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Synthesis and Glass immobilization of carbon
and nitrogen doped TiO,-SiO, and its effect on
E. coli ATCC 25922 bacteria
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ABSTRACT

Aim: To evaluate the antimicrobial properties of carbon and nitrogen doped titanium dioxide (C-TiO, and
N-TiO;) immobilized on glass support by examining the inactivation of E. coli ATCC 25922 bacteria in
water.

Study design: Sol gel synthesis was used to prepare a series of visible light responsive photo-catalysts
of titanium dioxide. The photo-catalysts were characterized via Fourier transform infrared spectroscopy
(FT-IR), Scanning X-ray Photoelectron Spectroscopy (SXPS), X-ray Diffraction (XRD), Diffuse reflectance
spectroscopy (DRS) and Energy Dispersive X-Ray Spectroscopy (EDS or EDX). Maodified titanium dioxide
photo-catalysts (TiO,-SiO,, C-TiO,-SiO,, and N-TiO,-SiO,) immobilized on glass supports were evaluated
for their antimicrobial properties on the inactivation of E. coli ATCC25922 in water.

Place and Duration of Study: Department of Chemistry (Water Research Group) and Department of
Biochemistry and Microbiology, University of Fort Hare Alice Campus, between July 2013 and November
2013.

Methodology: A 0.5 McFarland standard solution containing approximately 1.5x10° organisms was
prepared by adding Escherichia coli ATCC 25922 to a saline solution (0.85 % NacCl). A battery of
experiments was carried out to evaluate the antimicrobial properties of glass immobilized and powder
photo-catalysts. Every 30 minutes swabs were taken from each reactor vessel and placed on the freshly
prepared nutrient agar plates. Plates were incubated at 37 °C for 24 hours.

Results: The number of active E. coli cells after treatment with TiO, was determined by colony counting
after 24 hours of incubation. When E. coli ATCC 25922 was treated with powder TiO, (i), there was a
small decrease in the number of colonies within the first 30 minutes, but after exposure for 60 minutes
about 98 % of the bacterial colonies had been destroyed.

Conclusion: Immobilized titanium dioxide photo-catalyst was shown to be less effective in the
deactivation of E. coli bacteria. The three nano-composite photo-catalysts; TiO,-SiO,, C-TiO,-SiO,, and
N-TiO,-SiO, showed little cytotoxicity (the degree to which an agent possesses a specific destructive
action on certain cells) towards the growth of E. coli ATCC 25922 while powder titanium dioxide proved to
be very effective towards the inactivation of E. coli ATCC 25922 bacteria.

Keywords: [Titanium dioxide/ silicon dioxide, nano-composites, glass, E.coli bacteria, photo-catalysis]
1. INTRODUCTION

Various microbes that may be found in contaminated water bodies pose a great risk to human health if consumed. The
main microbes causing disease are bacteria, viruses, fungi and protozoa. Escherichia coli O157:H7 is a microorganism
that causes diarrhoea ranging from mild, non-bloody stools to those that are virtually mainly blood [1]. Escherichia coli
0157:H7 produces a toxin that damages the lining of the intestines resulting in haemorrhagic colitis [2]. This organism has
a very low infectious dose and is thought to cause over 90% of all cases of diarrhoea-associated haemolytic uremic
syndrome (HUS), a condition that causes acute renal failure, especially in young children. Waterborne transmission
occurs from contaminated drinking water and from swimming in contaminated waters [3]. Shigellosis, leptospirosis,
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giardiasis, hepatitis A etc. are some of the waterborne diseases that pose risk to human health if contaminated water or
fruit and vegetables irrigated with contaminated water are consumed.

The use of titanium dioxide (TiO) in the photo-mineralization of organic and inorganic pollutants in water is well
established. The reactions are driven by UV light (A < 385 nm), and lead to the generation of reactive oxygen species by
TiO, photo-catalysts. The reactive oxygen species generated by the TiO, photo-catalytic reactions also cause varying
degrees of damage to living organisms, which is not surprising since most living organisms usually contain an abundance
of organic compounds. In 1985, Matsunaga and co-workers reported for the first time the microbe-destroying effect of
TiO, photo-catalytic reactions [4].

