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In this study, the kinetics equation describing heterogeneous photocatalytic process in relation with
the absorption of radiation by inactive photochemically reagents was presented. The proposed
expression was verified based on the results of degradation process of selected azo-dyes. The
experiments were carried out in one- and two component solutions in the presence of TiO, (anatase)
during UV-a irradiation.

keywords: photocatalysis, kinetics, radiant flux, Langmuir-Hinshelwood, absorption

1. INTRODUCTION

In the last decade, there have been high hopes for the use of a photocatalytic process
as an effective method for the degradation of toxic and biologically persistent
substances. Usually, this process is carried out under heterogeneous conditions in the
presence of TiO, [1-5]. Its photocatalytic properties have been known since the end of
the 1930s [5]. This substance may be used in the form of particles suspended in an
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aqueous solution/ medium or may be applied on the surfaces of different materials.
Moreover, a modification of TiO, surface by doping with various metals having positive
reduction potential (e.g., Ag, Au, Pt, Cu), lanthanides dopants, Fe(IIl) and nonmetal
such as boron, carbon and nitrogen have been studied [3,6-8].

Among the factors having the significant effect on the efficiency of the
photocatalytic process are [1,3-5,9,10]:

- crystal structure of TiO,

- way of the preparation and application of the photocatalyst surface

- photocatalyst concentration

- useful spectrum of UV-VIS light absorbed by photocatalyst

- sorption properties of photocatalyst

- concentration of degraded compounds

- ability of degraded substances to the adsorption onto TiO, surface

- presence of other substances such as strong oxidants or reducing agents in the
irradiated samples

- ability of degraded compounds to photolysis

- oxygen saturation of the irradiated samples.

Moreover, important parameters of the photocatalytic process are:

- intensity and wavelength of the used radiation

- thickness of the layer of the irradiated samples

- temperature and pH of medium.

The limiting step of photocatalytic processes carried out in the presence of TiO, may
be the adsorption of substrates onto the photocatalyst surface and the absorption of
radiation having energy sufficient for generation of electron-hole pairs (h",e)
[3-5,9,10]:

TiO, + hv — TiO,(h',¢) €))
These pairs can react with water and dissolved oxygen molecules:

h"+H,0 - HO'+ H" )

e t+t0,—> 02-. (3)

Moreover, the photogenerated pairs can participate directly in the redox reactions
with photochemically inactive substances:
h"+RH >R +H" 4)
ne + Me™ — Me™"* (5)
The kinetics of photochemical process is usually described by the Langmuir-
Hinshelwood’s theory [1-5]:

dc, K.C,

= ®. et 6
: dt o 11+2K1.C1. ©)

where: 7; is the reaction rate (i-th substrate), C; is the molar concentration of
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substrate, ¢ is the irradiation time, k; is the reaction rate constant, @ is the degree of
coverage of photocatalyst surface, and K is the adsorption coefficient for the adsorption
of substrate on TiO,.
In very diluted solutions, Eq.6 can be simplified to the following form:
dcC.
n=—-—=-=kK.C, (7)
dt
Experimental data show that in the wide range of the radiation intensity, the reaction
rate is directly proportional to its value [1,3,4,11]. Therefore the following equation is
correct:
dcC.
=———=0,1, ®)
dt
where: ¢ is the quantum yield and /, is the intensity of radiation absorbed by
photocatalyst.
If we assume that the quantum yield of photochemical reaction is the product of k;
and O, the relationship can be expressed as follows:
dcC.
h=——"=k0,1, )]
dt

Therefore, the [, value may depend on the absorption of radiation by solution
containing suspended TiO, particles.

We supposed that the important factor that limited the photocatalytic process rate
can be the absorption of part of the radiation by solution containing degraded
substrates. This effect causes the decrease in the radiation intensity reaching the
photocatalyst surface. In previous studies we have found the correlation between the
absorbance of dyes solutions and their photocatalytic degradation rate [12]. According
to the Lambert-Beer law the intensity of radiation absorbed by photocatalyst should by
exponentially proportional to the sum of the product of the molar extinction coefficients
for the used radiation (g), concentrations of all components in solution (C) and the
thickness of the layer of irradiated samples absorbing radiation (7).

—lzgiCi
I,=1," (10)

where: [, is the radiation intensity that reaches directly the surface of exposed
sample.

Based on Egs.6, 9 and 10, we propose the following equation to describe the kinetics
of photocatalytic process:
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) K ) —IZsiCi
r.:—dclzk iC le !

1 d 1+ Y KC °

(11)

The mathematical model concerning the use of electromagnetic radiation energy in
photocatalytic processes was presented by Brandi et al. [13,14]. It can be useful for the
determination of the effective radiation flux reaching the reactor mixture in the closed
flow reactor with an external source of radiation; however, the authors did not analyze
the effect of distribution of radiant flux between the various components within the
reaction mixture. Thus, they omitted the fact of absorption of radiation by
photochemically inactive components of this mixture.

The aim of the work was to verify experimentally the kinetics equation, taking into
account that the radiation absorption by irradiated solution effects on the photocatalytic
reaction rate.

2. EXPERIMENTAL

2.1. Reagents

The experiments were carried out with the use of two azo-dyes as model compounds.
Acid Orange 7 obtained from Fluka and Acid Black 1 purchased from POCH were of
analytical grade. None of the investigated dyes underwent photolysis under the
experimental conditions. The titanium dioxide powder (TiO,, anatase, pH of isoelectric
point was 3, the surface area was 9-11 m’g”, residues on filter >40um after dispersion
in water was <0,02%) used as the photocatalyst was purchased from Riedel-de Haén.
In all experiments amount of photocatalyst was 2.5 g I"'. Doubly distilled water was
used throughout experiments.

2.2. Irradiation

Before irradiation of aqueous dyes solutions with TiO,, the samples were
magnetically stirred in the dark for 30 min in order to reach the adsorption/desorption
equilibrium among the dyes, photocatalyst and the dissolved oxygen. The stirring was
continued throughout the whole process. Since the pH values in the irradiated samples
were in the range of 5.8 - 6.8, the influence of changes of pH on the obtained results
was eliminated (the adsorption of azo-dyes onto TiO, surface was very low at this pH
value). In all cases during the experiments, the samples at volume 100 ml containing
Ti0O, and dyes were irradiated in glass crystallizer (500 ml) by means of four UV lamps
(Philips TL-40 W/05) emitting radiation with a maximum energy at A 366 nm. The
surface intensity of the radiation determined by Parker’s actinometer [15] was 8.76-107
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Einstein s'm™. The exposed samples surface was 102 cm”. The reaction temperature
was kept at 21 + 2°C. During irradiation the solutions had a free contact with
atmospheric air but, additionally, were not aerated.

2.3. Analysis

The samples of the investigated suspensions (2 ml) were taken at the appropriate
irradiation time, when the degree of degradation of each dye was <80%. In order to
separate the photocatalyst from the suspension, samples were centrifuged for 30 min at
4000 rpm.

In samples before and after irradiation the concentration of azo-dyes were
determined according to abs measurement at 480 and 618 nm for Acid Orange 7 and
Acid Black 1, respectively, using UV-VIS spectrophotometer Secomam S 750. During
the preliminary studies it was found that the dyes solutions follow the Lambert —Beer’s
law in the used concentration range. In these ranges, the determination coefficients (R%)
of the calibration curves obtained for Acid Orange 7 and Acid Black 1 were 0.9952 and
0.9989, respectively. Moreover, results obtained in mixtures of dyes were also validated
using HPLC methods (HPLC Merck Hitachi, detector UV L 7400, A 254 nm; column
SEPARON SGX 7 um, C-18, 250x4 mm; mobile phase — MeOH:H,O in the ratio 3:7).
Additionally, in all investigated mixtures before the irradiation the abs was measured at
A 366nm.

2.4. Calculations

According to Eq. 7, the photocatalytic process carried out in very diluted solutions is
a pseudo-first order reaction. This fact is supported by experimental literature data
[1-4]. Therefore, the values of observed reaction rate constant (k) were determined as a
slope of linear relationship (Eq.12).

C
In—=—k¢ (12)
C

o

In all cases, the initial reaction rate (7,) was calculated as follows:

r, =k C, (13)

3. RESULTS AND DISCUSSION

3.1. One-component samples

In the case of low adsorption efficiency and low concentration of substrates the
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following approximation is used:

1+> K.C =1 (14)

Taking into account Eq. 14, the kinetics equation for photocatalytic process carried
out in solution containing only one substrate (dye) and TiO, suspension can be
simplified to the form:

r,=kK,.CI e (15)
According to Egs.13 and 15 the k value can be expressed as follows:
k=kK.Ie " (16)

Since under the investigated conditions the k; K; I,, I and g; values are constant, the
following relationship is obtained:

Co~Ink (17)

-1,5
-1,7 -

19 -

log k

27 : N
0 0,1 0,2 03 04 ~ 05 06

C (mmol I'")

Fig. 1. The effect of initial dyes concentrations on the logarithm value of the photodegradation rate
constant of Acid Orange 7 ((J) and Acid Black 1 (#)
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Fig.1 presents the effect of initial dyes concentrations on the logarithm value of the
photodegradation rate constant of Acid Orange7 or Acid Blackl in solutions with only
one dye.

A course of the function was comparable in dyes solutions at the concentration in

the range of 0.08-0.5 mmol 1_]. In these ranges, the coefficient of determination (R*) of
the straight line function obtained for Acid Orange 7 and Acid Black 1 were 0.9948 and
0.9758, respectively. A very good fit to a linear regression (Fig.1) indicates that it can
be treated as a confirmation of the hypothesis presented in Eq. 16. However, when
concentrations of dyes in solutions were < 0.08 mmol 1", a linear dependence was not
observed. In the experiments performed in the presence of TiO, (the / value is also very
low) at very low concentration of dye, the approximation of expression ¢'*“ = 1 is
correct. In this case, in one-component solutions (C,< 0.08 mmol 1) the effect of
absorption of radiation by dye molecules can be treated as a negligible.

3.2. Two - component samples

In mixtures containing constant concentration of one of the compounds (dye A), the
degree absorption of radiation can be changed by other compounds, for example by
other dye (B). For example, in the case of Acid Orange 7 (AO7, dye A) if the
expression (14) is fulfilled, the kinetics equation can be described as follows:

—1(¢ 1,,Ca07 +€481Cap1)
Fosor = K401K 407C 1071 ,€ (18)

In this case, the /n r; value for dye A should be inversely proportional to the

relationship:
gACA—’_gBCB:Z‘giCi (19)

Table 1. The composition of the irradiated dyes mixtures and the fitting of linear function

logr, = f(zgici)

Initial dye concentration

-1
Mixture (mmol | I)Aci d Function R?
Acid Blackl Orange7
1 Fig. 2 0-0.0487 0.0143 logr, =-4.6406x" - 2.5711 0.9955
11 ’ 0-0.024 0.0057 logr, =-10.819x" - 2.6973 0.9969
111 0.0162 0-0.0571 logr, =-3.3474x" - 2.7355 0.9811
v Fig. 3 0.00812  0-0.0857 logr,=-3.717x" - 3.0408 0.9870
\Y 0.00325  0-0.0429 logr, =-8.5405x"- 3.2529 0.9884

Dy = z 81.C1. ; € at 366 NM Eacid Black1 = 4031 1 mol™! em™; eacia Orange7 = 3093 1 mol™! em™

1
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log r,
)
w
N

o I

37 ‘ ‘
0 0,05 0,1 0,15 0,2
> e,

Fig. 2. The effect of z 81.C1. value in samples containing mixture of Acid Orange 7 and Acid Black 1
i

on the logarithm value of the initial photodegradation rate of Acid Orange 7,
() Ca07=0.0143, Cap=0-0.0487 mmol I''; (O) Ca07=0.0057, Cap=0-0.0244 mmol "'

The €4 and ep values (for Acid Orange 7 and Acid Black 1, respectively) were
determined experimentally at A 366 nm. Table 1 presents the range of concentrations of
both dyes and the fitting of the experimental data to the linear function. The values of ¢
are showed below Table 1. Figures 2 and 3 show the relationships between /n r; and

821'C i-
A good fit to a linear regression in the range studied (Figs. 2 and 3) indicates that it
can be treated as a confirmation of the hypothesis presented in Eq. 11.
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-2,9
-3.1
-3.3

I

-35

log ro

37
39 ®
41 ®

-43 w w
0 005 0,1 0,15 02 0,25 03

ZS,.CI.

Fig. 3. The effect of z 81.C1. value in samples containing mixture of Acid Orange 7 and Acid

1

Black 1 on the logarithm value of the initial photodegradation rate of Acid Black 1,
(A) Capi =0.0162, Cao7=0-0.0571 mmol I''; (@) Cap; = 0.00812, Cpo7 = 0-0.0857 mmol 1';
(@) Capi = 0.00325, Cao7 = 0-0.0429 mmol 1!

