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condition.

1-Naphthol photodegrades on the surfaces of TiO,, ZnO, CeO,, CdO, W03, Co304, Sb,03, Zr0,, La; 03, Y503,
Prg011,Sm, 05 and Al, 03, albeit at different efficiencies, and all the oxides show sustainable photocatalytic
activity. The degradation conforms to the Langmuir-Hinshelwood kinetic model and enhances with the
intensity of illumination. Dissolved oxygen is essential for the degradation. ZnO and TiO, anatase are
the most efficient photocatalysts to degrade 1-naphthol. ZnO wurtzite, besides serving as an effective
photocatalyt to degrade 1-naphthol, also acts as a bactericide; it inactivates E.coli even in absence of
direct light. At a loading of 0.8 gL, it kills about 44% of 2.5 x 10'> CFU mL~! E. coli in ¥ h under dark

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

1-Naphthol, a large-scale industrial chemical used for the man-
ufacture of dyes, insecticides, etc., is a metabolite of the widely
used insecticide carbaryl (1-naphthyl methylcarbamate, marketed
under the brand name Sevin) and is hazardous. Also, it affects the
reproductive hormone levels in adult men [1]. While a few reports
are available on photocatalytic degradation of 2-naphthol [2-7]
there is none on 1-naphthol; the latter is reported to be more toxic
than the former in causing mitotic disturbance, the depolymeriza-
tion of spindle microtubules [8]. Photocatalytic oxidation is one of
the emerging techniques for the elimination of organic micro pol-
lutants because of its efficiency of mineralization, ideally produce
carbon dioxide and water as end products at ambient conditions.
Shining semiconductors with light of energy not less than the band
gap creates electron-hole pairs, holes in the valence band and elec-
trons in the conduction band. Some of these pairs diffuse out to the
crystal surface and react with the adsorbed substrates resulting
in photocatalysis [9]. The hole reacts with the adsorbed organ-
ics generating intermediates [10], which through fast reactions
finally yield carbon dioxide and water [11-14]. The adsorbed oxy-
gen molecule takes up the conductance band electron transforming
into highly active superoxide radical, 0,°~[9]. In aqueous medium,
0O,°*~in turn generates reactive species like HO®*, HO,* and H,0,,
which oxidize the organics. Water is adsorbed on the semiconduc-
tor, molecularly as well as dissociatively [15,16]. Hole trapping by
either the surface hydroxyl groups or the adsorbed water molecules
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yields short-lived HO® radicals, which are the primary oxidizing
agents [17-20]. TiO, is a promising candidate for photocatalytic
material application due to its exceptional optical and electronic
properties, chemical stability, non-toxicity and low cost [21,22].
The band gap of ZnO is almost the same that of TiO, and the conduc-
tion and valence band edges of the former are very close to those of
the latter [23], and hence the former has also been tested as catalyst
for 1-naphthol photodegradation. Visible light active narrow band
gap semiconductor such as CdO, and UV-C light active supra band
gap oxides like ZrO,, La;03 and Sm,03 have also been included as
test photocatalysts for the degradation of 1-naphthol. Use of Al, O3,
an insulator, provides a comparison.

Bacterial contamination and growth in water are potential
health hazards demanding disinfection. Now, the use of inorganic
antimicrobial agents, compared to the organics, has attracted inter-
est due to their improved safety and stability [24,25]; ceramics
with inherent bactericidal activity are convenient to use as they
are insoluble. Our results reveal that ZnO, besides acting as an effi-
cient catalyst to photodegrade 1-naphthol, exhibits antimicrobial
activity. That is, ZnO provides a two-in-one advantage, better pho-
tocatalyzed degradation of 1-naphthol with bacterial disinfection.
In this study Escherichia coli (E. coli) is used as an index to assess
the bactericidal activity.

