water
interface with using attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIRY]. Spec-
tra were recorded using a FTIR spectrometer (Bomem,

2.4. Modeling

The modeling of TiQ surface speciation was done em-
ploying the MINTEQA2/PRODEFA2 software equipped
with the diffuse layer modgPRO0]. Various surface properties
of Degussa P25 Ti®as required for the surface speciation
modeling have been reported earlj2t—23]

3. Results and discussion

Fig. 1 shows the initial PCD rates of TMA as a function
of pH when naked-Ti@Q and F-TiQ were used. A com-
parison between the two catalyst systems shows a marked
difference in their pH-dependent photoreactivity. For the
naked-TiQ, a V-shaped PCD trend is noted with higher
degradation rates observed at pH 3 and 9 and lower at pH
5 and 7. This agrees with a recent observation made for the
PCD of TMA using TiGQ [7]. On the other hand, the PCD
with F=TiO, is drastically reduced at pH 3 as compared to
naked-TiQ but enhanced at higher pH. The photoreactiv-
ity of F—TiO, at pH 3 shows a gradual decrease in PCD
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Fig. 1. TMA PCD rate constantk{.q: during the initial 2h) as a func-
tion of the initial pH and fluoride concentration. [TMA]= 100uM,
[TiO2] =0.59/l.
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Table 1
Concentrations (M) of TMA and its degradation intermediates and products after 6 h PCD redattisna function of pH and fluoride concentration
[F7] (mM) pH 3 pH 5 pH 7 pH 9

0 5 10 20 0 5 10 20 0 5 10 20 0 10 20
[(CH3)4N*] 0 43 52 83 28 7 16 13 40 14 6 21 13 11 31
[(CH3)sNH'] 20 27 21 3 10 15 21 24 0 0 0 0 2 0 0
[(CH3)2NH2] 7 11 3 16 33 34 24 42 18 14 21 37 14 8 35
[(CH3)NH3™] 9 0 0 0 7 15 20 18 12 13 15 40 9 11 35
[NH4*] 38 26 0 0 4 29 21 0 8 22 39 0 8 42 0
Total nitrogen 74 107 76 102 82 100 102 97 78 63 81 98 46 72 101

2[TMA] o = 100uM, [TiO3] = 0.5g/l (the same PCD reactions as those~af. 1).

rates with increasing [F up to 20 mM. The pH-dependent
photocatalytic reactivities for TMA degradation can be di-
vided into three distinct regions: (1) naked-3i® F-TiO,
at around pH 3; (2) naked-TiO< F-TiO,; at pH 5-7; (3)
naked-TiQ ~ F-TiO, at around pH 9Kig. 1). However, in
a previous study using F-TiQhe PCD rate of phenol was
only enhanced with fluoride addition in the pH range 2-6
[16].

Table 1 summarizes the pH-dependent distribution of

somehow though the demethylation of TMA does take place
under all relevant conditions. On the other hand, the ammo-
nium production is maximized when an optimal amount of
fluoride is present in the range of pH 5-Bable ). Neg-
ligible (CH3)sNH™ formation is also noted at pH 7 and 9.
Although the present PCD trends as a function of the given
experimental parameters look complicated and are difficult
to be elucidatedKig. 1 and Table J), it is clear at a glance
that the presence of fluoride affects not only the PCD rate

the major intermediates and products that were generatecbut also the mechanistic paths of TMA degradation (i.e.,

after 6h PCD of TMA in the suspensions of naked-JiO
and F-TiQ. They include (CH)sNH™, (CHz)NHo™,
(CH3)NH3™, and NH;* as also reported by Kim and Choi

the intermediate/product distribution).
The aforementioned differences between the naked-TiO
and F-TiQ photoreactivitiesig. 1 and Table 1) could be

[7] and their concentrations strongly depend on the pH and ascribed to the variations in the TiGurface speciation and

[F~]. Other products missing frofiable 1lare nitrite and
nitrate, which should explain for the N-mass deficits. The
PCD of TMA has been previously proposed to proceed

the related phenomena. The surface speciation modeling re-
sults were obtained by employing the diffuse layer model
option in the MINTEQA2/PRODEFA2 softwaf@0] and a

through successive demethylation steps to eventually gen-surface site density of.2 x 10~4mol/g that has been re-

erate NH ' at acidic conditions or N© /NO3z~ at alkaline

ported earlier for the Degussa P25 %i(21-23] The fol-

conditions where the neutral amine species are dominantlowing surface reactions were considered:

[7]. However, in the present study, negligible TMA min-
eralization (i.e., N* formation) is noted at all pH with
20 mM fluoride €ig. 2). The presence of excess fluoride
seems to inhibit complete mineralization to ammonium ions

[NH,"] (uM)

Fig. 2. Ammonium formation after 6h PCD of TMA as a func-
tion of the initial pH and fluoride concentration. [TMA]= 100u.M,
[TiO2] =0.549/l.