4. CONCLUSION

The obtained results point out to the correctness of own hypothesis that the
photocatalytic reaction rate depends on the radiant flux absorbed by the irradiated
solution (i.e., depends on the thickness of solution layer over the photocatalyst surface)
and on the sum of the products of concentrations and molar extinction coefficients. In
the case of reaction carried out in clear water in the presence of TiO,, this influence will
be negligible. However, during the design engineering degradation processes of real
wastewater having high level of radiation absorption and containing high concentration
of substrates this effect can be significant. More particularly, in the cases of the use of
photocatalyst applied onto the surface of other materials.
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The possibility of application of the process of photocatalytic decomposition of humic substances
(humic acid — HA) to their removal from water was investigated. Commercial TiO, (Evonic-Degussa
P-25) and the periodic reactor were used in the experiments. The decomposition under artificial sunlight
(ASL) and UV irradiation was tested. It was stated that ASL irradiation is not sufficient to cause
significant decomposition of HA whereas TiO, appeared to be very effective under the UV irradiation.
Strong adsorption of HA on the surface of TiO, was observed.

keywords: humic substances, photocatalysis, photodegradation, TiO», water purification

1. INTRODUCTION

Severe requirements regarding the quality of drinking water result in the necessity to
elaborate the innovative methods of water treatment. So far applicable disinfection
methods secured only neutralization of microorganisms but remaining problem are

* Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences, Niezapominajek 8, 30-239
Krakow, Poland, ncdziedz@cyf-kr.edu.pl (J. Dziedzic)
** SINTEF , Materials and Chemistry, P.O. Box 124 Blindern, 0314, Oslo, Norway
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hardly — degradable organic compounds present in water which cannot be remove by
simple filtration or coagulation processes.

Humic substances represent a major fraction of natural organic matter (NOM) in
ground and surface waters that are known to be a complex class of biogenic polyanionic
weak electrolytes with varying molecular sizes [1]. These substances have not as yet
been properly chemically defined. Only average molecular weight can be determined [2]
in the case of humic substances. They are formed during the degradation of plants and
animal material, and both microbiological and abiotic processes contribute to their
production [3]. Humic substances (HS) can be further separated into three classes,
according to solubility, as humic acids, fulvic acids and humins [2]. Macromolecules of
humic acid contain conjugated olefinic, aromatic, phenolic—semiquinone—quinone
structures of a wide spectrum with different functional groups (-CO, -COOH, —OH,
—NH-, —-NH,, —N) and chromophores [1]. They are capable of absorbing UV radiation.
In many publications authors stated that the short — wave UV range of solar radiation
(UV = B, A < 320 nm) is the most important mineralizer of humic species [4]. What
else, humic substances react with chlorine species (OCl /HOCI) and produce
trihalomethanes (THMs), haloacetic acids (HAAs) and other halogenated disinfection
byproducts (DBPs) in chlorinated water [5]. Trihalomethanes have been known to
cause cancer and other toxic effects in human beings [6]. In addition, humic substances
can form strong complexes with both inorganic and organic contaminants and mineral
surfaces and they have been known as photoreactive contaminants. [7] From these
reasons HAs are considered as highly reactive species in the environment and their
removal from water during the water treatment is necessary.

Recently TiO, based photocatalysis of humic acids (HAs) has been extensively
investigated [9—17]. It has been known that solar radiation alone has not enough energy
for sufficient degradation of humic substances, but in combination with heterogeneous
photocatalyst - titanium dioxide (TiO,), with or without other chemicals, the
degradation rate could increase [8].

The main photochemical phenomenon in the UV/TiO, process is the formation of an
electron/hole pair through the absorption of light with the energy equal or greater than
the band gap of TiO, (E,, = 3.2 eV). Energized electrons and holes can either
recombine, dissipating energy or be available for redox reactions with electron donor or
electron acceptor species adsorbed on the semiconductor surface [18]. In aqueous
environment at the presence of oxygen highly reactive oxygen species (OH', O,) are
formed in the photocatalytic process. The oxidation/reduction processes involving those
species may lead to complete degradation of organic compounds to CO, and to the
formation of low-molecular-weight carboxylic acids (oxalic, succinic, formic, acetic,
etc.) [3].

The aim of this study was to test the applicability of the photocatalytic process with
the use of titanium dioxide to the removal of humic acids from water and to establish
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the optimum conditions for the application of this process. In this work the
photocatalytic removal of humic acid (HA) under UV and artificial sunlight (ASL)
irradiation was examined by monitoring changes in the UV absorbance at the
wavelength of 254 nm (A,s4). The absorbance value measured at 254 nm is widely
accepted as a parameter which shows the degradation rate of humic acids and a
parameter replacing total organic carbon (TOC) — wusually used to measure
photodegradation rate of HAs [18]. TiO, Degussa P — 25 is commercially available
form of TiO, and has been used in many studies because of its chemical stability,
availability and photocatalytic activity for oxidative destruction of organics [9,16,17].

2. EXPERIMENTAL

2.1. Materials

Deionized water for the preparation of the solutions was obtained from the Millipore
Direct Q UV apparatus. TiO, powder Degussa P — 25 Aeroxide (SPECIFIC surface
area - 50 m”> g') was kindly supplied by Evonic-Degussa and used as a photocatalyst
for the degradation of humic acid without any modification. Humic acid sodium salt
(technical grade) was supplied by Sigma — Aldrich. HA working solution of 40 mg dm™
for photocatalytic degradation experiments was always freshly prepared by dilution of
the stock solution (500 mg 1™") with water. Stock solution was prepared in a following
way. 500 mg of the HA sodium salt was dispersed in deionized water and sonificated 60
minutes in order to accelerate the dissolution of the HA. Then, the suspension was
filtered through the 0.45 pm filter (Sartorius Membrane Filters) with the use of
Sartorius filtration apparatus. Next, filtered solution was centrifugated at the rate of
15000 rpm for 60 minutes. Such prepared solution was stable for weeks.

2.2. Photodegradation experiments

The photooxidation experiments were performed in two quartz flat bottomed batch
reactors of the volume 40 ml. In one of the reactors halogen lamp (150 W, Philips) was
used as the artificial sunlight (ASL) source, in the other one, dedicated for ultraviolet
(UV) region, the high pressure xenon arc lamp (250 W, Optel) was applied. Both lamps
were used without any cut-off filters, except the layer of cooling water flowing below
the bottom of the cell. The cell illumination was monitored by the radiometer
Radiometer RD 0.2/2/100 (Optel). In those measurements sensor was placed at the top
of the empty reactor. The distance between the source and the sensor was about 25 cm
for ASL and 15 cm for UV light and the illumination area was 16.3 cm’. The
irradiation intensity was 68.8 mW cm™ for ASL and 48.8 mW cm™ for UV source. The
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photocatalyst suspension was stirred during the experiments in both reactors with a
mechanical stirrer at a constant rate of 300 rpm. Mechanical stirrer, with the stirring
rod positioned a few millimeters above the bottom of the cell was used instead of a
magnetic stirrer to avoid “milling” of the TiO, grains during the experiment. The
temperature was stabilized at 25+0.5°C (Fig. 1). Together with the sample used in a
photocatalytic experiment an identical reference sample was always prepared and kept
in the dark during the same period of time. After the experiment three portions of both
suspension and reference samples were taken, subjected to 25 min of centrifugation at
15000 rpm to separate TiO, and then analyzed for the contaminant concentration. In
that way the influence of adsorption on the TiO, surface on the uptake of the
contaminant from the solution was eliminated.

Stirrer

Temperature e

|

g Suspension of

Quartz cell photocatalyst

Cooling water inlet

—

> 1
EERE

Light source
Fig. 1. The scheme of the quartz flat bottomed photoreactor

Samples were irradiated with halogen or xenon lamp for the time period from 10 min
to 9 hours depending on the aim of the experiment. After irradiation the investigated
solution was transferred to the Eppendorf vessel of the 2 ml volume and centrifugated at
the rate of 15000 rpm for 25 minutes before spectrophotometric analysis. The
absorption of the supernatant at the wavelength of 254 nm was measured using Specord
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40 (Analytic Jena) single beam spectrophotometer.

The photooxidation experiment in this study included a few sets of tests for different
objectives. The first set of experiments was carried in order to determine the degree of
HA degradation under UV and ASL irradiation in the absence of photocatalyst. Initial
HA concentration in that series of experiments was always 40 mg dm™, the duration of
the experiment was extended to 9 h. The next step was the investigation of adsorption
and desorption processes of humic acid on TiO, surface. Again the same initial HA
concentration of 40 mg dm” was used. The third set of tests was performed with
different experimental conditions including UV/ASL irradiation and TiO, catalyst in
order to determine the best experimental conditions. The fourth set of tests was carried
out with different TiO, loadings (100, 200, 500, 1000, 2000 mg dm™) to determine the
effects of TiO, loading during the photodegradation reaction of HA. Finally the set of
tests was carried out to determine the photodegradation rate of humic acid as a function
of initial concentrations of HA (20, 40, 60 and 80 mg dm”™).

3. RESULTS AND DISCUSSION

3.1. Decomposition of HA during UV/ASL irradiation in the absence of a
photocatalyst
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Fig. 2. Change of absorbance of the solution of humic acid (concentration 40 mg dm™) at the
wavelength 254 nm under UV and ASL irradiation.
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In the preliminary investigations humic acid degradation in the absence of
photocatalyst was followed. Parallel blank experiment (without the irradiation of the
samples) was performed too. The changes in the absorbance at 254 nm during the 9 h
of reaction are showed in Fig. 2.

The changes in A,s4 even during the prolonged reaction periods were found to be
negligible. Absorbance decreased only by 5.3 % after 9 h of irradiation by UV lamp,
the decrease in absorbance caused by ASL was of the order of 2% only. It means that
the irradiation by either ASL or ultraviolet light is not enough to attain significant
degradation of humic acid without a photocatalyst. So the simultancous action of
irradiation and the photocatalyst — TiO, - was investigated in further work.

3.2. Adsorption of humic acid on TiO, surface

In order to investigate the effectiveness of the HAs removal in a photocatalytic
process the influence of the adsorption of HAs on titania surface on the abstraction of
HA from the solution should be determined. Tested catalyst — titanium dioxide Degussa
P — 25 has high specific surface area (50 m*g") and can adsorb quite a lot of HA. So,
the experiment was performed to test adsorption of HA on TiO, in order to conclude
which portion of HA, that disappeared from the solution, was degraded in a
photocatalytic reaction and which part was simply adsorbed on the surface.
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Fig. 3. Changes of absorbance of the HA solution (concentration 40 mg dm™) at the wavelength 254
nm in the dark due to the adsorption of humic acid on TiO, surface.
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The suspensions of P — 25 TiO, (100, 200, 500, 1000, 2000 mg dm™) in solution of HA
sodium salt (40 mg dm™) were prepared and kept in the dark for 1 hour, then the
absorbance value of the samples was measured. The results are presented in Fig. 3.

The results presented in Fig. 3 indicate that TiO, adsorbs strongly HA — more than
60% of HA was adsorbed on TiO, surface for the suspension concentration higher than
500 mg dm”. For that reason rather low concentration of TiO, was used in the
experiments (usually 100 mg dm™) and the results of the experiments were always
compared with the results obtained for samples of the same composition, kept in dark
during the same time. Another conclusion which may be drawn from the experiment
presented in Fig. 3 is that HA is composed of at least two components, one adsorbing
easily at the TiO, surface, the other one that does not adsorb at all or adsorbs to a very
limited extent.

Photodegradation reaction of such complicated compounds, as undoubtedly humic
substances are, is not possible to occur in one stage. Intermediate species formed during
degradation may desorb from the surface with some delay. So, the experiment to verify
the occurrence of desorption of HA decomposition byproducts was performed. A HA
solution of the concentration 40 mg dm™ with the addition of TiO, (100 mg dm™) was
UV and ASL irradiated through the 60 min, then for the next 3 hours stirred at the
absence of light. Absorbance of the solution was measured just after the irradiation
period and after 1, 2 and 3 hours of stirring. Results of experiments are showed in Figs
4 and 5.
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Fig. 4. UV spectra of humic acid solution (initial concentration 40 mg dm™) after 1 h of ASL
irradiation and subsequent 3 hours in the dark.
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Fig. 5. UV spectra of humic acid solution (initial concentration 40 mg dm™) after 1 h of UV
irradiation and subsequent 3 hours in the dark.

Fig. 4 and 5 showed that desorption of probable intermediate products of HA
degradation from TiO, occurred to a very low degree. After ASL irradiation the spectra
differed from each other to some extent in the wavelength range of 190 — 220 nm,
however in the case of UV irradiation no desorption might have been observed. Note
that in both cases (UV and ASL) no changes in the absorption at the wavelength 254
nm were observed.

3.3. Degradation of HA at the TiO, surface

The suspension consisting of 40 mg dm™ of HA sodium salt and 100 mg dm” of
TiO, was UV and ASL irradiated. The parallel blank test was conducted too. The
samples were irradiated 10 min, 20 min, 40 min, 60 min, 120 min and 180 min. Fig 6
shows the results of photocatalytic experiment.

After 20 min of UV irradiation 15 % decrease of A,ss was observed whereas 1 —
hour UV irradiation of HA in TiO, suspension caused nearly 50 % drop of HA
concentration. So 60 min irradiation time was selected as optimal to investigate the
degradation rate of humic acid during the photocatalytic process. The results of ASL
irradiation of the samples showed much lower decrease of absorbance - only about
18 % after 3 hour exposure to ASL. Note that almost linear dependence of absorbance
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on time was observed in the initial period of reaction. It may suggest that the rate of
decomposition reaction was controlled by the rate of the generation of reactive radicals,
not by the rate of humic acid reaction with these radicals.
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Fig. 6. Changes of absorbance at 254 nm of humic acid solution under UV and ASL irradiation at the
presence of TiO,. Concentration of photocatalyst: 100 mg dm™, concentration of HA: 40 mg dm™.

3.4. The effect of TiO, loading on the photodegradation of HA.

To begin with the study of optimal TiO, dosage it is necessary to remember that the
decrease of HA concentration in solution might be caused not only by photodegradation
reaction but also by the adsorption of HA on TiO, surface. Further, the presence of
TiO, particles in suspension causes the dispersion of radiation. At the high TiO,
concentration the penetration depth of radiation into the layer of suspension may be
limited, leaving part of the solution not irradiated. The last effect undoubtedly depends
on the cell geometry. Te decrease of the radiation intensity due to (mainly) dispersion
of light on TiO, particles is presented in table 1. So, the growth of TiO, concentration
in suspension caused not only the enhancement of degradation rate due to the increase
of the available catalyst surface area but also the increase of the HA amount adsorbed
at the TiO, surface as well as the decrease in degradation rate due to the increase in
light dispersion.