2. Experimental
2.1. Materials
1-Naphthol (E Merck) was recrystallized from ethanol before

use. TiO, (Merck), ZnO (Merck), Co304 (Merck), Al,03 (Merck),
WO3 (Sigma Aldrich), Sb,03 (Qualigens), CeO; (Sd fine), Y503 (Sd
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Fig. 1. Fluorescence spectra of 100-times diluted 0.01, 0.02, 0.04, 0.06, 0.08 and
0.10mM 1-naphthol.

fine), PrgOq1 (Sd fine), Sm,03 (Sd fine), La;03 (Himedia), CdO
(Chemco) and ZrO, (Chemco) were of analytical grade and used as
received. Other chemicals used were also of analytical or laboratory
grade.

2.2. Characterization

The powder XRDs of the oxides were recorded using a Siemens
D5000 XRD employing Cu K, X-rays of wavelength 1.5406 A with
a tube current of 30 mA at 40kV under a scan range of 5-60° at a
scan speed of 0.2° s—! or a Bruker D8 system using Cu K, radiation of
1.5406 A in a 20 range of 5-60° at a scan speed of 0.050° s—! or a Rich
Seifert model 3000 X-ray diffractrometer. The specific surface areas
of the oxides were determined by the nitrogen-adsorption desorp-
tion method using the Brunauer-Emmett-Teller (BET) equation. A
PerkinElmer Lamda 35 spectrometer was employed to record the
UV-visible diffuse reflectance spectra (DRS) of the oxides.

2.3. Photoreactor

Photodegradation of 1-naphthol was carried out in a multilamp
photoreactor fitted with eight 8 W mercury lamps of wavelength
365 nm (Sankyo Denki, Japan) and highly polished anodized alu-
minum reflector; the reaction tube was placed at the centre. Four
cooling fans fitted at the bottom of the reactor dissipate the gener-
ated heat. The reaction vessel was borosilicate glass tube of 15-mm
inner diameter. The reactor was illuminated by using two or four
or eight lamps; the angles sustained by the adjacent lamps at the
sample were 180°, 90° and 45°, respectively. The light intensities
were determined by ferrioxalate actinometry [26].

2.4. Estimation of 1-naphthol

Solution of 1-napthol of desired concentration in deionized
distilled water was prepared and its UV-visible spectrum was
recorded, using a UV-1650 Shimadzu spectrophotometer, to deter-
mine the wavelength of excitation for its spectrofluorimetic
analysis. Fig. 1 presents the fluorescence spectra of 1-napthol solu-
tions of different concentrations recorded using an Elico SL 174

Fig. 2. Fluorescence intensity—concentration curve.

spectrofluorimeter; the wavelength of excitation was set at 283 nm.
Fig. 2 is the calibration curve, constructed using the measured
intensity of emission at 478 nm. This calibration curve was used
to estimate 1-naphthol in a solution by measuring its fluorescence
intensity, after appropriate stepwise dilution.

2.5. Photodegradation

Fresh solution of 1-naphthol of required concentration (ca.
0.05 to 0.4mM) was prepared and used for the photodegrada-
tion study. Air was bubbled through 20 mL of the solution which
effectively kept the added catalyst under suspension and at con-
tinuous motion. The air-flow rate was measured by soap bubble
method. A time lag of at least 15 min was provided before illumi-
nation to ensure pre-adsorption of the naphthol and oxygen on the
oxide. After illumination, the oxide was recovered by centrifugation
and the naphthol was estimated fluorimetrically, after stepwise
dilution up to 500-times. The exponential decrease in naphthol-
concentration for a finite time of illumination (3, 5, 10 or 30 min)
provided the degradation rate and the results were reproducible to
+5%. Atomic absorption spectra of the naphthol solutions illumi-
nated with the active oxide and recorded using an Elico SL 176
double beam atomic absorption spectrometer, show absence of
noticeable dissolution of the oxide. The unadjusted experimental
pH was between 6 and 8 (Table 1); however, with WO3 the pH
drops to about 5. The light intensity was varied by using two, four
and eight lamps. The dissolved oxygen was measured using an Elico
dissolved oxygen analyzer PE 135, the solution UV-visible spectral
studies were made with UV-1650 Shimadzu spectrophotometer.