Ti—-OH,t < Ti-OH + H* (1)
Ti-OH < Ti-O~ + H™ )
Ti-OH + H" + F~ < Ti-F + H,0 3)

Reactions (1) and (2) are typically used to represent the
naked-TiQ surface in contact with the aqueous media. For
Degussa P25 Tig) surface acidity constant g and pK2)
values of 3.9 and 8.7 have been reported for reactions (1)
and (2), respectively21-23] As for the fluoride adsorp-
tion, a monodentate/anionic type of surface complex was
assumed, as written in reaction (3). Kpvalue of —7.8

has been reported for such a complexafdt]. The present
model-estimated fluoride adsorption results, which were ob-
tained using algz value of—8.2, also provide a good match
with the experimental fluoride adsorption data as shown in
Fig. 3. Hence the K3 value of—8.2 was used in this study.
The fluoride concentration (i.e., 0.1 mM) used for the ad-
sorption experiment is much lower than the actual fluoride
concentrations employed in the PCD experiments (>5 mM)
due to the analytical limitation in detecting small changes in
fluoride concentrationsN[F~]eg) resulting from adsorption.
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Fig. 3. Experimental and modeling results of Edsorption on Ti@ as Fig. 4. Calculated surface charge on FiQon a relative scale) as a
a function of pH. The modeling results were obtained using MINTEQA2  function of pH and [F]. Ti-OH,* and Ti-O" species contribute the
[20]. [F7] = 0.1mM, [TiOz] = 0.5g/l. positive and negative surface charge, respectively whereas Ti-OH and

Ti—F species are taken as neutral.

Therefore, the pH-dependent Fadsorption data irFig. 3

should not be directly compared with the pH-dependent sur- 0.12
face concentrations of Ti—F species that are calculated using €
higher [F"] (>5mM) (seeTable 2. TMA and Na" adsorp-
tion is not considered in the surface speciation modeling
since their adsorption on both naked-%iénd F-TiQ was
found to be negligibly small.

The fluoride-induced modification in the surface specia-
tion accompanies the change in the surface charge of. TiO
Fig. 4 compares the calculated relative surface charge of
naked-TiQ and F-TiGQ as a function of pH and [F]. The
positive surface charge of TiOn the acidic pH region is
markedly reduced with the addition of Fbecause the dom-
inant surface species shift from Ti—-QH to Ti—F. There- 0.00
fore, the electrostatic interaction between the TMA cations
and the TiQ surface should be affected not only by pH but pH
also by the presence of fluoride. However, it should be noted ., . o\ e Tma concentrations (monitored by ATR-FTIR) at the
that the Surfacg Ch_arge of TiGs not affected by the f'PO' surface/water interface of naked-BHiGand F-TiQ films as a function
ride concentration in 5-20 mM range over the pH region of of pH. The ordinate scale is the integrated ATR-IR peak area of TMA.
PCD experiments (pH 3-9). [TMA] =5mM, [F] = 10mM.

TMA concentrations at the Tigdwater and F-TiQ/water
interface regions were directly monitored by ATR-FTIR
method.Fig. 5 compares the pH-dependent interfacial con- little difference is noted at pH 5 and 7. This indicates that
centrations of TMA on naked-Ti©and F-TiQ films. The more TMA cations are attracted to the F-%i€urface due
IR absorption peak at 1489 cthis used for the quantifi-  to the reduced positive surface charge on F<T{Big. 4).
cation of TMA [7]. The interfacial concentration of TMA At pH 5 and 7 where the surface charge is little affected by
at pH 3 is higher on F-Ti@than naked-TiQ film whereas the presence of F;, TMA interfacial concentrations are not
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Table 2
TiO, surface species distribution (%) calculated using the MINTEQA2 soft20k
[F7] (mM) pH 3 pH 5 pH 7 pH 9

0 5 10 20 0 5 10 20 0 5 10 20 0 5 10 20
[Ti-OH2™] 89 2.6 1.3 0.7 7.4 1.0 0.5 0.3 — 0.1 0.1 0.1 — — — —
[Ti—-OH] 11 0.3 0.2 0.1 92.6 12.3 6.7 3.2 98 91.4 85.3 77.2 334 334 334 33.4
[Ti-O7] - - - - - - - - 2 1.8 1.7 15 66.6 66.6 66.6 66.6
[

Ti—F] - 97.1 98.5 99.2 - 86.7 92.8 96.5 - 6.7 12.9 212 - - - -
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much affected. An alternative explanation is that the pres-
ence of Ti—F species increases the hydrophobicity of, TiO

surface and in turn helps to attract TMA (a hydrophobic
cation) closer to the catalyst surface.