The effect of TiO, dosage on the degradation of HA was investigated for the same
initial HA concentration (40 mg dm™) and different TiO, concentrations (100, 200, 500,
1000 and 2000 mg dm®). The time of the experiment was 1 h. The results were
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compared with the absorbance values of the samples kept in the dark for 1 h and are
depicted in Fig. 7.

Table 1. Impact of TiO, presence in the cell on radiation intensity.

Conditions of the experiment Radiation

ASL uv

Empty cell, measurement above the top of the

68.8 mW cm™ 48.8 mW cm™
cell

1000 mg dm”® TiO,, 40 ml of solution,

. 10 mW cm™ 4 mW cm?
measurement above the surface of reaction
suspension
124
Absorbance of the HA solution before TiO addition
104 e A

—<o— Notirradiated
---0--- ASL irradiation
---o--UV irradiation

254

0.0 T T T T T T T T
0 500 1000 1500 2000

TiO, concentration / mg dm?

Fig. 7. Decrease of the absorbance of HA solution at 254 nm under the influence of UV and ASL
irradiation, depending on TiO; concentration in investigated suspension. Irradiation time 60 min, initial

HA concentration 40 mg dm”.

From the course of the curve recorded for UV irradiated samples it have to be
concluded that 100 and 200 mg dm™ TiO, additions gave similar results (about 45 %
conversion of HA). Dramatic increase in absorbance was noticed when the dosage of
TiO, was increased to 500 mg dm . Significant differences were also recorded between
500 mg dm” and 1000 mg dm> TiO, dosages however no further decrease of
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absorbance value was observed when the TiO, dosage was increased from
1000 mg dm to 2000 mg dm >, contrary some increase of absorbance was noticed. As
the difference between 200 mg dm™ and 500 mg dm > may be ascribed to the increased
adsorption, the increase in absorbance observed for the loading 2000 mg dm™ may
probably be ascribed to very strong dispersion of radiation by the suspension of high
concentration.

E— 1000 mg/l
,,,,,,,,,, 2000 mg/l

Absorbance

T T T T T T T T T T T 1
200 220 240 260 280 300 320
Wavelenght/nm

Fig. 8. UV spectra of the reaction mixture after 60 min of irradiation by UV light for different TiO,
concentrations (marked in the figure). Initial concentration of HA 40 mg dm™.

The UV spectra of the reaction mixture after 1 hour of UV irradiation are presented
in Fig. 8. The character of the spectrum changes, depending on the dosage of TiO,,
however it is impossible to draw clear conclusions because of the mutual influence of
adsorption and degradation reaction on the spectrum.

3.5. The influence of the initial HA concentration on the photodegradation rate of HA

The series of solution consisted of 20, 40, 60 and 80 mg dm” of HA and
100 mg dm™ of TiO, was prepared. Samples were UV and ASL irradiated for 60 min.
The results are depicted in Fig. 9 and 10. The experimental results, presented in Figs 9
and 10 again suggest that the reaction rate is limited by the rate of reactive oxygen
radicals, not by the process of their reaction with HA. Note that the amount of HA
removed from the solution was almost independent on initial concentration of HA,
except the first point, for the initial concentration of 20 mg dm where the absorbance
after reaction dropped down to zero. So, it may be stated that the reaction of the
decomposition of humic acid in our case did not followed the Langmuir — Hinshelwood
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Fig. 9. Influence of initial concentration of HA on the absorbance at 254 of HA solution, depending

on TiO; concentration in suspension. Irradiation time: 60 min.
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Fig. 10. Decreases of absorbance values of HA at 254 nm in TiO; suspension under the influence of
ASL and UV irradiation, depending on initial HA concentration (Ao — absorbance of not irradiated HA
solution, A — absorbance of irradiated HA solution). Irradiation time 60 min.
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(LH) kinetics which is usually observed in the case of many other contaminants.
Looking for the most probable explanation of that fact the very strong adsorption of HA
on the Ti0, surface must be invoked in the first instance. In the derivation of the kinetic
equation based on LH kinetics one assumes that the reaction rate is proportional to the
surface coverage of the (photo)catalyst by the substrate of the reaction. However the
results of the adsorption studies and the results of the other experiments strongly
suggest that even at rather low concentration of HA in solution the surface is covered
by the substrate in almost 100%. On the other hand it should be stated that humic acids
are composed also by the substances that do not adsorb at the TiO, surface (see Fig. 3).
The results of the experiment presented in Figs 9 and 10 suggest that those substances
are also decomposed in the photocatalytic process.

4. CONCLUSIONS

Humic substances adsorb strongly at the surface of TiO,. More than 50% of humic
acid may be removed from the solution simply by adsorption on the surface if the
concentration of TiO, in suspension is high enough. The presence of at least two types
of humic species with diverse tendency to adsorption on TiO, surface was observed.
Some part of HA does not adsorb at the TiO, surface in a measurable extent, however
both the strongly adsorbing part of humic acid as well as that part which adsorb to only
very limited extent may be removed from the solution by the photocatalytic process
using UV radiation. The energy of the artificial sunlight appeared not to be high enough
to cause the degradation of humic substances in a photocatalytic process at the TiO,
surface — at all conditions applied the rate of degradation of HA by ASL was very low.
100% removal of HA substances may be achieved even at relatively low dosage of TiO,
(100 mg dm™) if UV radiation and sufficiently long time of irradiation is applied.
However time required for the complete removal of HA from water with the use of the
photocatalyst only is relatively long. Three hours of irradiation was necessary at the
100 mg dm™ TiO, concentration in the suspension to attain almost 100% removal of
HA from solution at rather high UV irradiation intensity (48.8 mW cm?). Because
rather high yield is required in the potable water treatment it is rather doubtful if the
photocatalytic process alone may lead to the required efficiency.

The results of the experiments suggests that the process that HA decomposition does
not follow the Langmuir — Hisnshelwood kinetics and is controlled rather by the rate of
the generation of the reactive radicals in the photoexcitation process. If so, it means that
either more active photocatalyst or additional destructive component (oxidant) is needed
in the system, to speed up the process of HA decomposition. The works in both
directions are being conducted now in our laboratory.



28

[10]

[11]

[12]

[13]

[14]

[13]

[16]

[17]

(18]

J. Dziedzic, D. Wodka, P. Nowak, P. Warszynski, C. Simon, I. Kumakiri

REFERENCES

UYGUNER C.S., BEKBOLET M., Evaluation of humic acid photocatalytic degradation by
UV/VIS and fluorescence spectroscopy, Catalysis Today 101 (2005) 267-274.

MCDONALD S., BISHOP A.G., PRENZLER P.D., ROBARDS K., Analytical chemistry of
freshwater humic substances, Analytica Chimica Acta 527 (2004) 105-124.

CORIN N., BACKLUND P., KULOVAARA M., Degradation products formed during
UVradiation of humic waters, Chemosphere 33 (2), (1996) 245 — 255.

KULOVAARA M., CORIN N., Impact of UV- radiation on aquatic humic substances,
Chemosphere 33 (5), (1996) 783 — 790.

BEKBOLET M., UYGUNER C.S., SELCUK H., RIZZO L., NIKOLAU A.D., MERI S.,
Application of oxidative removal of NOM to drinking water and formation of disinfection by-
products, Desalination 176 (2005), 155-166.

MOSTEO R., MIGUEL N., MARTIN - MUNIESA S., ORMAD M.P., OVELLEIRO J.L.,
Evaluation of trihalomethane formation potential in function of oxidation processes used during
the drinking water production process, Journal of Hazardous Materials 172 (2009), 661-666.
MYNENI S. C. B.,, WARWICK T. A., MARTINEZ G. A., MEIGS G., C-Functional Group
Chemistry of Humic Substances and Their Spatial Variation in Soils,

LIUBAS D., Solar photocatalysis—a possible step in drinking water treatment, Energy 30
(2005), 1699-1710.

BEKBOLET M., OZKOSEMEN G., 4 preliminary investigation on the photocatalytic
degradation of a model humic acid, Water Science Technology 33 (6), (1996) 189 — 194.
BEKBOLET M., BALCIOGLU 1., Photocatalytic degradation kinetics of humic acid in aqueous
TiO2 dispersions: The influence of Hydrogen Peroxide and bicarbonate ion, Water Science
Technology 34 (9), (1996) 73 — 80.

BEKBOLET M., SUPHANDAG A. S., UYGUNER C. S., 4n investigation of the photocatalytic
efficiencies of TiO2 powders on the decolourisation of humic acids, Journal of Photochemistry
and Photobiology A: Chemistry 148 (2002) 121-128.

UYGUNER C. S., BEKBOLET M., 4 comparative study on the photocatalytic degradation of
humic substances of various origins, Desalination 176 (2005) 167-176.

WISZNIOWSKI J., ROBERT D., SURMACZ — GORSKA J., MIKSCH K., WEBER J. V.,
Photocatalytic decomposition of humic acids on TiO2 Part I: Discussion of adsorption and
mechanism, Journal of Photochemistry and Photobiology A: Chemistry 152, (2002) 267-273.
PALMER F.L., EGGINS B.R., COLEMAN H.M., The effect of operational parameters on the
photocatalytic degradation of humic acid, Journal of Photochemistry and Photobiology A:
Chemistry 148 (2002) 137-143.

X.Z. LI, CM. FAN, Y.P. SUN, Enhancement of photocatalytic oxidation of humic acid in TiO2
suspensions by increasing cation strength, Chemosphere 48, (2002) 453-460.

RADWAN AL-RASHEED, DAVID J. CARDIN, Photocatalytic degradation of humic acid in
saline waters. Part 1. Artificial seawater: influence of TiO2, temperature, pH, and airflow,
Chemosphere 51 (2003) 925-933.

RADWAN AL-RASHEED, DAVID J. CARDIN, Photocatalytic degradation of humic acid in
saline waters Part 2. Effects of various photocatalytic materials, Applied Catalysis A: General
246 (2003) 39-48.

UYGUNER C. S., BEKBOLET M., Photocatalytic degradation of natural organic matter:
Kinetic considerations and light intensity dependence, Int. Journal of Photoenergy, 06 (2004).



Physicochem. Probl. Miner. Process. 45(2010) 29-38 Physicqchemical Prol?lems
of Mineral Processing

journal homepage
www.minproc.pwr.wroc.pl/journal/ Index No. 32213X IS RN

Ewelina GRABOWSKA *, Hynd REMITA **, Adriana ZALESKA *,

PHOTOCATALYTIC ACTIVITY OF TiO; LOADED
WITH METAL CLUSTERS

Received March 22, 2010, reviewed; accepted May 10, 2010

TiO, was surface modified with silver, gold and platinum ion clusters to improve its photocatalytic
activity. The effect of metal content, the kind of dopant and titanium dioxide source (commercial — P25
and ST-01) used during preparation procedure on photoactivity were investigated. The photocatalytic
activity was estimated by measuring the decomposition rate of 0.21 mM phenol aqueous solution under
UV-Vis and visible (A>400 nm). The highest photoactivity was observed for TiO, loaded with silver
(2%Ag on P25), gold (1%Au on P25) and platinum (0.5% Pt on ST-01) clusters. After 60 min. of
irradiation under UV light phenol solution was degraded in 91%, 49% and 91%, respectively

keywords: photocatalysis, metal clusters, modified TiO;

1. INTRODUCTION

Photodegradation of various pollutants using semiconductors has been intensively
studied in recent years for its wide application in environmental protection. TiO, is a
very promising photocatalyst due to its strong oxidation capacity, high photochemical
and biological stability, non-toxicity and low cost [1]. Addition or doping with noble
metal, such as platinum [2], palladium [3], silver [4] and gold [5] ions allow to extend
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the light absorption of band gap semiconductors to the visible light. Noble metals could
be introduced to the surface of TiO, by various methods such as: electrolysis, chemical
reduction, UV photoreduction, y-reduction deposition from colloids or adsorption of
metal clusters [6-10].

It was proved that doping with [Pt3(CO)e]n* (n=3-10) clusters could enhance the
photoconversion yield by inhibition of the electron hole recombination [11-13].
Kowalska et al. [14] modified titania with platinum ions (Pt(II) or Pt(IV)) or clusters
([Pt3(CO)4ls). TiO, was modified with noble metals by direct surface adsorption of
Pt(IV) (PtCl,") or Pt(Il) (PtCly") in aqueous or mixed alcohol-water solutions
(metal/TiO, = 1-2% w/w). Pt salts or clusters were put into contact with TiO, under
stirring for several hours. Pt(IV) was introduced from aqueous solution (10° M) and
stirred in the dark for 3 h. Pt(Il) surface adsorption was carried out during stirring in
the dark. Platinum clusters [Pt;(CO)s]s> were used as surface adsorbates. These
clusters were synthesized by radiolytic reduction (using a “Co y-source of 3000 Ci,
dose of 800 grays) of Pt(II) in water/2-propanol solutions ( 10 M) under 1 atm of CO.
The samples obtained by Pt clusters and Pt(II) deposition at the surface of P 25
exhibited a visible light activity for phenol and Rhodamine B degradation [14].

Here, we report the preparation method and characteristics of silver, gold and
platinum modified TiO, photocatalysts. Metal clusters with controlled nuclearity had
been deposited at the TiO, surface by radiolytic reduction (using a “Co y-source of
3000 Ci, dose of 800 grays) of metal precursors (Au(Ill), Ag(l) and Pt(IV)) in
water/alcohol solutions in the presence of ligands (such as CO), surfactants or

polymers.