2.6. Bacterial culture

A nutrient broth culture medium of pH 7.4 was obtained by dis-
solving 13.0 g nutrient broth (5.0 g peptone, 5.0 g NaCl, 2.0 g yeast
extract, 1.0g beef extract) in 1 L distilled water followed by ster-
ilization in an autoclave at 121°C. MacConkey agar plates were
prepared separately by dissolving 55 g MacConkey agar (20 g peptic
digest of animal tissue, 10 g lactose, 5 g sodium taurocholate, 0.04 g
neutral red, 20 g agar) in 1 L boiling distilled water followed by ster-

Table 1

pH of 1-naphthol solution with oxide.
Oxide TiOZ Zn0 CEOZ cdo W03 C03 04 sz 03 Zr02 Laz 03 Yz 03 PI'(;O] 1 sz 03 Alz 03
pH? 7.1 7.2 7.6 8.4 4.8 8.0 6.5 6.5 7.2 6.9 7.5 7.2 2

2 20 mL 0.423 mM naphthol, 0.10 g oxide loading, 19.2 mgL~! dissolved O,.
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ilization in an autoclave at 121 °C and poured into Petri dish. E. coli
was inoculated in 10 mL of a nutrient broth and incubated for 24 h
at 37°C. The culture was centrifuged at 3500 rpm and the pellet
obtained was washed with 0.9% NaCl (autoclaved) solution, twice
and suspended in 50 mL of 0.9% NaCl solution. For the counting of
E. coli colonies in CFU mL~!, the bacterial solution was successively
diluted to 10°-times using 0.9% NaCl solution in order to achieve
about 100 to 200 colonies on the Petri dish [27]; using a loop, 10 L
of the diluted E. coli was streaked on the MacConkey agar plate and
incubated at 37 °C for 24 h. The CFU was counted by a viable count
method [27].

2.7. Bactericidal study

20 mg of ZnO was added to 25 mL of E. coli solution taken in
a 150 mL bottle and shaken well continuously without any illu-
mination. After a finite time (30 min), a finite volume (1 mL) of E.
coli solution was removed from the oxide, diluted stepwise and
enumerated as already stated.

3. Results and discussion
3.1. Catalysts characterization

The TiO, used is of anatase phase; its XRD pattern totally
matches with the standard pattern of anatase (JCPDS 00-021-
1272*) and the rutile lines (00-034-0180 D) are absent. The crystal
is tetragonal body-centered and the crystal parameters a and c are
3.7845 and 9.5143 A, respectively. The XRD of ZnO is identical with
the JCPDS pattern of zincite (00-005-0664 D) and reveals the crystal
structure as hexagonal primitive with the cell constants a and b as
3.2490 A and c as 5.2050 A. The XRD of WO3 agrees with its JCPDS
pattern (89-4476) revealing monoclinic primitive crystal struc-
ture with crystal parameters a, b and c as 7.3291A, 7.5006 A and
7.6718 A, and o, B and vy as 90.0°, 88.18 + 2.89° and 90.0°, respec-
tively. The XRD of CeO, totally matches with the standard JCPDS
pattern of CeO, (898436) and reveals the crystal structure as face
centered cubic system with a as 5.411 A. The XRD of Al,03 matches
with the standard JCPDS patterns of y-Al,03 (00-001-1308 D, cubic
a7.900A) and y -Al,03 (00-004-0880 N, cubic a 7.950 A) revealing
the presence of both the phases (+y:x::52:48). The BET surface areas
(S), determined by the N,-adsorption-desorption method, are: TiO,
14.68,Zn0 12.16,CdO 14.45, Ce0, 11.0,W03 39.1,Zr0, 15.12,Y,03
10.97, Al,03 10.63 m2 g~!. The mean particle sizes (D) of the oxides,
obtained by using the relationship, D=6/pS [28], where p is the
material density, are as follows: TiO, 104, ZnO 87, CdO 51, CeO,

Fig. 3. The diffuse reflectance spectra.