In this study the focus was on the bactericidal action of TiO, thin films coated on glass substrate. Some TiO, coated tiles
with self-cleaning and bactericidal functions have already been commercialized [5, 6]. The self-cleaning function of TiO,
coated substrates is explained simply by the photo-induced oxidative power of TiO, photo-catalysts. The bactericidal
function, however, is not well understood, even though numerous reports have described photo-killing of bacteria [7, 8, 9,
10, 11] viruses [12, 13] and tumour cells [14, 15]. Because these photo-killing reactions were carried out using TiO,
powder, the possibility of cell de-activation by the co-aggregation of cells and loose TiO, particles cannot be excluded. In
addition, the TiO, particles phagocytized by the cells may cause cellular injury [16]. In fact, Jacob and co-workers reported
that TiO, particles ingested by phagocytosis caused rapid intracellular damage [11].

2. MATERIAL AND METHODS
2.1 Photo-catalyst preparation and immobilization

Three photo-catalysts were prepared via sol gel synthesis using titanium (1V) chloride (99 %, Merck). In situ carbon and
nitrogen doping was carried out using glucose (MET-U-ED Chemical Co.) and urea (99% Kanto Chemical Co.) as carbon
and nitrogen sources respectively. The sol was heated for 10 minutes at 100 °C and then pH adjusted 8.0 after cooling.
The as prepared catalyst were dried in an oven at 60 °C, and then calcined in a muffle furnace at 600 °C to allow the
transformation from amorphous to anatase titanium dioxide. Composites with silicon dioxide (SiO,) were prepared using
tetraethyl orthosilicate (TEOS) as the precursor. TEOS served as both a source of SiO, and binder of the composites to
the glass support material. TiO, and TEOS were mixed in a 1:1 ratio in the preparation of the paste for coating the glass
support material. Glass substrates, 6.5 cm?, were treated with hydrofluoric acid (40 %, Merck) to introduce OH groups on
their surfaces, and then dip coated with the pastes of the prepared nano-composites, namely TiO,-SiO,, C-TiO,-SiO,, and
N-TiO,-SiO,. The coated plates where dried in an oven at 60 °C, and then further treated in a muffle furnace at 600 °C for
3 hours.

2.2 Culture of bacteria.

Escherichia coli ATCC 25922 bacteria were used in all the antimicrobial experiments carried out. E. coli ATCC 25922
bacteria were spread onto nutrient agar and allowed to grow for a period of 18 hours at an incubation temperature of 37
°C. A sterilized loop was then used to transfer bacterial cells into a freshly prepared saline medium (1 % NacCl) to match
up a 0.5 McFarland standard (approximately 1.5x10° organisms per mL). The standard was prepared by mixing 0.05 mL
of a 1 % solution (w/v) of BaCl, with 9.95 mL of a 1% solution (v/v) of H,SO,4 [31, 32]. The standard gave an absorbance
of 0.08 abs units at a wavelength of 625 nm. The prepared standard was then used to estimate bacterial densities of E.
Coli ATCC 25922 in saline solution by comparing absorbance.

2.3 Antimicrobial evaluation

The prepared nano-composite thin films were evaluated for their antimicrobial properties on the inactivation of E. coli
ATCC 25922 bacterial cells. The antimicrobial experiments were carried out under visible light irradiation. Figure 1 shows



80  the reactor setup that was used. Five experiments were carried out in triplicate, using the four catalysts TiO»-SiO,, C-TiO,-
81 SiO,, N-TiO,-Si0O,, and TiO,. The fifth setup was the control of the experiment, which only had the microbes in the saline
82 medium and no catalyst added. The other four had the four different catalysts and 150 mL of the saline medium
83 containing the E. coli ATCC 25922. In this experiment a comparison of the performance of powder catalyst and
84 immobilized catalyst was carried out. Every 30 minutes swabs were taken from each reactor vessel and plated on the
85  freshly prepared nutrient agar plates. The process was done for 3 hours. All the plates were labelled and then placed in a
86 Cocono incubator operating at 37 °C for 24 hours.
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95 Fig. 1 Schematic of immobilized TiO, photo-reactor
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97 3. RESULTS AND DISCUSSION

98

99 3.1 FT-IR, EDX and DRS analyses
100

101 FT-IR analysis was used to identify the functional groups expected in TiO,, TiO,-SiO, composite, and carbon doped TiO,-
102 SiO, composite. Figure 2 shows the FT-IR spectra of the above mentioned photo-catalysts.
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106 Fig. 2. FT-IR spectra of (i) C-TiO,-SiO,, (ii) TiO,-SiO,, (iii) N-TiO,-SiO, and (iv) TiO,