2. MATERIALS AND METHODS

TiO, ST-01 powder having anatase crystal structure was obtained from Ishihara
Sangyo, Japan (surface area 300 m*/g, particle size 7 nm) and P25 (70:30% anatase-to-
rutile mixture with a BET surface area of 55 + 15 m°g” and crystallite sizes of 30 nm
in 0.1 um diameter aggregates) from Degussa GmBH, Germany. 98% KAuCly, 99.5%
AgClO4 and 99% H,PtCls from Aldrich Chem. Co were used as gold, silver and
platinum source.

Ti0O,-based photocatalysts were obtained according to procedures presented by a
simplified block diagram in Figure 1. Silver and gold modified TiO, was prepared by
one-pot method. Ag-TiO, and Au-TiO, were prepared by radiolytic reduction (using a
%Co y-source) of Ag(I) and Au(Ill), in the presence of suspended TiO, in methanol
under N, atmosphere. Platinum modified titania was synthesized by a two-step method.
In the first step, platinum clusters were synthesized by radiolytic reduction (using a
%Co y-source) of Pt(I) in water/methanol under 1 atm of CO. Obtained platinum
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clusters were adsorbed at the TiO, surface. The modified TiO, photocatalysts were
separated by centrifugation and dried at 60°C.
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Fig. 1. Block diagram of Me-doped TiO, prepared by radiolysis method: (a) one-pot method (metal
clusters are reduced directly at the surface of TiO, nanoparticles, and (b) two-step method
(metal cluster reduction are followed by adsorption at the TiO, surface)
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The photocatalytic activity of the obtained powders in ultraviolet and visible light
was estimated by measuring the decomposition rate of phenol (0.21 mmol/dm’) in an
aqueous solution. Photocatalytic degradation runs were preceded by blind tests in the
absence of photocatalyst or illumination. 25 cm’ of catalyst suspension (125 mg) was
stirred using magnetic stirrer and aerated (5 dm’/h) prior to and during the
photocatalytic process. Aliquots of 1.0 cm’ of the aqueous suspension were collected at
regular time periods during irradiation and filtered through syringe filters (3=0.2 pm)
to remove catalyst particles. The suspension was irradiated using 1000 W Xenon lamp
(Oriel), which emits both UV and Vis light. To limit the irradiation wavelength, the
light beam was passed through GG400 filter to cut-off wavelengths shorter than
400 nm. Phenol concentration was estimated by colorimetric method using UV-VIS
spectrophotometer (DU-7, Beckman).

3. RESULT AND DISCUSSION

All photocatalysts obtained by radiolytic reduction of AgCIO, (0.5; 1; and 2 wt.%)
at the surface of ST-01 or P25 were pinky to violet. The samples prepared by
modification of ST-01 or P25 with KAuCly (0.5; 1; and 2 wt.%) were pinky-violet or
light grey, respectively. The samples prepared by y-radiation of H,PtCls (0.5; 1; and
2 wt.%) followed by adsorption at the ST-01 and P25 surface were creamy-grey. It was
reported that surface modification with Pt clusters caused the grey color of the sample,
possibly due to the presence of Pt’ or PtO, [15]. Sample labeling, preparation method
and coloration of the samples after metal modification are given in Table 1. For selected
samples, the size of metal aggregates was confirmed by microscopy analysis (STEM)
and equaled about 2 nm.

The photocatalytic activities of metal loaded TiO, samples were quantified in terms
of the oxidative degradation of phenol in aqueous solution under UV-Vis irradiation.
The observed reaction rate with various metal loaded TiO,, which were prepared at
metal ion concentration from 0.5 to 2 wt.%, are listed in Table 2. Under UV-Vis light
irradiation, the rate of phenol degradation in the presence of pure STO1-TiO, was
estimated to be 0.82 pmol-dm™>-min™. The observed rate was increased slightly to 1.02,
1.05 and 1.2 pmol-dm™min™ in the presence of STO1 loaded with silver and gold
clusters prepared by y-reduction of the solution containing 0.5 wt.% of Ag(I),
2 wt.% of Ag(l) and 0.5 wt.% of Au(Ill), respectively. However, the increase in
Au(IIl) concentration from 0.5 to 2 wt.% during radiolytic preparation, resulted in the
decrease on photoactivity of the obtained photocatalysts, see details in Table 2.
Platinum modified ST01 showed significantly enhanced photocatalytic activities under
UV-Vis irradiation as compared to pure STOIl. Phenol degradation rate was
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3.15 pmol-dm™-min™ for the sample Pt-ST01(0.5).

Table 1. Preparation method and coloration of the samples after metal modification

Content of metal

Sample label Metal precursor TiO, matrix  precursor Przll);;?éon Sample color
[wt. %]

Au-ST01(0.5) KAuCl, ST-01 0.5 one-pot  pink/ violet
Au-STOI(1) ST-01 1 one-pot  pink/ violet
Au-STO1(2) ST-01 2 one-pot  pink/ violet
Au-P25(0.5) KAuCly P25 0.5 one-pot  light grey

Au-P25(1) P25 1 one-pot  light grey
Au-P25(2) P25 2 one-pot  light grey

Ag-ST01(0.5) AgClO, ST-01 0.5 one-pot  light pink
Ag-STO1(1) ST-01 1 one-pot pink
Ag-STO01(2) ST-01 2 one-pot pink
Ag-P25(0.5) AgClO,4 P25 0.5 one-pot pink

Ag-P25(1) P25 1 one-pot pink
Ag-P25(2) P25 2 one-pot violet

Pt-ST01(0.5) H,PtCl ST-01 0.5 two-step creamy-grey
Pt-STO1(1) ST-01 1 two-step green
Pt-ST01(2) ST-01 2 two-step creamy-grey
Pt-P25(0.5) H,PtCl P25 0.5 two-step grey

Pt-P25(1) P25 1 two-step grey
Pt-P25(2) P25 2 two-step  deep grey
Pt-P25(1a) (NH;)4PtCl,-H,O P25 1 one-pot  green-grey

P25 - P-25 0 - white

ST-01 - ST-01 0 - white

Figure 2 shows the results of phenol degradation under UV-Vis irradiation in the
presence of Ti0, modified with platinum. All powders, prepared by radiolytic reduction
of H,PtCls followed by adsorption of platinum clusters at the STO1 surface, exhibited
higher photoactivity than pure ST-01 TiO,. The highest photoactivity was observed for
lower dopant amount (0.5 wt. %). In the presence of the sample Pt-ST01(0.5), phenol
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was degraded in 91% after 60 min of irradiation.

Table 2. Photocatalytic activity of pure TiO, and samples prepared by metal modification

Rate of phenol degradation
[umol dm™ min™]

Sample label

UV-Vis Vis

Au-ST01(0.5) 1.2 -
Au-STO1(1) 0.75 0.08

Au-STO1(2) 0.27 -
Au-P25(0.5) 1.25 0.5
Au-P25(1) 1.94 0.54
Au-P25(2) 1.53 0.52

Ag-STO01(0.5) 1.02 -

Ag-STO1(1) 0.58 -

Ag-ST01(2) 1.05 -
Ag-P25(0.5) 2.69 0.33
Ag-P25(1) 2.28 0.78
Ag-P25(2) 3.14 0.27
Pt-ST01(0.5) 3.15 1.07
Pt-STO1(1) 2.15 0.44
Pt-STO01(2) 3.09 0.19
Pt-P25(0.5) 3.45 1.42
Pt-P25(1) 3.71 0.85
Pt-P25(2) 3.64 1.15

Pt-P25(1a) 3.43 -
P25 2.0 0.55
ST-01 0.82 0.25

Degussa P25 is highly photoactive in phenol degradation under UV-Vis light. After
60 min of irradiation, 52% of phenol was degraded. The same time of irradiation
resulted in 22% of phenol degradation under visible light. P25 modified with gold
clusters revealed lower photoactivity than pure P25 both under UV-Vis and visible light
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irradiation. However, deposition of silver or platinum clusters at the surface of P25
nanoparticles resulted in higher photoactivity. Phenol degradation rate was 2.69, 2.28
and 3.14 pmol-dm™min" for the samples obtained by radiation of P-25 suspension
containing 0.5, 1 and 2 wt.%. of AgClO,, respectively.

All photocatalysts obtained by radiolytic reduction of AgClO, in the presence of
P25 showed higher photoactivity than the samples prepared with STO1. From all the
samples prepared by radiolysis reduction of platinum salts in the presence of P25, the
highest photoactivity was observed for the samples obtained by y-irradiation of 1 wt.%
H,PtClg and 1 wt.% NHj3),PtCl,-H,O solution followed by adsorption of metal cluster at
the P25 surface. Phenol decomposition rate was 3.71 and 3.43 pmol-dm™'min™ for the
sample Pt-P25(1) and Pt-P25(1a), respectively. It was observed
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Fig. 2. Photoactivity under UV-Vis light of STO1-TiO, modified with platinum clusters deposited by
radiolytic reduction of HoPtCls. Experimental conditions: C,=0.21 mM; m (TiO») = 125 mg, T=10°C,
Qair=5 I/h

Figure 3 shows the comparison characteristics of the most photoactive metal-
modified P25 samples prepared using three types of metal precursors: KAuCly, AgClO,4
and H,PtCls. All photocatalysts revealed the highest photoactivity under UV-Vis light
comparable to that of pure TiO,. Phenol degradation rate was 3.14 pmol-dm™ min™ for
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the Ag-P25(2) sample, 3.15 pmol-dm™min" for the Pt-ST01(0.5) sample, and
1.94 pmol-dm™-min™ for the AuP25(2) sample.
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Fig. 3. Photoactivity under UV-Vis light of Au, Ag, Pt-TiO, photocatalysts. Experimental conditions:
C,=0.21 mM; m (TiO2) = 125 mg, T=10°C, Q=5 I/h

Visible light activity was measured only for the samples revealed high photoactivity
under UV-Vis light. The highest photoactivity was observed for the sample prepared by
reduction Ag(I) (1 wt.%) on P25 and Pt(IV) (0.5% wt.) on ST-01 nanoparticles. Phenol
degradation rate equaled 0.78 and 1.07 pmol-dm™min" for the sample Ag-P25(1) and
Pt-ST01(0.5), while it was 0.55 and 0.25 umol-dm™min™ for pure P25 and STOI,
respectively. We did not observe any increase in photoactivity under visible light in the
case of gold surface modification of P25. All obtained powders prepared by radiolytic
reduction of KAuCly in the presence of P25 had almost the same photoactivity under
visible light (about 0.5 pmol-dm™ min™).

Among all tested Pt-TiO, samples, Pt-P25(1) showed the best both UV-Vis and
visible light photoactivity for phenol degradation. After 60 min irradiation, phenol was
degraded in 99 and 38% under UV-Vis and visible light, respectively. According to the
literature data under UV irradiation platinum acts as a charge scavenger hindering
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charge recombination. Under visible light irradiation a sensitization mechanism should
be considered such as absorption of light by platinum clusters.

4. CONCLUSION

The effect of the metal modification on the photocatalytic activity depends on the
type of metal, metal precursor concentration used during synthesis and the origin of
titania. Generally, Degussa P25 surface modified with silver, gold and platinum clusters
exhibits better efficiency in phenol photooxidation than STO1-based photocatalysts. It
was found that titania surface modification with silver and platinum enables the
increase of the photocatalytic activity both under UV and visible irradiation.
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The aim of the present work was to remove organic impurities from water using a reactor with
photoactive refill. Application of the photoactive refill solves the problem of the replacement of the
reactor or its parts when the photocatalyst activity decreases. In case of photocatalytic activity drop, only
the photoactive refill can easily be replaced. Titanium dioxide coating was immobilized on the glass
fabric as a thin layer from the alcoholic suspension followed by thermal stabilization.

The results of studies revealed that the titania coating shows a high photocatalytic potential for the
decomposition of the model organic compounds (azodye Acid Red 18, phenol and methylene blue) in
water. The coating exhibits high stability in repeated cycles of water treatment.

keywords: photocatalysis, titania coating, photoactive refill, water purification

1. INTRODUCTION

Methods used for purification of coloured wastewaters can be in general divided in
two groups: (i) chemical or physical methods and (ii) biological methods. The physical
methods include precipitation methods (coagulation, flocculation, sedimentation),
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adsorption (activated carbon, silica gels), filtration, reverse osmosis and the like.
Reduction, oxidation, ion exchange and neutralization are example chemical methods.
Biological treatment can be operated in aerobic or anaerobic conditions.

Advanced oxidation processes, especially photocatalysis, gained much interest last
years since they are able to deal with the problem of organic pollutant destruction in
aqueous systems [1-10]. Processes of the photocatalytic degradation of organic
impurities in majority operate in the systems where the photocatalyst is suspended in the
reaction mixture. However, in this case the photocatalyst should be separated from
reaction mixture after the process is completed. Removal of the catalyst from the
reaction mixture is an additional step in the process that increases its costs. Different
researchers have tried to minimize these problems by immobilizing TiO, on various
solid supports or on the reactor walls, which eliminates arduous step of separation
[11-19]. Immobilization of the photocatalyst on the reactor walls or on its other parts
shows its disadvantages when the activity of the catalyst decreases and it has to be
replaced. Thus, the better solution is to immobilize the photocatalyst on the replaceable
elements that can easily be removed and placed again in the reactor. Such supports have
the other advantage of providing a good contact of the treated medium with the
photocatalyst surface and also of allowing deeper light penetration in the reactor. A
flexible textiles seemed to be an adequate support for the photoactive titania coatings.
However, textiles are organic materials and can undergo the photocatalytic degradation
themselves.