57, W03 23, ZrO, 68, Y,03 109, Al,03 167 nm. Fig. 3, the diffuse
reflectance spectra (DRS) of the oxides in terms of Kubelka-Munk
function (K/S), shows that ZnO, TiO,, CeO,, WO3 and Sb, 03 undergo
band gap excitation at the wavelength of illumination; the visible
light absorption of the CdO used is very weak. Al,03 is an insula-
tor and ZrO,, Y,03, La;03 and Sm,03 are wide band gap oxides;
the DRS confirm that these oxides are not excited by the UV-A
illumination. PrgO11 and Co304 are black.

3.2. Characteristics of photocatalytic degradation

3.2.1. Langmuir-Hinshelwood kinetics

1-Naphthol degrades on TiO,, ZnO, CeO,, CdO, WO3, Co304,
Sb,03,Zr05, Lay03, Y503, Prg041, Sm;03 and Al, 03 crystal surfaces
under UV-A light, albeit at different ease. The spectrofluorimet-
ric studies show continuous removal of 1-naphthol on the listed
oxides under UV-A illumination. Fig. 4 displays the spectrofluori-
metric time-scans of 1-naphthol solution illuminated at 365 nm
with ZnO or PrgOq1. The degradation by ZnO and TiO, are fast.
Fig. 5 displays the decay of 1-naphthol with illumination time
on all the oxides studied. The variations of degradation rates
with 1-naphthol-concentration are presented in Fig. 6. While the
degradation on W03, La;03, PrgO77 and Sm,03 surfaces enhances
linearly with 1-naphthol-concentration that on other oxides con-
forms to the Langmuir-Hinshelwood kinetic law given below.

Fig. 4. Fluorescence spectral time scan of naphthol illuminated with oxide (under 50-times dilution). 20 mL 0.423 mM 1-naphthol, 0.10 g oxide loading, 7.8 mLs~! airflow,

19.2mgL-! dissolved 05, 365 nm.
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Fig. 5. Decay of 1-naphthol with illumination time. 0.10 g oxide loading, 7.8 mLs~!
airflow, 19.2mgL-! dissolved O,, 365 nm, 19.2 wEinstein L' s~!, 20 mL naphthol
solution.

Degradation rate = kK[1-Naphthol]/(1 + K[1-Naphthol]),

where K is the adsorption coefficient of 1-naphthol on the illumi-
nated surface of the oxide and k is the surface pseudo-first-order
rate constant. If the adsorption coefficient on the illuminated
surface is too small so that 1 » K[1-Naphthol], the Langmuir-
Hinshelwood kinetic equation reduces to the following simple
first-order kinetic law.

Degradation rate = k*[1-Naphthol]

where k* is the first-order rate constant and is equal to kK. That is,
the degradation follows first-order kinetics under the experimental
conditions studied. This accounts for the observed different pho-
tokinetic behaviors on the oxides. Table 2 presents the first-order
rate constants of the photodegradation on WOs3, La;03, PrgOqq

Table 2
The first-order rate constants (k*)2.
WO3 Laz 03 Pl‘(;O]] Sﬂ'lz 03
10%k* (s™1) 1.04 0.52 0.19 0.54

2 0.10g oxide loading, 20mL naphthol solution, 7.8 mLs~! airflow rate,
19.2mgL"! dissolved O,, 365 nm, 19.2 pEinstein L1 s~ 1.