Table 2lists the results of TiQ surface speciation mod-
eling under different conditions. At pH 3, the fluoride addi-
tion shifts the dominant surface species from the Ti-=OH
to Ti—F (to near completion). In the absence of fluoride the
relative concentrations of 89% Ti—-QH and 11% Ti—~OH

species are estimated at pH 3 whereas 99.2% Ti—F and 0.7%

Ti—OH,™ are predicted with 20 mM fluoride. Such a near
complete displacement of the surface Ti-OH groups by Ti—F
species should significantly reduce the formation of surface
OH radicals, which are the dominant oxidant in the PCD
of TMA [7], and consequently the PCD rate. Therefore, the
reduced photoreactivity of F—TiOat pH 3 §ig. 1) should

be attributed to the lack of surface Ti-OH groups and the
reduced OH radical formation. A gradual decrease in pho-
toreactivity with increasing [F] at pH 3 also supports this
explanation Fig. 1). However, this does not seem to agree
with the observation that the interfacial TMA concentra-
tion at pH 3 is higher on F-Ti@than naked-Ti@ (Fig. 5).
This implies that not the access of TMA to the surface but
the OH radical generation is critical for achieving efficient
degradation of TMA. This is also consistent with our pre-
vious claim[7] that the PCD of TMA at acidic conditions
is initiated by free OH radicals in the solution bulk, not on
the TiO, surface. This negative effect of Fon the PCD of
TMA is, on the other hand, in contradiction to a previous
observation16] that the PCD of phenol on Ti®©Owas en-
hanced in the presence of kn the similar pH region. The

59
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Fig. 6. Effect oftert-butyl alcohol (-BuOH) concentration on the TMA
PCD rate constantgcq) in the suspensions of naked-BH@nd F-TiQ.
[TMA] o = 100pM, [TiO2] =0.5¢g/l, [F"] =10mM, pH =7.
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However, the role of free OH radicals does not explain the
reduced PCD of TMA on F-Ti®at pH 3.

To verify the involvement of OH radicals in the
naked-TiQ and F-TiQ systems, TMA PCD was also stud-
ied as a function ofert-butyl alcohol (-BuOH, an OH rad-
ical scavenger) concentration, as showrfig. 6. Though
the rate quenching by+BuOH shows a similar trend in
both systems, the photoreactivity of F—i@3 consistently
higher than that of naked-TiOIf the preferential formation
of free OH radicals on F-Ti®is responsible for its higher
reactivity, its photoreactivity enhancement over that of

difference between the two photocatalytic systems could be naked-TiQ should be absent in the presencereBOH] >

ascribed to the different main oxidant species involved at
the water/TiQ interface. When the Ti@surface is covered
by Ti—F species, the PCD process is dominantly initiated
by the direct transfer of valence band (VB) ho[&§] via
which the phenol degradation on F-TiGan proceed. How-
ever, the PCD of TMA that has a low probability of directly
reacting with VB holes should be reduced on FiO

5 x 10~°M because almost all the free OH radicals would
be scavenged by thé&BuOH. For example, based on
k(-BUOH+ OH®) = 6 x 18 M~1s1 k(TMA + OH°*) =

7x 18M~1s1 [-BuOH] = 5 x 107°M, and [TMA] =
10~4 M, we estimate that 97.7% of free OH radicals should
react witht-BuOH. Under this condition, the higher pho-
tocatalytic reactivity of F-TiQ should not be ascribed

At pH 5 where the surface coverage by Ti—F species is to the higher concentration of free OH radicals generated
still dominant but not complete, a smaller fraction of surface on F-TiQ. In addition, it should be noted that the over-
Ti—OH groups do remain available for the OH radical forma- all PCD of TMA involves not only OH radicals but also
tion. However, the surface speciation trend at pH 7 is largely conduction band (CB) electrons whose transfer processes
different from that at pH 5 showing dominant Ti-OH and could also be affected by the fluorination of TiGurface
minor Ti—F species. Enhanced PCD of TMA is obtained un- [7]. It has been reported that the band edge potentials

der this conditionfig. 1) as in the previous case of phenol
degradation. According to Minero et §1.6,17], the prefer-
ential formation of free OH radicals on F-TiQreactions

shift upon the fluorination of Ti@ [25,26] This should
alter the interfacial ®/h* transfer kinetics on the Ti©
particle.

(4) and (5)) should be responsible for this fluoride-enhanced The addition of fluoride at pH 9 shows no noticeable
PCD: effect on the TiQ surface speciationTéble 2 and hence
little changes the PCD rate of TMA={g. 1). Nevertheless,

hj, + H20ad — H20*"  (on F-TiQy) (4) the product and intermediates distribution at pH 9 still ex-
hibits a notable dependence on Fas shown inTable ],

H,O*T — HY + OH%ee  (ONF=TIiQ) (5) which we do not have a clear explanation for. In particular,
a drastic difference in Ni~ formation between the 10

h\J,“b + Ti—OHgyrf — Ti—OH';”urf (on naked-TiQ) (6) and 20 mM fluoride systems (at pH 5-9) should be noted
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(Fig. 2). Considering that both the surface concentration of Acknowledgements

Ti—F species and the surface charge are very similar be-
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