The aim of the present work was to remove organic impurities from water using a
reactor with photoactive refill. Titanium dioxide was immobilized on the base material
as a thin layer from the alcoholic suspension followed by thermal stabilization. The
glass fabric was applied as a support for the titania coating.

2. MATERIALS AND METHODS

The commercial anatase form of titanium dioxide produced by Chemical Factory
,,Police” (Poland) was used as a photocatalyst. In order to evaluate the photoactivity of
the prepared titania coating, decomposition behavior of methylene blue (MB), phenol
and azo-dye Acid Red 18 (AR18) was studied. MB and phenol were chose since these
compounds are widely used as a model compounds in the photocatalytic studies,
whereas AR18 is commonly used azo-dye and was the subject of previous
investigations of this paper author [20-24].

The process of photocatalytic oxidation was conducted using a laboratory
installation (Figure 1) whose main component was the flow reactor (Trojan
Technologies, Canada) with a refill covered with a titania coating. The mercury lamp
emitting UV radiation in the range of 250 — 800 nm, with high maximum at 254, 436
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and 546 nm, was placed inside the reactor, in its centre. The photoactive refill was also
placed inside the reactor in such a way as to stick the inner walls of the reactor. The
photocatalyst was fixed to the glass fabric according to the following procedure. The
suspension of TiO, in ethanol was sonicated for 1 h with a frequency of 40 kHz. The
glass fabric was immersed in such prepared suspension and then dried for at 105°C.
The procedure was repeated twice. After that the coating was stabilized by thermal
treatment at the temperature of 150°C overnight. The excess of the immobilized
photocatalyst was rinsed with the water flowing through the reactor before the
photocatalytic process. The solution of organics was pumped to the reactor by
peristaltic pump from the container and than circulated through the reactor with the
flow rate of 36 dm’/h. The solution circulated in the reactor for 15 minutes without
illumination to reach the adsorption equilibrium. The adsorption onto photocatalyst
surface was low, only about 5 % (by weight).
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Fig. 1. The scheme of installation for the process of photocatalytic oxidation of MB, phenol and AR18.

The changes of reactants concentration in the solution were determined by
absorbance measurement at the maximum absorption wavelength of 664, 270
and 507 nm, respectively for MB, phenol and ARI18. (Jasco V-530
spectrometer, Japan). Total organic carbon (TOC) concentration was measured
by “multi N/C 2000 analyzer (Analytik Jena, Germany). Total dissolved solids
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(TDS) content, conductivity and pH of the solution (Ultrameter 6P, Myron L
Company, USA) were also monitored during the process.

3. RESULTS AND DISCUSSION

At the beginning of the studies, blank experiments were performed. No
decomposition occurred when an aqueous solution of studied compounds flowed
through the reactor in the dark and the direct photolysis was also negligible (0,5 —
1,5%).

Figures 2 — 4 show the changes in concentration, respectively for MB, phenol and
AR18, during the photocatalytic process. In case of all studied organic compounds, the
concentration decreased the fastest in the first 10 hours of the process performance.

In case of MB, the initial dye concentration in the solution was equal to 5 mg/dm’
and the total volume of the reaction solution was 2.5 dm’. Three consecutive tests
applying the same photoactive refill were performed (Fig. 2).
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Fig. 2. Changes in concentration of MB during the photocatalytic process
(three consecutive tests applying the same photoactive refill).

The dye concentration decreases with the time of the process. As can be seen from
Figure 2, the color removal is the highest during the first hours of the process. After
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that, the rate of color removal decelerates however a complete discoloration of the
solution was achieved. The first test was conducted until the solution was colourless
while the time of next tests was set to be 10 hours. The best results were obtained in the
first test where after 10 h of the process performance, the decrement of concentration of
MB was 94.7%. The complete discolouration of the solution during this test was
obtained in 26 hours. The next two tests also gave very good results. During the second
test, the concentration of MB decreased from 5.3 mg/dm3 to 0.68 mg/dm3 giving 87%
decrement of concentration. The third test showed similar result as the second one. Such
a good results obtained in relatively short time indicate that the photoactive refill
applied in the studies shows high photocatalytic activity and this activity is stable in the
repeated cycles of water treatment.

Figure 3 presents the changes in phenol concentration during the photocatalytic
process for three tests performed with the same photoactive refill. The initial phenol
concentration applied in the studies was equal to 20 mg/dm’ and the total volume of the
reaction solution was 2.5 dm’. During the first test, the phenol decomposition degree
was equal to 64.4% after the first S5h of the photocatalytic process and complete phenol
decomposition was obtained in 23h. In the second tests, the phenol concentration in the
solution after 10 h of illumination was a little higher comparing to the first one;
however, the third tests showed comparable time of decomposition as the second one.
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Fig. 3. Changes in concentration of phenol during the photocatalytic process
(three consecutive tests applying the same photoactive refill).
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For AR18S, the results of five separated tests applying the same photoactive refill are
presented in Figure 4. The initial AR18 concentration applied in the studies was equal
to 10 mg/dm’ and the total volume of the reaction solution was 2.5 dnr’. Similarly as for
MB and phenol, the best results were obtained in the first run. The degree of
degradation equal to 72% was achieved already after 5Sh while the degradation was
completed after 15h of the photocatalytic process. The average value of concentration
decrement after Sh of the process during the tests from 2 to 5 was about 60%.

Just as it was observed for MB and phenol, the activity of the photoactive refill
decreased after the first usage and stabilized at a certain level during the next runs.
However, starting from the sixth test, the time required for complete discoloration of
AR18 solution elongated and during the eleventh test was doubled comparing to the firs
one. Therefore, it can be stated that the lifetime of the photoactive refill amounts to
about 200 hours and after that time the refill should be replaced with a new one.
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Fig. 4. Changes in concentration of AR18 during the photocatalytic process
(five consecutive tests applying the same photoactive refill).

Except for the concentration of the studied compounds, the TOC, TDS, conductivity
and pH of the reaction solutions have also been monitored during the photocatalytic
process. Changes of these parameters give a wider picture of the organics degradation
process since they do not always undergo the complete mineralization. The degradation
of the primary structure is analytically observed as decrease in concentration but the
degradation products can still remain in the reaction mixture. Figure 5 shows the
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changes of TOC, TDS, conductivity and pH during the first test conducted with AR18
solution. The tendency of changes for the other tests conducted with AR18 and also
with MB or phenol was similar.

The TOC concentration in the reaction solution for all the studied cases was
decreasing during the photocatalytic process however a complete TOC removal was not
achieved. This indicates incomplete mineralization of the treated compounds. In order to
obtain the complete mineralization of organics leading to inorganic compounds, the time
of the photocatalytic reaction should be elongated. It should be yet noticed that the
values of TOC concentration in all the studied cases meet the legal regulation
concerning the TOC concentration in water. The values of TDS and conductivity
gradually increased during the process. This indicates the increase of dissolved
compounds and ions in the reaction mixture showing also the progressive degradation of
the initial compounds. The progressive degradation of organics was also confirmed by
pH decrease (from 6.03 to 5.56) indicating generation of such decomposition products
as carboxylic and mineral acids.
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Fig. 5. Changes of TOC, TDS, conductivity and pH during the first test with AR18 solution
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4. CONCLUSIONS

The results of the studies revealed that the titania coating shows high photocatalytic
potential for the decomposition of the model organic compounds (methylene blue,
phenol and Acid Red 18) in water. The coating prepared exhibits high stability in
repeated cycles of water treatment. The photoactive refill solves the problem of reactor
or its parts replacement necessity. The lifetime of the photoactive refill amounts to
about 200 hours and when the photoactivity decreases, only the photoactive refill can
casily be replaced. The application of glass fabric is advantageous since it is resistant to
UV radiation and on the contrary to the natural fabrics, it does not undergo any
photocatalytic decomposition.
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This paper reports the study of the photocatalytic activity of immobilized pure and boron-modified
TiO; on glass beads. In situ formation and a dip-coating technique fixing catalyst onto the support
surface was used. The photoreactor consists of a cylindrical quartz tube (i.d. 40 mm, length 100 mm)
and was packed with the immobilized catalyst. The photocatalytic activity was determined by the
degradation of phenol in water (0.21 mmol/dm®). The pure TiO; catalyst could be reused for at least 3
cycles.

keywords: Titanium dioxide,; photocatalysis, TiO,, immobilization, photoreactor

1. INTRODUCTION

Heterogeneous photocatalysis in the presence of semiconductors is a promising
technology, which decomposes and mineralizes organic contaminants in water by the
generation of radicals (OH, O,") under irradiation (Fujishima et al., 2000). TiO; is the
most widely used photocatalyst because of its high photocatalytic activity, non-toxicity
and durability (Han et al., 2009). It exhibits a band gap of 3.2 eV and thus radicals are
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formed under UV irradiation. In our previous investigation, we presented a boron-
modified photocatalyst (B-TiO,), which is active in the presence of visible light
(Zaleska et al., 2009). The photocatalytic activity was investigated in a slurry type
reactor.

Slurry type reactors are commonly used whereupon the photocatalyst particles have
to be separated by filtration, coagulation, flocculation or centrifugation achieving a
catalyst free solution and recycling the catalyst. These downstream processes are costly,
which is a reasonable limitation of using a slurry reactor on an industrial scale. To
avoid the separation step the photocatalyst has to be attached onto a support.
Immobilization and the support material influence the photocatalyst activity. The
surface area of the catalyst is minimized since the coating layer has a lower porosity
(Balasubramanian et al., 2004). It was reported that also the type of support material
influences the adsorption characteristics and consequently the decomposition rate of
pollutants (Sakthivel et al., 2002). Furthermore, immobilized catalyst showed flow rate
dependence of the reaction (Bideau et al., 1995; Kobayakawa et al., 1998). Thus, the
support should have the following characteristics (Pozzo et al., 1997): (a) transparent to
irradiation; (b) strong surface bonding with the TiO, catalyst without negatively
affecting the reactivity; (c) high specific surface area; (d) good absorption capability for
organic compounds; (e) separability; (f) facilitating mass transfer processes and (g)
chemical inert.

In view of technical application, the reactor has to be designed in the way so that
optimal irradiation of the immobilized catalyst is guaranteed and that it is operated
continuously. Several designs were proposed, like fixed bed, fluidized bed, floating bed,
coated reactor tube wall, falling film and a kind of membrane “sandwich” reactor
(Balasubramanian et al., 2004; Pozzo et al., 1997; O’regan et al., 1990).

In the present paper, both pure and doped TiO, deposited at the surface of glass
beads were used to study the efficiency of model wastewater treatment. Pure TiO, and
boron modified TiO, were immobilized at the support by in-situ formation and dip-
coating technique and the photocatalytic activity was tested in a fixed-bed photoreactor
equipped with a parabolic mirror.

2. MATERIALS AND METHODS

The following chemicals were used without further purification: titanium (IV)
isopropoxide (97%, Aldrich Chem. Co.), ethanol (POCh, 96%), boric acid triethyl ester
(99%), phenol (POCh, pure p.a.), hydrochloric acid (2M) and diluted hydrofluoric acid
(5 wt.%). The glass beads used as a support material were obtained from Metal-Chem
Sp. Z 0.0. (8 5 mm, p = 2.5 g/em’ for pure TiO,, @ 4 mm, p = 2.5 g/lem’ for B-TiO,).
ST-01 from Ishihara Sangyo, Japan (anatase, surface area 300 m*/g, particle size 7 nm)
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was used as TiO, source for boron doped photocatalyst preparation. Before coating, the
beads were etched for 24 h in diluted hydrofluoric acid, washed thoroughly with
deionized water and dried at 105 °C for 2 h. The immobilization of pure TiO, was
carried out by in situ formation of TiO, procedure similar to the method reported by
Kobayakawa et al. (1998). 30 cm’ titanium (IV) isopropoxide and 200 cm’ ethanol
were mixed with 5.4 cm’® HCL. A hydroxide sol was obtained by hydrolysis of titanium
(IV) isopropoxide. The surface modified glass beads were immersed for 10 min in the
hydroxide sol. Subsequently, they were filtrated and dried at 105 °C in an oven and
calcinated at 450 °C for 2 h. The procedure was repeated until the beads were coated
with 5 layers. Boron modified catalyst was prepared, according to the method reported
in our previous investigation (Zaleska et al., 2009). ST-01 powder was grinded with
boric acid triethyl ester in an agate mortar achieving boron content of 2 wt.%. The
obtained powder was dried at 80 °C and calcinated at 400 °C for 1 h. The resulting
powder was dispersed in deionized water achieving coating suspension with 30 g/l
catalyst. Glass beads were dipped into suspension for 10 min. After coating, they were
dried at 110 °C and calcinated at 400 °C for 1 h.

Fig. 1 shows the experimental setup used for photocatalytic measurements. The
photoreactor, made of a cylindrical quartz tube (i.d. 40 mm, length 100 mm), was filled
with TiO,-coated glass beads and positioned over an aluminum parabolic mirror. Two
liters of phenol solution (0.21 mmol/dm®) were pumped in a loop with a flow rate of
1.2 cm’/s. The TiO, immobilized photocatalyst was reused 3 times with a new stock
solution. The immobilized B-TiO, catalyst was used for a single cycle. The fixed bed
was irradiated by UV-Vis light using a 1000 W Xenon lamp (Oriel). Phenol
concentration was determined by a colorimetric method measuring the UV-Vis
absorbance with spectrophotometer (DU-7, Beckman). UV-flux was measured by UV-
power meter (Hamamatsu Photonics, measurements range: 310 nm to
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Fig. 1. Experimental setup: 1) peristaltic pump, 2) storage tank, 3) photoreactor with parabolic
mirror, 4) filter, 5) IR filter, 6) Xenon lamp, 7) power supply, 8) darkroom
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3. RESULT AND DISCUSSION

Table 1 and Fig. 2 show the change in phenol concentration vs. time profile
observed during the photocatalytic degradation in the presence of glass beads coated
with pure and boron-doped TiO,. It has been observed that the temperature of phenol
solution increased during irradiation and converged against 40 °C. The glass beads
coated with pure TiO,, prepared by sol-gel method, were used for 3 cycles. Considering
the phenol solution flow rate (1.2 cm’/s) it can be estimated that the whole volume of
wastewater solution (2 dm’) was circulated through the photoreactor almost 11 times
during one cycle of irradiation (300 min). Under the experimental conditions, the
efficiency of phenol removal in the presence of glass beads coated with pure TiO, was
30, 28 and 23% for the first, second and third cycle, respectively. Thus, the obtained
result suggests that photocatalyst obtained by deposition of TiO, at the glass beads
surface could be reused at least three times with negligible loss in photoactivity. The
mass of the coated beads was measured before the first cycle and after the third one and
the mass loss, due to TiO, removal, was 0.75g. Thus, the decrease of phenol
degradation rate is contributed to depletion of photocatalyst.