and Sm;03 surfaces. The adsorption coefficient employed in the
Langmuir-Hinshelwood kinetic model corresponds to photoad-
sorption, the adsorption on illuminated surface, which is different
from the experimentally determinable dark adsorption coefficient.
The photoadsorption coefficient (K) could be deduced by fitting
the photodegradation data to the kinetic law. Table 3 presents
the deduced Langmuir-Hinshelwood kinetic constants. They have
been obtained by fitting the experimental data to a curve gov-
erned by the Langmuir-Hinshelwood kinetic equation and drawn
using a C++ program [29]. Fig. 7 is the graphical display of the
data fit using the kinetic constants listed in Table 3; the exper-
imental results are plotted against the predicted ones based on
the Langmuir-Hinshelwood kinetic law. The results of adsorption
experiments in absence of direct light, presented in Table 4, show
that photoadsorption is different from dark adsorption. While the
dark adsorption of 1-naphthol on CdO, Sb,03, CeO,, Al,03, etc., are
insignificant the photoadsorption are not so; the degradation on
these oxides follows Langmuir-Hinshelwood kinetics. Conversely,
although the dark adsorption on WOs is large, the photoadsorption
is insignificant and the photodegradation conforms to the first-
order rate law. However, the photoadsorption on La; 03, PrgO11 and
Sm, 05 surfaces reflects the dark adsorption; these surfaces display
first-order photokinetics.

3.2.2. Other characteristics

The oxides show sustainable photocatalytic activity and do not
loose their efficiencies on illumination. Recycling of the oxides
without any pre-treatment provides almost identical results;
Table 5 presents the photocatalytic efficiencies of fresh and recycled
oxides. After illumination with naphthol, the oxides were collected
at centrifuge, washed with water thoroughly and dried for reuse.

Fig. 6. Dependence of degradation rates on naphthol-concentration. 0.10 g oxide loading, 7.8 mLs!airflow, 19.2 mgL~" dissolved O, 365 nm,19.2 p.Einstein L~ s~1, 20 mL

1-naphthol solution.

Table 3
The Langmuir-Hinshelwood kinetic parameters.?.
ZnOb TiOZ CEOZ cdo C0304 Sb203 ZI’OZ Y203 A1203
K (mM-1) 29.4 5.1 25 13 2.0 32 14.7 16.6 13.2
k(uMs™1) 1.43 2.6 0.28 0.20 1.00 0.20 0.06 0.18 0.33

2 0.10g oxide loading, 20 mL naphthol solution, 7.8 mLs~! airflow rate, 19.2mgL~" dissolved Oy, 365 nm, 19.2 p.EinsteinL~' s~1.

b 9,54 pEinstein L' s~1.
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Table 4
Adsorption of 1-naphthol in dark.
TiOZ Zn0 CEOZ cdo WO3 C03 04 sz 03 21'02 L&z 03 Y203 Pl'ﬁO]] Sﬂ'lz 03 A1203
Adsorption? (%) 16 5 1 0 24 26 1 29 7 29 9 2 0

a 20mL 0.423 mM naphthol, 0.10 g oxide loading, 7.8 mLs~! airflow, 19.2 mgL-! dissolved O,.

Fig. 7. Graphical display of Langmuir-Hinshelwood kinetic data fit.

Table 5
Sustainable photocatalysis.

The photodegradation requires dissolved oxygen. Deaeration of
naphthol solution by purging nitrogen instead of air practically
arrests the degradation in all the cases and Table 6 presents the
measured degradationrates at different concentrations of dissolved
oxygen. Fig. 8 shows the dependence of the degradation on the
intensity of illumination; the enhancement of degradation with
the photon flux is nonlinear. Generally, the photocatalytic rate is to
vary linearly with the light intensity at low photon flux but at high
light intensity its dependence is on the square-root of photon flux
[29,30]. The present results conform to the same. However, ZrO,
and Y, 03 are the exceptions; the degradation on these two oxides
depends linearly on the photon flux. The degradation on ZnO and
TiO, is fast at high photon flux and could not be measured. In all
the cases, the loss of naphthol due to photolysis is small.