107  The labelled peaks can be attributed to OH stretching vibration (around 3415 Cm'l), Si-O-Si band asymmetric stretching
108  vibrations (1098 cm'l), and Ti-O-Si linkage stretching band (969 cm'l). The existence of Si—O-Ti bond in FT-IR analysis



109 may be ascribed to the existence of covalent bonding between amorphous SiO, and crystalline TiO, [33, 34]. The peak
110 around 1631 cm™ is assigned to the bending vibration of OH bond, which is due to the chemisorbed water, and the peak
111 around 3415 cm™ is ascribed to the stretching mode of OH bond and related to free water. The FT-IR spectra of anatase
112 and rutile titanium dioxide are similar to each other, with both having a broad peak between 800 and 470 cm™ but with the
113 anatase form exhibiting a valley in the peak centered around 600 cm™ [35]. FT-IR confirmed successful preparation of the
114 photo-catalyst.

115

116 Energy dispersive X-ray analysis (EDX) was used for elemental analysis to determine if carbon or nitrogen dopant had
117  successfully been incorporated into the titanium dioxide lattice.Figure 3 (i), (ii) and (iii) shows the EDX spectra abtained for
118 , C-TiO, and N-TiO, respectively.

119
Full scale counts: 4121 Sample L{2}_ptl
Ti
4000 ~
3000
2000 —
0
10004 T
Ti
n iy
0 T T T T T T T T T
] 1 2 3 1 5 6 7 8 9
120 (i) keV
121
Full scale counts: 4464 C-doped Ti0242)_pt1
5000 —
Ti
4000
3000 -
2000 —
0
Ti
1000
Ti
¢ Ti K
0 T T T T T T T T
0 1 2 3 4 5 6 7 8

122 (ii) keV



Full scale counts: 4534 N-doped TiO2(3)_ptl

5000

4000

3000

2000

1000

123 (iii) keV

124  Fig. 3. EDX spectra of (i) TiO,, (ii) C-TiO, and (iii) N-TiO,

125

126 EDX analysis revealed that carbon and nitrogen dopants were successfully incorporated into the titanium dioxide lattice.
127  The EDX spectrum for nitrogen doped titanium dioxide also showed the presence of carbon. This can be explained from
128 the fact that urea was used as the nitrogen source, and urea also contains carbon which resulted in the co-doping of
129  titanium dioxide.

130
131
132 Scanning X-ray photoelectron spectroscopy (SXPS) was carried out on C-TiO, and N-TiO, to identify the elements
133 present from their unique binding energies as shown in Fig 4 (i, ii, iii, and iv) respectively.
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Fig. 5. XRD diffractograms of (i) TiO,, (ii) C-TiO, and (iii) N-TiO,

Diffuse reflectance spectroscopy (DRS) was used to analyse the shift in absorption band edge of titanium dioxide after
doping with carbon and nitrogen. Figure 6 shows the diffuse reflectance spectra obtained for C-TiO,-SiO,, N-TiO,-SiO,,
TiO,-SiO,, and TiO,. Doping titanium dioxide with carbon and nitrogen allowed the reduction of its band gap resulting in a
shift in its absorption band edge from UV into the visible region. The observed shifts in absorption band are 403 nm (C-
TiO,-Si0,), 400 nm (N-TiO,-SiO,), 397 nm (TiO,-SiO,), and 366 nm (TiO,). Unmodified anatase TiO; is a strong UV light
absorber as evidenced from the DRS results obtained.

5 - = | B -1
_C—T}O}Sloz -— == N-Ti02-5i02
5 Deerivative 5 4 ivati
L 0.5 e Derivative L 0.5
10 ‘
15 -0 [
20 5 - -0.5
25 sl S |
30
e
35 ' [
iz | N e e 1.5
a0 T T T -2
40 T T ! -2

200 400 600 800 1000
. 200 400 600 800 1000
Wavelength/nm

@) (i) Wavelength/ nm




187

188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

205
206

207
208
209
210
211
212

------- Ti02-5102
Derivative - 5

— = =Ti032
Derivative - 0.5

200 400 600 800

200 400 600 800 1000
(iii) Wavelength/nm (iv) Wavelength/ nm

Fig. 6. DRS spectra of (i) C-TiO,-SiO,, (ii) N-TiO,-SiO, (iii) TiO,-SiO, and (iv) TiO,

A shift into the visible region allows the utilization of visible light in the activation of the titanium dioxide photo-catalyst. The
visible region has an advantage in that it is a much wider spectrum compared with the ultraviolet region; hence it improves
the performance of the titanium dioxide photo-catalyst. Other researchers have reported similar results after carrying out
nitrogen doping on titanium dioxide [43].