Table 1. Reaction conditions and photocatalytic activity of immobilized pure TiO, for three reactor
runs with the same catalyst beads and immobilized B-TiO, under UV-Vis irradiation

1™ cycle 2" cycle 3" cycle B-TiO,

=
) 8 © o 8 © o S ¢ - S 9 <
o T 5C T 5C T 50 T 5C
£ 2 |0 2 |0 2 |0 2 20
g -z & -z & - 5 & ~ = &
=) @] g kS g O g kS g O g kS g O g kS g
9 N N2 > g N N2 > g N N2 > g N N2 > ‘g
3] B X 239 K X 239 K X 23 & X 2
3 = 8 E = .8 E = .8 ¢g = .8 E
~ > 28 > 28 > 28 > 22

5 57 5 57 5 57 5 57
0 21  14.8 1 26 16.1 1 30 19 1 30 10.8 1
60 31 149 086 33 175 097 32 195 096 32 132 0.73
120 35 149 082 35 181 094 35 19.8 097 34 13 0.7

180 37 162 0.73 39 182 0.87 38 20.7 089 36 139 0.69

2490 38 16.1 0.71 40 183 0.79 38 20.8 0.83 38 14.1 0.68

300 39 162 07 41 183 0.72 39 21.1 077 38 13.8 0.67
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Slightly higher efficiency of phenol degradation was determined for the
photocatalyst in the form of glass beads coated with boron-doped TiO,. 300 min
irradiation resulted in 33% of phenol degradation. After one cycle, the immobilized B-
TiO, had changed its color from brownish to white and 0.23 g catalyst mass was
removed. Thus, the B-TiO, catalyst was not reused for an additional cycle. We believe
that the high loss of the catalyst is subjected to the high flow rate (72 cm*/min). In
comparison, the maximum flow rate of Kobayakawa et al. (1998) was 15 cm*/min.

—a— 15t cycle
—a—2nd cycle
—a— 31l cycle
—v—EF-TiL"I'i

Phenol concentration (¢'¢, |
=
o
=]

0 50 100 150 200 250 300
Irradiation time (mind

Fig. 2. Efficiency of phenol degradation in the presence of pure and B-TiO;
under UV-Vis irradiation

Table 2 shows that the phenol degradation efficiency in the fixed-bed photoreactor
was much lower than the efficiency, obtained for the system with suspended TiO; in the
laboratory photoreactor, as reported in our previous investigation. However, it is worth
mentioning that these results were achieved for a 10 times greater volume of an
irradiated solution. Moreover, the ratio of TiO, amount to phenol solution amount was
much lower than for the fixed-bed photoreactor system. In this regard, it was confirmed
that the fixed-bed photoreactor system with pure or doped TiO, immobilized at the
glass beads surface proved efficient for a photocatalytic reaction. The observed phenol
degradation rate per gram of immobilized B-TiO, photocatalyst was higher than for
pure TiO, supported on glass beads. The degradation rate per gram was 0.42 and
0.15 umol dm™ h' g for B-TiO, and pure TiO,, respectively.
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Table 2. Comparison of fixed-bed photoreactor system and laboratory setup for phenol oxidation
(initial phenol concentration: 0.21 mmol/dm?®, UV-Vis irradiation)

Processing Conditions Laboratory setup with

Fixed-bed photoreactor

suspended TiO,
Volume of oxidized solution [dm"’] 2 0.025
Volume of photoreactor [dmj;] 0.125 0.025
Volume of irradiated solution [dm’] 0.074* 0.025
Irradiation time [min] 300 60
Reaction conditions tempi?;}t,:r(;p;i)(r:o file isothermal
Temperature [°C] 28 —-40 10
Power of radiation source [W] 1000 1000
Mass of the photocatalyst per loading [g] ~162.2 Eg_lfrel (])E? 2) 0.125
Irradiation power per reactor volume [W/dm’] 8000 40000
Introducing gas - air
Gas flow rate [dm’/h] - 5
Rate of phenol degradation Pure TiO, 0.18 2.8
[umol-dm™ min™'] B-TiO, 0.25 2.9
Rate of phenol degradation Pure TiO, 0.15 224
per gram of catalyst
B-TiO, 0.42 23.2

[umol-dm™-min™"-g™]

*Calculated according to: Vi, = V. — Vg, where Vi, — volume of irradiated solution, ¥, — volume of
photoreactor, Vg, — volume of glass beads

The lifetime and regeneration of supported TiO, for the degradation of phenol under
UV-C light in a batch reactor was investigated by Tasbihi at al. (2007). Three type of
TiO, material using sol-gel technique were obtained: TiO, supported on glass beads,
silica gel and quartz sand. The reaction time of 6 h, an initial phenol concentration
varied from 25 to 115 mg/dm’ and 0.25 g of each photocatalyst (supported on 30 g of
different support) were chosen for each cycle. After each cycle the photocatalyst was
re-calcinated at 600°C for TiOy/quartz sand and TiOy/silica gel, while it was 700°C for
Ti0O,/glass beads. TiO, supported on quartz sand gave the highest efficiency with 90%
degradation of 50 mg/dm’ phenol solution in 6h, followed by TiO, supported on silica
gel and glass beads with 86% and 74%, respectively. The supported TiO, was found to
be stable for repeated use. Their results suggested that TiO,/quartz sand and TiO,/glass
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beads gave very good performances in the phenol degradation reaction. However, with
TiO,/silica gel, the percentage of degradation decreased to about 11% when used for the
second time. Unfortunately, they did not report if depletion of photocatalyst took place,
which might be the reason of the degradation decrease after reusing.

4. CONCLUSION

Ti0, and B-TiO, photocatalyst supported on glass beads were synthesized using in-
situ formation (sol-gel method) and dip-coating technique for pure and doped-TiO,,
respectively. The boron-doped TiO, supported on glass beads was used for the first
time in this research. Photocatalytic degradation of phenol was observed for both
immobilized catalysts. The adherence of photocatalyst has to be improved for both,
Ti0O, and B-Ti0,, since depletion was observed.
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In order to avoid large problems regarding peeling of the titania layer coated on the substrate, we
developed an epoch-making “strong titania fiber” consisting of photoactive surface layer with a
nanometer-scale compositional gradient, which can effectively oxidize any kind of organic materials. An
effective water-purification system using this fiber has been also developed. The basis of this technology
is to incorporate a selected low-molecular-mass additive (Ti(OCsHy)4) into a precursor polymer from
which the ceramic forms. After melt-spinning the resulting precursor polymer, thermal treatment of the
spun fiber leads to controlled phase separation (“bleed-out”) of the additive; subsequent calcination
stabilizes the compositionally changed surface region, generating a functional surface layer. This fiber
consists of the silica-based core-structure and the gradient-like surface titania layer, which are strongly
sintered. We also developed a water-purifier using this fiber (felt material). Any bacteria (common
bacterium, legionera pneumophila, colon bacillus, heterotrophic bacteria, and so forth) and organic
chemicals (dioxin, PCB, and so forth) were effectively decomposed into CO, and H,O passing through
the above purifier.

keywords: strong titania fiber, water purification, photocatalysis

1. INTRODUCTION

Many types of polymer-derived ceramic fibers have been developed using a
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polycarbosilane (-SiH(CH;)-CH,-), as the starting material [1-4]. Through research,
many modifications have been made to obtain much higher heat-resistant fibers [2-4].
Of these, we developed in 1998 [3] the highest heat-resistant SiC polycrystalline fiber
(Tyranno SA fiber) possessing the excellent heat-resistance up to 2000°C. This fiber
was synthesized from polyaluminocarbosilane prepared by addition of very small
amount of organic compound of aluminum, which serves as a sintering aid. Using a
polyaluminocarbosilane precursor made it easy to control the aluminum concentration
less than an upper concentration limit of the solid-soluble aluminum in the SiC crystal.
This led Tyranno SA fiber to having excellent mechanical properties (3 GPa) and
stability up to very high temperatures (~2000 °C). This fiber has very high thermal
conductivity (64 W/mK), and some applications, which require good thermal shock
resistance and high thermal conductivity, have been examined. In that time, we also
developed unique fiber-bonded ceramic (SA-Tyrannohex), which was composed of
highly ordered, close-packed structure of very fine hexagonal columnar fibers with very
thin interfacial carbon layer between fibers for creating high fracture toughness.

One of the highest heat- Thermally conductive,
resistant, SiC-polycrystalline tough ceramic
fibers (Tyranno SA fiber) (SA-Tyrannohex)

Base technology for
preparing Tyranno fiber
using polycarbosilane

T. Ishikawa, et ul, Science,
1.Ishikawe, et al, Notitre, 2 CH, 232 (1995), 1295-1297
391 (1993) 773-775 Polycarbosilane(PC): +Si—CH;
! Silica
Hehstrength

GRRRLLLL L L L

+
Strong, photocatalytic
fiber with gradient _ R i
surface structure

EEEEEEEE N,

T Ishitawa, et al, Natsire,
T 416 (2002) 64-67 Photocatalytic fiber

Fig. 1. Background of our technology
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This ceramic is one of biomimetic ceramics aiming for natural wood structure or shell
structure. Each fiber element consists of the same SiC polycrystalline structure as the
above-mentioned Tyranno SA fiber. Accordingly, SA-Tyrannohex shows steady
strength and very high fracture energy up to 1700°C in air.

Recently, using this base technology, we developed a new type of functional
ceramic fiber with gradient surface structure [6,7]. This fiber was produced from a
polycarbosilane containing an excess amount of selected low-molecular-mass additive,
which can be converted into a functional ceramic by heat-treatment. Thermal treatment
of the precursor fiber leads to controlled phase separation (“bleed out”) of the low-
molecular-mass additives from inside to outside of the precursor fibers. After that,
subsequent calcination generates a functional surface layer during the production of
bulk ceramic components. As the embodied functional material of our new process, we
developed a strong photocatalytic fiber composed of anatase-Ti0, surface structure and
silica core structure. The above-mentioned technical background is summarized in Fig.1.

Anatase-TiO, is well known as a semiconductor catalyst, which exhibits a better
photocatalytic activity by irradiation of a light with energy greater than the band gap
(3.2eV) [8]. The photocatalytic activity appears by irradiation of an ultraviolet (UV)
light with wavelength shorter than 387nm (=3.2eV). The decomposition of harmful
substances using the photocatalytic activity of anatase-TiO, has attracted a great deal
of attention [9-16]. This effect is attributed to the strong oxidant (hydroxyl radical),
which generates at the surface of the TiO, crystals by the irradiation of UV light. The
fundamental mechanism of the photocatalytic activity of titania is shown in Fig. 2.

Conduction band 02 +e-— 02 —

|

Organic chemicals
Excitation /
Decomposition

OH-— OH

Very strong 2~3 times

oxidation activity |JREQU{ZEI]
that of Cl -

TiO: (titania)

Fig. 2. Fundamental mechanism of the photocatalytic activity of titania
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At present, most research have been performed using powder material or coated
material on the substrate. Of these, powdery photocatalysts have some difficulties in
practical use [9]. For example, they have to be filtrated from treated water. Coated
photocatalysts on the substrate cannot provide sufficient contact area with harmful
substances [9]. In addition, coated layer is easily peeled off from the substrate during
usage. In order to avoid those problems, other types of research concerning fibrous
photocatalysts have been conducted [10]. However, up to the present, a combination of
excellent photocatalytic activity and high fiber strength has not been achieved using sol-
gel method or simple polymer-blend [17,18]. According to the aforementioned new
process, we achieved the development of a new photocatalytic, strong (2.5 GPa) and
continuous fiber with small diameter (5~7 x m), namely, a type of titania-dispersed
silica-based fiber with a sintered anatase-TiO, layer on the surface. The surface
gradient layer composed of nanoscale TiO, crystals (8 nm) was strongly sintered and
exhibited excellent photocatalytic activity, which can lead to the efficient decomposition
of harmful substances and any bacterium contained in air and/or water by irradiation of
UV light. In this paper, the abovementioned photocatalytic fiber produced by our new
in situ process and its actual applications are described.

2. SYNTHESIS OF OUR NEW PHOTOCATALYTIC FIBER

Polytitanocarbosilane containing an excess amount of titanium alkoxide was
synthesized by the mild reaction of polycarbosilane (-SiH(CH;)-CH,-), (20 kg) with
titanium (IV) tetra-n-butoxide (20 kg) at 220 °C in nitrogen atmosphere. The obtained
precursor polymer was melt-spun at 150 °C continuously using melt-spinning
equipment. The spun fiber, which contained excess amount of unreacted titanium
alkoxide, was pre-heat-treated at 100 °C and subsequently fired up to 1200 °C in air to
obtain continuous, transparent fiber (diameter: 5~7 1 m). In the initial stage of the pre-
heat-treatment, effective bleeding of the excess amount of unreacted titanium (I'V) tetra-
n-butoxide from the spun fiber occurred to form the surface gradient layer containing
large amount of titanium (I'V) tetra-n-butoxide. During the next firing process, the pre-
heat-treated precursor fiber was converted into a titania-dispersed, silica-based fiber
covered with gradient titania (our photocatalytic fiber). The fundamental concept of the
new production process for our photocatalytic fiber is shown in Fig.3.