3.3. Photocatalytic mechanism

The mechanism of degradation of organics on band gap-
illuminated semiconductor surfaces is well known and has been
stated already. Fig. 3, the diffuse reflectance spectra, reveals that
Zr0,, La;03, Y503, Smy03 and Al,03 do not significantly absorb
UV-A light. It is known that the emission spectrum of the medium

Oxide Degradation? (%)
TiOZ Zn0 CEOZ cdo W03 C0304 Sb203 ZI’OZ L3203 Yz 03 Pl’sO]] Sm203 Alz 03
Fresh 92 100 17 10 69 84 14 8 42 19 12 27 34
Recycled 92 100 17 10 69 84 14 8 42 19 12 27 34
3 20mL 0.423 mM naphthol, 0.10 g oxide loading, 7.8 mLs~! airflow, 19.2mgL-! dissolved O, 365 nm, 19.2 wEinstein L~ s~1, 10 min.
Table 6
Dissolved O, and degradation.
[02]dissolved (Mg L") Degradation? (%)
TiOZ ZnO CeOz cdo W03 C0304 Sb2 03 ZI‘OZ Laz 03 Y203 PrsOn Sm203 A1203
19.2 92 100 17 10 69 84 14 8 42 19 12 27 34
24 0 0 0 0 0 0 0 0 0 0 1 1 1

2 20 mL 0.423 mM naphthol, 0.10 g oxide loading, 365 nm, 19.2 puEinstein L~ s~!, 10 min.

Fig. 8. Dependence of degradation rates on photon flux. 20 mL 0.423 mM 1-naphthol, 0.10 g oxide loading, 7.8 mLs~! airflow, 19.2 mgL-! dissolved O,, 365 nm.
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Fig. 9. The diffuse reflectance spectra of 1-naphthol-adsorbed ZrO,, La;0s3, Y203, Sm;03 and Al,0s.

pressure Hg-lamp, in addition to the strong 365 nm line (I-line),
shows a number of less intense other lines at 254, 405 (H-line)
and 436 nm (G-line). The used borosilicate reaction vessel screens
the UV-C light (254 nm line). Hence, the possibility of direct activa-
tion of these oxides by the employed medium pressure Hg-lamp is
excluded. Analytical experiments reveal adsorption of the naphthol
on these oxides (Table 4). The acidic cationic sites on the surface
of oxides may coordinate with the naphtholic oxygen and/or the
basic O~group may be involved in hydrogen bonding with the -
OH group of naphthol. The possible mechanism is light absorption
by 1-naphthol-adsorbed oxides; an electron from the nonbonding
orbital may be excited. Fig. 9, the diffuse reflectance spectra of 1-
naphthol-adsorbed ZrO,, La;03, Y503, Sm;03 and Al,03, confirms
the same; the spectra of bare oxides are displayed for comparison.
While the naphthol-adsorbed oxides absorb light at the wavelength
of illumination the bare oxides fail to do so. A possible reason for the
observed high photocatalytic activity of ZnO is its high absorptivity
(Kubelka-Munk function, K/S) at the wavelength of illumination,
as shown by Fig. 3. Large photoadsorption of 1-naphthol on ZnO
surface (Table 3) may also lead to high photodegradation rate.

3.4. Antibacterial activity

Fig. 10 reveals the E. coli inactivation by suspended ZnO in
absence of direct light. The bactericidal efficiency of ZnO in a pop-
ulation of 2.5 x 1012 CFU mL~! is 44% in ¥ h. In absence of ZnO
the E. coli population remains unchanged during the experimental

period displaying the antibacterial activity of ZnO. But, experiment
with TiO, under identical conditions fails to show any significant
inactivation of the bacteria. E. coli in 0.9% saline was used for the
evaluation of the antibacterial activity. The cell population was
determined by a viable count method on MacConkey agar plates
after proper dilution of the culture. The antibacterial efficiency is

Fig. 10. E. Coli inactivation by ZnO without direct light in 30 min. 0.8 gL~! oxide
loading, pH 7.4.
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the ratio of the decrease of E. coil population at a given time to its
initial population; antibacterial efficiency=100 (Cy-C;)/Cy, where
C: and Cy are the E. coli population at time t and zero, respectively.