3.2 Effect of TiO, immobilization on E. coli inactivation

The number of active E. coli cells after treatment with TiO, was determined by colony counting after 24 hours of
incubation. The results obtained are shown in . Within the first 30 minutes of exposure, no effect was observed; all
the E. coli cells remained viable. There was overgrowth on the plates such that colony count could not be executed. From
60 minutes onwards, a very small gradual decrease in the number of E. coli was observed for those vials that were
exposed to immobilized photo-catalysts; N-TiO,-SiO, (i), C-TiO,-SiO, (iii)), and TiO»-SiO, (iv). This showed that
immobilized TiO, composites with silicon dioxide had little effect on the E. coli cells.
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Fig. 7. Bacterial growth profiles in the presents of TiO,, N-TiO,-SiO,, C-TiO,-SiO,, & TiO,-SiO, photo-catalyst

The control of the experiment (v) showed uninhibited growth of E. coli cells over the 3 hour period. The result obtained in
these tests is clear evidence that TiO, photo-catalyst is less effective towards bacterial cell inactivation when immobilized
on glass substrate. Another test was carried out using powder titanium dioxide to check the difference in the mode of
action in powdered and immobilized titanium dioxide.



213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

251
252

253
254

255
256

257
258

259

260
261

262
263

When E. coli ATCC 25922 was treated with powder TiO, (i), there was a small decrease in the number of colonies within
the first 30 minutes, but after exposure for 60 minutes about 98 % of the bacterial colonies had been destroyed. This
proved that TiO, photo-catalyst is more effective in its powder form. The bactericidal function, however, is not well
understood, even though numerous reports have described photo-killing of bacteria [7, 8, 9, 10, 11]. Here the possibility of
cell inactivation by the co-aggregation of cells and TiO, particles cannot be excluded since TiO, powder was used in the
photo-killing reaction. Titanium dioxide particles ingested by phagocytosis are known to cause rapid intracellular damage
[11, 16]. The fact that immobilized titanium dioxide was less effective in the inactivation of E. coli than the powdered one is
a clear indication that some modes of action of TiO, do not come into play when the photo-catalyst is immobilized. It is
possible that one side of the bacteria was shielded by glass thus reducing the complete ingestion through phagocytosis.

4. CONCLUSION

Carbon and nitrogen doped titanium dioxide nano-particles were successfully prepared and immobilized on glass support
material. Immobilized titanium dioxide photo-catalyst was shown to be less effective in the deactivation of E. coli bacteria.
The three nano-composite photo-catalysts; TiO,-SiO,, C-TiO,-SiO,, and N-TiO,-SiO, showed little cytotoxicity (the degree
to which an agent possesses a specific destructive action on certain cells) towards the growth of E. coli ATCC 25922
while powder titanium dioxide proved to be very effective towards the inactivation of E. coli ATCC 25922 bacteria. Within
60 minutes of exposure to the powder TiO, photo-catalyst, close to 98 % of the E. coli ATCC 25922 bacteria had been
inactivated. Bacterial cells have got to come into contact with TiO, for it to show cytotoxicity towards them. The control of
the experiments carried out showed uninhibited growth of the E. coli ATCC 25922 bacteria since no photo-catalyst was
added to the vial.

COMPETING INTERESTS
Authors have declared that no competing interests exist.
REFERENCES

1. Jiang Z, Greenberg D, Narato JP, Steffen R, Dupont HL. Rate of occurrence and pathogenic effect of
enteroaggregative Escherichia coli virulence factors in international travelers. Journal of Clinical Microbiology. 40 (2002)
4185-4190.

2. Hunter PR. Drinking water and diarrheal disease due to Escherichia coli. Journal of Water and Health: 1 (2) (2003) 65-
72.

3. Environmental Health Agency (EHA) report, (2012), Diseases acquired via recreational bathing. (Accessed, 21-10-
2013). www.ehagroup.com.

4. Matsunaga T, Tomoda R, Nakajima T, Wake H. Continuous-sterilization system that uses photosemiconductor
powders. FEMS Microbiol. Lett. 29 (1985) 211.

5. Watanabe T, Kitamura A, Kojima E, Nakayama C, Hashimoto K, Fujishima A, Ollis DE, Al-Ekabi H. Photo-catalytic
Purification and Treatment of Water and Air, Elsevier, New York, 1993.