Figure 4 shows the surface appearance and the cross section of our photocatalytic
fiber. As can be seen from this figure, the surface of the fiber is densely covered with
nanoscale anatase-TiO, particles (8 nm), which are strongly sintered with each other
directly or through with amorphous silica phase.
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Fig. 3. Fundamental concept of our photocatalytic fiber
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Fig. 4. The surface and cross-section of our photocatalytic fiber

The thickness of the surface TiO, layer is approximate 100~200 nm. The tensile
strength of this fiber as measured by a single filament method was 2.5GPa on the
average using an Orientec UTM-20 with a gauge length of 25 mm and cross-head speed
of 2 mm/min. This mechanical strength is markedly superior to that of existing photo-
catalytic TiO, fibers (<1GPa), which were produced by a sol-gel method [17] or using
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polytitanosiloxanes [18]. The high strength of our photocatalytic fiber is closely related
to the dense structure without pores, which is caused by its higher firing temperature
compared with other TiO, fibers.
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Fig. 5. The crystalline structure of titania along with the relationship between titania and silica
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The photocatalytic activity of our fiber is caused by the anatase-titania on the
surface of each fiber. It is well known that anatase-titania converts to rutile at
temperatures ranging from 700°C to 1000°C [16]. In particular, pure nanocrystalline
anatase easily converts to rutile at lower temperature (~500°C) [20]. In our case (firing
temperature: 1200°C), it is thought that the surrounding silica phase caused the
stabilization of the anatase phase. At the interface between titania and silica, atoms
constituting titania are substituted into the tetrahedral silica lattice forming tetrahedral
Ti sites [21]. The interaction between the tetrahedral Si species and the tetrahedral Ti
sites in the anatase is thought to prevent the transformation to rutile. Figure 5 and 6
show the crystalline structure of titania along with the relationship between silica and
titania, and phase diagram for the titania-silica phases, respectively.

3. APPLICATION OF OUR PHOTOCATALYTIC FIBER

We developed a water-purifier for pollutants using a felt material made of the
aforementioned photocatalytic fiber (Fig.7). The average intensity of UV light on the
photocatalytic fibers should be 10mW/cm® to obtain the good decomposition activity.

Cartridge

1k P

Both fiber and system have
been already patented.

Fig. 7. Water-purifier using our photocatalytic fiber

This is a very simple purifier with a module composed of the cone-shaped felt
material (made of our photocatalytic fiber with a very high quantum efficiency (~40%)
[19]) and UV lamp. Purification of water of collective bathtubs and swimming pools
was performed using this purifier. The muddiness of the pool water was remarkably
improved (Fig.8) by the passage through the purifier. Organic filth and chloramines
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also decreased after passage through the purifier.
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Fig. 8. Purification of the pool-water by the purifier using our photocatalytic fiber

In addition, many bacteria (common bacterium, legionera pneumophila and
coliform), which existed in the initial bath water, were effectively decomposed into CO,
and H,O. The experimental data on the sterilization of legionera pneumophila is shown
in Fig.9.
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Fig. 9. Sterilization of legionera pneumophila by the purifier using our photocatalytic fiber
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As shown in figure 9, the legionera pneumophila were perfectly decomposed by
single passage through the water-purifier using our photocatalytic fiber. In this case, the
retention time for the single passage through the purifier was only 5 s. Although this
time may seem too short, it is sufficiently long compared with the lifetime of hydroxyl
radical (10 s). Each oxidation reaction ought to proceed within the aforementioned
lifetime of hydroxyl radical. Accordingly, the decomposition reaction can be
accomplished like this, as long as the number of photons is sufficient during the passage.

The result on the decomposition of colon bacillus by our photocatalytic fiber
irradiated by UV light is shown in Fig.10 along with the comparison data obtained by
only UV irradiation.

* irradiation: 2 54nm (12mWent)
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Fig. 10. Decomposition of colon bacillus using our photocatalytic fiber

As can be seen from this figure, use of our photocatalytic fiber led to effective
decomposition of colon bacillus accompanied by the generation of carbon dioxide. On
the other hand, irradiation of UV light alone resulted in the many dead bodies of colon
bacillus with no apparent decomposition. A damaged colon bacillus is shown in Fig.11.
Although almost all of colon bacillus was perfectly decomposed into carbon dioxide and
water, some residual bacteria were also remarkably damaged. This type of
decomposition reaction proceeds on the surface of the photocatalytic fiber when colon
bacillus contacts each fiber irradiated by UV light.
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-
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Initial state After single passage

Almost all of the colon bacillus are perfectly decomposed
accompanied by the generation of CO, gas.

Fig. 11. Damaged colon bacillus after single passage through the purifier
using our photocatalytic fiber

Fundamentally, this can be applied to purification system of any kind of organic
chemicals. Figure 12 shows the result of the field test on decomposition of dioxin.
Dioxin is one of many persistent organic pollutants (POPs). It has been recognized that
the perfect decomposition of POPs is very difficult. However, the use of our
photocatalytic water-purifier enables the oxidation of dioxin into carbon dioxide and
water. This result is caused by the oxidation activity of hydroxyl radical generated on
the surface of our photocatalytic fiber irradiated by the UV light.
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Fig. 12. The result of the field test on decomposition of dioxin
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By the effective formation of the anatase-titania on the surface of each fiber, our
photocatalytic fiber can show the excellent decomposition activity of any kind of
organic chemicals. Figure 13 shows the result of a purification test of the water
containing bacillus subtilis, which is covered with hard shell out of the body. Our
purifier enabled to decompose the shell structure by only single passage. From the
result obtained without UV irradiation, it is found that the decrease in the number of
bacillus subtilis was not caused by filtration.

Figure 14 shows evidence that the hard shell of the bacillus subtilis was actually
damaged by contacting our photocatalytic fiber irradiated by UV light.

It is well known that botulinus and anthrax are a variety of the aforementioned
bacillus subtilis. And this type of bacteria hardly diminished by boiling water or
chlorine. Accordingly, the water-purifier using our photocatalytic fiber is found to be
very effective for avoidance of this type of hazard.
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Fig. 15. Danger of the outlet water from the active carbon filter

Regarding drinking water, you are also endangered if you use common water-purifier
containing some active carbon filter. In the active carbon filter, lots of bacteria can
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propagate. We detected the number of heterotrophic bacteria in the outlet water from
the active carbon filter (Fig.15). As can be seen from this result, there are found to be
tremendous number of heterotrophic bacteria in the outlet water from the active carbon
filter. This is very dangerous for people. Even such water could be perfectly purified by
the use of our photocatalytic purifier (Aquasolution: AQ in Fig.15).
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This dangerous phenomenon was also confirmed in the field of medical water.
Figure 16 shows the changes in the number of bacteria in the purification system for
preparing the water for dialysis. Active carbon filter is used in this system. In this case,
a tremendous number of bacteria were detected in the outlet water from the active
carbon filter. However, after a single passage through our photocatalytic purifier behind
the active carbon filter, all of bacteria were decomposed.

As can be seen from the aforementioned information, we need to reconsider the use
of active carbon filter, which is often believed to be a safe purification system. In fact,
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active carbon filter should be recognized as a kind of breeding zone of bacteria. In order
to avoid such dangerous situation, the photocatalytic purification system must be very
effective.

Furthermore, we have also confirmed the effective purification of the water for
rinsing mouth or tooth-grinder in the dental systems.

4. SUMMARY AND CONCLUSION

On the basis of a precursor method using a polycarbosilane, we developed a new
in situ process for preparing functional ceramic fibers with a gradient surface layer.
This process treated a polycarbosilane containing an excess amount of selected low-
molecular-mass additives, which can be converted into functional ceramics by heat-
treatment. Thermal treatment of the precursor fiber leads to controlled phase separation
(“bleed out”) of the low-molecular-mass additives from inside to outside of the fiber.
After that, subsequent calcination generates a functional ceramic fiber with a gradient
surface structure during the production of bulk ceramic components. As the embodied
functional ceramic fiber, we developed a strong photocatalytic fiber composed of a
surface gradient titania-crystalline layer and a silica-based core structure. This fiber
showed an excellent photocatalytic activity, that is to say, the very high quantum
efficiency (~40%) and a decomposition ability of organic chemicals and any kind of
bacteria, and so forth, by irradiation of UV light. Very tough bacteria such as bacillus
subtillis and anthrax, which are covered with hard shell and hardly decomposed by
chlorine or boiled water, can be also effectively decomposed by our photocatalytic
purifier. Our system has been successfully applied to purification of many types of
water in wide fields.
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The application of photo-catalysis combined with membrane filtration for the oxidation of humic
acid substances (HA) which is one of the major natural organic matters (NOMs) is discussed in this
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1. INTRODUCTION

Natural organic matter (NOM) is a major cause of colour and odour in potable
water. Moreover, the combination of NOM and chlorine, a common additive in potable
water, has been pointed out to be a source of possible formation of carcinogens [1,2].
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While more than 90% of NOM can be removed by membrane filtration or by
coagulation, removing small concentrations of NOM, especially small to medium size,
with reasonable cost and efficiency is a challenging task.

Photo-catalytic oxidation has a potential as a process to remove small to
medium sized NOM. Table 1 shows examples of photo-catalytic oxidation of humic
acid (HA), which is one of the major components of surface water and often represented

as NOM.
Table 1. HA decomposition by photo-catalysis

HA TiO, Degradation ¢
Feed conc. conc. pH rate constant 12 ref.
(mgL) | (g/L) (10° min)y | ™0
HA from 50 025 | 6.5+0.5 0.83 84 | [3]
river

HA salt from

Aldrich 50 0.25 6.5+0.5 1.60 43 [3]
HA (Aldrich)

in sea water 40 1 4.5 2.6 [4]
with air flow
HA (Aldrich)

in sea water 40 1 4.5 4.1 [4]

with oxygen flow

Photo-catalysts are often applied in powder form dispersed in water [5,6]. In such a
case an extra task to separate the photo-catalyst from the treated water is required.
Powdered catalyst may not be preferred in the application of potable water treatment,
as remaining photo-catalysts can be a health concern.

Photo-catalysts immobilized on/in substrates offer an alternative to powders.
Various materials, such as polymers, inorganic materials, are used as supports [7,8].
The configuration of immobilized photo-catalytic system can be classified into either
flow-over reactors [9-11] or flow-through (filtration) reactors [12] as show in Figure 1.
A higher photo-catalytic surface area per volume of the reactor combined with
sufficient light supply to the catalysts will reduce the module size in both cases.

Flow-through reactor is a configuration where NOM removal can be achieved not
only by the photo-oxidation properties but also by the sieving properties of the photo-
catalytic substrates. Fouling is reported as one of the major difficulties in membrane
filtration with NOM containing solutions [13]. The application of photo-catalytic
oxidation may clean the membrane surface and avoid fouling during the filtration.
Photo-catalytic oxidation may be enhanced by additional chemicals in some cases [14].
Membrane contactor has been an alternative configuration that opens for an efficient
addition of helping agents to the reaction field [15].
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Fig. 1. Various photo-catalytic reactor configurations:

a) Flow-over reactor: water flows over a photo-catalytic substrate and organics in the water are oxidized
during the contact with the substrate

b) Membrane filtration combined with photo-catalysis: The photo-catalytic substrate is porous and water
permeates through it due to overpressure on the feed side. Organics in water are oxidized not only by
flowing over the photo-catalytic substrate but also by permeating through it. Organics are also
removed by the sieving property of the substrate. The concentration of organics in the retentate may
decrease depending on the operating conditions.

¢) Membrane contactor combined with photo-catalysis: Water flows over the photo-catalytic substrate.
Helping agents, such as oxidants, can be supplied from the other side of the membrane.

In this study, application of a photo-catalytic membrane filtration to HA
removal is studied. The operating conditions for a possible removal of HA are estimated
based on theoretical models. Cross flow filtration with TiO, membrane is performed
under UV to remove HA.

1.1..Models
1.1.1 Membrane filtration

Kedem-Katchalsky described the membrane transport as follows [16]:
J,=L,(AP—o0-Ar)
Jy=PC,-C)+(1-0)C,J,

In the case of pure water permeation, the equation above is simplified to:
J, =L,AP

In this model, the membrane performance is represented by three parameters: L,, o
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and P. These parameters are independent on the operating conditions, while flux
through the membrane and the ability to remove the solute from the solution changes
with e.g. an increasing pressure at the feed side.

The pore model relates the membrane morphology to the permeation and the
separation properties of the membrane [17]. Cylindrical pores and spherical molecules
are assumed in this model:

L, = (r} I8u)(A, / AY)
0=1-S,{1+(16+9)q>}
P=D-S,(A,/Ar)

where,
rS
q e ——
rP
S, =(1-9)*R-(1-¢)?}
Sp,=>1- ‘])2

If solute is either partially or fully rejected during membrane filtration, the
concentration of the solute at the membrane surface becomes higher than its
concentration in the bulk at the feed side. This phenomenon is called concentration
polarization.