3.5. Antibacterial mechanism

Although there are a few reports on the inactivation of E. coli
by metal oxide nanoparticles and bulk particles in absence of
any illumination, the mechanism of action still remains obscure
[24,25,27,31]. In spite of the detected release of Zn%* from ZnO sus-
pension [24,31] examination of E. coli inactivation by added Zn2*
ions separately shows that the Zn%* ion release from ZnO is not
the reason for the E. coli disinfection [24]. Some workers have also
detected the generation of H,O, by ZnO in absence of light [31]
and have suggested the same as a main factor for the bacterial
activity [27,31]. But the observed extent of inactivation of E. coli
population in the present study (vide supra) makes the proposition
unviable. As the antibacterial activities of some synthesized ZnO
nanorods do not correlate with their photoluminescence features
corresponding to surface defects (green emission) it has been con-
cluded that the surface defects do not play any significant role in
the antibacterial activity of ZnO [31]. The SEM and TEM images
presented in a few reports show the binding of ZnO nanoparti-
cles to the surface of E. coli bacteria [24,27,31]. There are several
possible attachment mechanisms of the oxide to the bacterial sur-
face: electrostatic forces, van der Waals forces and receptor-ligand
interactions [24]. The zeta potential of ZnO suspended with E. coli
at pH ~ 7 is approximately +24 mV [27]. The overall E. coli surface
is negatively charged at neutral pH due to the polysaccharides of
lipopolysaccharide, which predominate over the amide [27], and
its potential is -7.2mV at pH 6.5 [24]. Hence the interaction of
ZnO with E. coli is favored by the electrostatic forces. The receptor-
ligand interactions may dominate in the ZnO bound E. coli bacteria;
carboxyl, amide, phosphate, hydroxyl groups and carbohydrate-
related moieties in the bacterial cell wall may provide sites for
the molecular-scale interactions with the oxide [24]. It has been
reported that ZnO causes membrane damage, which leads to leak-
age of cell contents and cell death [31]. Further, only a few E. coli
cells show internalization of ZnO nanoparticles while a large num-
ber of them do not exhibit such thing revealing that internalization
is not a general occurrence [31]. The TEM displays also shrinkage
of cytoplasmic material inside the cell wall of some of the E. coli
cells [31]. The interaction of ZnO nanoparticles with the bacte-
rial cell walls and possible permeation of ZnO into the bacterial
cells are still not clearly understood [24]. It has been proposed that
the induction of intracellular oxidative stress seems to be a key
event of the toxicity mechanisms of many nanomaterials [25]. Once
inside the cell, nanomaterials may induce intracellular oxidative
stress by disturbing the balance between oxidant and anti-oxidant
processes. On one hand, the oxidative stress induced by exposure
to nanomaterials may stimulate an increase of the cytosolic cal-
cium concentration or may cause the translocation of transcription
factors to the nucleus, which regulate pro-inflammatory genes.
Alternatively, exceeding oxidative stress may also modify proteins,
lipids and nucleic acids, which further stimulates the anti-oxidant
defense system or even leads to cell death.

4. Conclusions

ZnO wurtzite and TiO, anatase effectively catalyze degradation
of 1-naphthol under UV light; the surfaces of CeO,, CdO, WOs3,
Co30y4, Sb203, Zr0,, Lay03, Y03, Prg0q1, Sm; 03 and A1203 are less
active to photodegrade 1-naphthol. The degradation essentially
requires dissolved oxygen. ZnO, besides effectively photocatalyti-
cally degrading 1-naphthol, also acts as a bactericide; it inactivates

E.coli even in absence of direct light. At a loading of 0.8gL"! it
kills about 44% of 2.5 x 1012 CFU mL~! E. coli in ¥ h without any
illumination.
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