6. TOTO Ltd., Patent No. (PCT) WO95/ 15816 (1995).

7. Matsunaga T, Okochi M. TiO, mediated photo-chemical disinfection of Escherichia coli using optical fibres. Environ.
Sci. Technol. 29 (1995) 501-505.

8. Horie Y, David DA, Taya M, Tone S.
. Ind. Eng. Chem. Res. 35 (1996) 3920-3926.



264
265

266
267

268
269

270
271

272
273

274
275

276
277

278
279

280
281

282
283

284
285

286

287
288

289
290
291

292
293

294
295
296

297
298

299
300

301
302

303
304

9. Jacoby WA, Maness PC, Wolfrum EJ, Blake DM, Fennell JA. Mineralization of bacterial-cell mass on a photo-catalytic
surface in air. Environ. Sci. Technol. 32 (1998) 2650-2653.

10. Maness PC, Smolinski S, Blake D, Huang Z, Wolfrum AJ, Jacoby WA. Bactericidal activity of photocatalytic TiO,
reaction: Toward an understanding of its killing mechanism. Appl. Environ.Microbiol, (1999) 4094-4098.

11. Huang Z, Maness PC, Blake DM, Wolfrum EJ, Smolinski SL, Jacoby WA. Bactericidal mode of titanium dioxide photo-
catalysis. J. Photochem. Photobiol. A: Chem. 130 (2000) 163-170.

12. Watts RJ, Kong S, Orr MP, Miller GC, Henry BE. Photo-catalytic inactivation of coliform bacteria and viruses in
secondary wastewater effluent. Water Res. 29 (1995) 95-100.

13. Lee S, Nishida K, Otaki M, Ohgaki S. Photo-catalytic inactivation of phage QB by immobilized titanium dioxide
mediated photo-catalyst. Water Sci. Technol. 35 (1997) 101-106.

14. Cai R, Kubota Y, Shuin T, Sakai H, Hashimoto K, Fujishima A. Induction of cytotoxicity by photo-excited TiO, particles.
Cancer Res. 52 (1992) 2346-2348.

15. Sakai H, Baba R, Hashimoto K, Kubota Y, and Fujishima A.
. Biochim. Biophys. Acta 1201 (1994) 259-265.

16. Cai R, Hashimoto K, Itoh K, Kubota Y, Fujishima A.
. Bull. Chem. Soc. Jpn.: 64 (1991) 1268-1273.



305
306

307
308

309
310

311
312

313
314

315
316

317
318

319
320

321
322

323
324
325
326

327
328

329
330

331
332

333
334

335
336

337
338
339
340
341
342
343
344
345
346
347
348
349

31. McFarland J.
. Nephelometer. 14 (1907) 1176-1178.

32. Murray PR, Baron EJ, Jorgensen JH, Landry ML, Pfaller MA. Manual of Clinical Microbiology, 9™ edition ASM Press,
Washington DC, (2007).

33. Gou Y, Yang S, Zhou X, Lin C, Wang Y. Enhanced photo-catalytic activity for degradation of methyl orange over
silica-titania. Journal of Nano-materials. (2011) 4-5.

34. Lanfond V, Mutin PH, Vioux A. Control of the texture of titania-silica mixed oxides prepared by non-hydrolytic Sol-Gel.
Chem. Mater. 16 (2004) 5380-5386.

35. Jackson KDO. A guide to identifying common inorganic fillers and activators using vibrational spectroscopy. The
Internet Journal of Vibrational Spectroscopy: 2 (3) (1998) 4.

43. Asahi R, Morikawa T, Ohwaki T, Aoki K, Taga Y. Visible-light photo-catalysis in nitrogen-doped titanium oxides.
Science. 293 (2001) 269.

DEFINITIONS, ACRONYMS, ABBREVIATIONS

N-TiO,: nitrogen doped titanium dioxide

C-TiO,: carbon doped titanium dioxide

NaCl: Sodium chloride

BaCl,: Barium chloride

H,SO,: Sulphuric acid

TEOS: tetraethyl orthosilicate

SiO,: silicon dioxide

FT-IR: Fourier Transform infrared spectroscopy
XRD: X-Ray diffraction

SXPS: Scanning X-ray Photoelectron spectroscopy
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DRS: Diffuse reflectance spectroscopy
EDX: Energy dispersive X-Ray spectroscopy
HUS: haemolytic uremic syndrome