Concentration polarization can be estimated by taking the material balance in the
boundary layer [18]:

J,C-D4 = J C,

Under the boundary conditions (x =0: C =Cy, x =0; C =C,,), the equation above
becomes:

The mass transfer coefficient, k, in the boundary layer can be estimated from the
flow conditions:
dk

Sh EE
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Sherwood number (Sh) is described as follows in case of a turbulent flow [19]:
S, =0.023R**7§%%

where;
u
R =PM a5 =
M pD
For typical operating conditions such as 4000<Re<10000, the mass transfer
coefficient will vary in the range of 2 to 5 (10° m s™). In this study, k value is estimated
to be 3.5 (10° ms™).
The size of HA (1) is assumed to be 5.4 nm by using the diffusivity value reported

[20] and by applying the Stokes equation: 7, = KT . Note that the size distribution
671D
of HA is not taken into account in this study.
Target application is potable water treatment, which solution contains very low HA
concentration, such as <1 mg/l. The Van’t Hoff equation is applied to estimate the
osmotic pressure in the estimation.

1.1.2. Photo-catalytic oxidation combined with membrane filtration

The following assumptions are made to examine the possible operating conditions
for photo-catalytic membrane filtration:

e  The membrane has sieving abilities at the surface

e  Oxidation of non-sieved organics occurs during the permeation through the
photo-catalytic layer

e  The photo-catalytic layer has cylindrical pores with thickness of 10um where
light source can penetrate through and photo-catalysis does not affect the water
permeation through the membrane

. C
Photo-catalysis is often described by the first order equation: In C—’ = —Kt. Contact
0
time, t, is estimated as a function of the inverse of flux through the membrane:
A4, -Ax
Jy

2. EXPERIMENTAL

Photo-catalytic membranes were prepared by depositing commercial photo-catalysts
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(ST-01, Ishihara Sangyo LTD) on porous a-alumina disks (Keranor @ 38 mm). 25 pg/l
of sodium HA salt (Sigma Aldrich) was used as feed solution. Three black light lamps
(8W, main wave length: 350nm) were combined and used as light source. All the
experiments were performed at room temperature. Concentration change of HA
solutions during the treatment was measured by UV-vis analysis (Shimadzu, UV-1800).

Membrane filtration tests were performed under cross-flow filtration conditions with
a flow rate of 1 I/min. Both pure water flux and HA solution flux through the
membrane were measured. The measurements were performed at increasing pressure.
After reaching the maximum pressure, the pressure was reduced to the minimum value.
The flux was measured several times to confirm the steady state.

3. RESULTS AND DISCUSSION

3.1. Membrane filtration combined with photo-catalysis

Figure 2 shows the maximum possible removal of HA with a variety of ratios
between the membrane pore size and HA size. The estimated pore size based on the
average HA size is also included in the figure. When the membrane pore size is smaller
than the size of HA, HA will not permeate through the membrane and a 100% removal

Pore size (nm)
1 27 13 9 5.4

00— 02 04 o6 08 1

q (rs/rn)

Fig. 2. Potential of HA removal as a function of the membrane pore size
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(o = 1 in the figure) will be
achieved. On the contrary, the
degree of removal will depend on
the pore size of the membrane
with pore size larger than the size
of HA. For example, 50% of HA
can potentially be removed with a
membrane having pores 170%
larger than the size of HA.

Oxidation of HA during the
permeation through membrane is
one potential application of photo-
catalysis combined filtration.
Figure 3 illustrates the HA
concentration  decrease  after
passing through the membrane.
The change is shown as the ratio
of concentration in the permeate
solution (C;) and in the feed
solution (C;). Both conventional
membrane filtration and photo-
catalysis combined filtration with
various kinetic constants are
illustrated in Figure 3. Kinetic
constants are varied from k= 0.01
to 0.1, are of similar order as the
value for HA oxidation reported
in Table 1. Figure shows
membranes with three different
pore sizes.

HA concentration in the
permeated solution is high under
low flux through membrane and
becomes lower when increasing
the flux that will be achieved by
applying higher pressure. This
tendency is observed as the
contribution of permeation by
diffusion becomes smaller with
increasing volume fluxes, as
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results from the Kedem-

2 : : : Katchalsky  equation.  The

- concentration polarization
e sl | (Co/C)) becomes higher with
increasing flux and  with
~ increasing  sieving  property.
1 ! ! ! When about 90% of the HA is
removed by filtration

o8 (C5/Ci<0.1), the concentration

of HA at the membrane surface
can be more than 1.5 times

q=09 4 higher than the concentration in
ey the bulk feed. An increase of the
-— K 0.01)]] HA concentration may enhance
:Zﬁgg'gg the adsorption of HA onto the
—K©O.1) membrane and might cause a

permeation resistance layer. The
combination of photo-catalysis
: : with membrane filtration can

P 13 5 1.5 2 reduce the HA concentration in

JA0 m m s ) the permeated solution.The
contribution of photo-catalytic

Fig. 3. HA concentration as a function of flux oxidation wvaries with the
through membrane operating conditions and the

membrane pore
size. This contribution becomes significant at low membrane fluxes, hence when the
contact time between HA and photo-catalyst is long at low flux conditions. With kinetic
constant K>0.05, the photo-catalytic filtration can prevent the increase of HA
concentration in the feed due to the contribution of the diffusion. Low flux condition
requires low pressure at the feed side that can reduce housing and  operation costs.
Photo-catalytic membrane filtration may be an alternative for small scale treatment.

On the contrary, the influence of photo-oxidation is almost negligible at high fluxes,
e.g> 1x10° m’/m*s (>0.9 m’/m*day). Under such conditions, the HA removal is
mainly determined by the membrane pore size.

Even though the kinetic constant is 5 to 10 times faster than assumed, it is not
enough to treat large volume flux solution.

Another potential advantage of combining photo-catalysis and membrane filtration is
the self-cleaning ability of the membrane surface during filtration [21]. Figure 4 shows
HA removal property and flux as a function of the overpressure between the feed side
and the permeate side. The flux in HA filtration at 0.2 bar overpressure was almost the
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same as pure water flux, suggesting that fouling is negligible under these conditions.
Flux in HA filtration becomes smaller than in the case of pure water flux at
overpressures higher than 0.4 bar. The decrease suggests a formation of a permeation
resistance layer. After reaching the maximum pressure, the differential pressure was
reduced back to 0.2 bar. The flux was smaller compared to the starting value as shown
with closed keys in the figure. The flux measured by reducing the pressure shows a
linear change with the pressure difference, suggesting a stable permeation resistance.
Fouling caused by HA seems irreversible. The membrane surface after filtration was
red due to the adsorbed HA, which was difficult to remove by standard washing with
water. Although, the feed contains very dilute HA and operation conditions were in low
flux conditions, HA fouling is much stronger than the ability to oxidise HA by photo-
catalysis under black lamps. Stronger light sources may improve the self-cleaning and
reduce the fouling effect but it may increase the operation cost.
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Fig. 4. HA cross-flow filtration under UV light
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The photo-catalyst had some influence on the flux. Figure 5 shows the change of
flux through the membrane under a stable operating pressure. The flux increased to
about 120% almost instantly after applying UV light on the membrane surface. The
increase in flux may be due to a change of the surface properties, such as becoming
more hydrophilic. The flux did not change in dark after UV radiation for about 30 min.
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Fig. 5. Flux through the membrane in dark conditions and under UV light exposure (the pressure
difference across the membrane (AP) was maintained at 0.2 bar)

4. CONCLUSION

Combining photo-catalysis with membrane filtration has a potential to improve the
HA removal rate wunder low flux (low pressure) conditions such as
<0.2x 10" m’ m™® s . Photo-catalysis has not significant influence on the HA removal
with membranes having a flux larger than 1 x 10° m’ m™ s ™'. Photo-catalytic oxidation
needs to be improved to eliminate fouling caused by HA during filtration. Photo-
catalytic surface increases the flux through the membrane by applying UV light.
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NOMENCLATURE

J, [m’ m™s™']: Volume flux through the membrane

J [mol m™s™]: solute flux through membrane

AP [Pa]: Pressure difference across the membrane

Am [Pa]: Osmotic pressure difference across the membrane
C, [mol m™]: Average solution concentration
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C; [mol m™]: Solution concentration in the feed

C, [mol m™]: Solution concentration over the membrane at feed side
C; [mol m™]: Solution concentration in the permeate

» [m's™-Pa’']: Pure water permeability

[-]: Reflection coefficient

[m-s"]: Solute permeability

T o~

1, [m]: Pore size of the membrane
1s [m]: Solute size
A [-]: Pore opening ratio
Ax [m]: Thickness of the membrane
Ps s]: Viscosity of water
m”]: Density of water
']: Mass transfer coefficient
: Reynolds number
-]: Schmidt number
: Sherwood Number
-s™]: Diffusion coefficient
K [s]: Rate constant
t [s]: Contact time
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A simple and economic method of synthesis of silver colloid nanoparticles with controlled size is
presented. By reduction of [Ag(NH;)2]" complex in sodium dodecylsulfate (SDS) micellar solution with
three various reducing agents (hydrazine, formalin and ascorbic acid) the nanoparticles were produced
with size below 20 nm. The average size, size distribution, morphology, and structure of particles were
determined by dynamic light scattering (DLS), scanning electron microscopy (SEM), and UV/Visible
absorption spectrophotometry. The influence of the reducing agent on the size of silver particles,
fraction of metallic silver and their antimicrobial properties is discussed. In particular, the reduction of
silver complex by hydrazine resulted in silver nanoparticles with size below 20nm. They showed high
activity against Gram-positive and Gram-negative bacteria (lab isolated strains), and clinical isolated
strains including highly multiresistant strains such as Staphylococcus epidermidis, Staphylococcus
aureus and Pseudomonas aeruginosa.

keywords: silver, nanoparticles, antimicrobial properties, MIC.

1. INTRODUCTION

Development of new, effective and low cost antimicrobial agents has been an object
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of research activity of many groups due to build-up of resistance of microbial
organisms to traditional antibiotics. It is well known that silver-based compounds are
highly toxic to microorganisms. Silver (Ag) has been known for its antibacterial activity
since the times of ancient Greece (Silver et al., 1996). It is currently used to control
bacterial growth in a variety of applications, including dental work, catheters, and burn
wounds (Crabtree, et al., 2003, Catauro, et al., 2004). Recently, silver nanoparticles
(Sondi, et al., 2004, Morones, et al., 2005, Baker, et al., 2005). as well as various
silver-based compounds containing ionic silver (Butkus, et al. 2003, Chen, et al., 2005)
exhibiting antimicrobial activity, have been synthesized. Silver-containing materials and
coatings with antimicrobial activity can be used: in medicine to reduce infections in
hospitals, in burn treatment, as well as to prevent bacteria colonization on prostheses,
catheters, vascular grafts, dental materials, stainless steel materials (Bosetti, et al.,
2002, Gauger, et al., 2003, Gosheger, et al., 2004, Rupp, et all., 2004, Strathmann,
et al., 2004, Ohashi, et al., 2004, Ulkur, et al., 2005, Parikh, et al., 2005, ). Fibers
containing silver nanoparticles can be used to eliminate microorganisms on textile
fabrics (Yuranova, et al., 2003, Jeong, et al., 2005) . Silver nanoparticles also exhibit a
potent cytoprotective activity toward HIV infected cells (Sun, et al., 2005). Reducing
the particle size of materials is an efficient tool for improving their bioactivity.
Therefore, it is a role of nanotechnology to help overcoming the limitations in the size of
efficient particles, which can contribute to the positive change in the public awareness
regarding that science in general (Mirkin, et al., 2000). Numerous methods of
preparation silver nanoparticles have been developed (Matijevic, 1993, Gutierrez ,
et al.,, 1993, Nickel, et al., 2000, Leopold, et al., 2003, Khanna, et al., 2003, Sondi,
et al., 2003). The most widespread method of synthesis of silver nanoparticles is based
on the chemical reduction of a silver salt solution by a reducing agent. In
polysaccharide method, Ag nanoparticles are prepared using water as an
environmentally benign solvent and polysaccharides as a capping agent, or in some
cases, as both a reducing and a capping agent (Raveendran, et al., 2003). In Tollens
method, a synthesis using a Tollens process was used to form silver particles with
controlled size in a one-step process. The basic reaction in this process involves the
reduction of a silver ammoniacal solution using saccharides (Yin, et al., 2002, Saito,
et al., 2003). In that way films with colloidal silver particles ranging from 50 to 200
nm, or silver hydrosols with particles in the order of 20-50 nm, were obtained. Ag
nanoparticles can be successfully synthesized by irradiation. For example, laser
irradiation (Nd3+-YAG 500nm) of an aqueous solution of Ag salt and surfactant can
fabricate Ag NPs with a well-defined shape and size distribution (Abid, et al., 2002).
No chemical reducing agent is required in this method. Silver nanoparticles can be also
formed by biological method, i.e., extracts from bio-organisms may act both as
reducing and capping agents. Reduction of Ag" ions was done by combinations of
biomolecules found in these extracts such as enzymes/proteins, amino acids,
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polysaccharides, and vitamins (Shankar, et al., 2002, Gardea-Torresdey , et al., 2003,
Jagadeesh, et al., 2004, Collera-Zuniga, et al. 2005, Shankar , et al., 2005, Richardson
, etal., 2006, Li, et al., 2007, Vigneshwaran, et al., 2007, Xie, et al., 2007, Wu, et al.,
2008, Sharma, et al., 2009).

The aim of our work was to develop simple and effective method of synthesis of
silver nanoparticles with well-defined size and to verify their antimicrobial activity on
the series of Gram-positive and Gram-negative bacteria (standard strains and clinical
isolated strains including highly multiresistant strains such as Staphylococcus
epidermidis, Staphylococcus aureus and Pseudomonas aeruginosa). Our work was
concentrated on the chemical reduction method and the effect of reducing agents,
hydrazine monohydrate, formalin and ascorbic acid, on the size and antimicrobial
activity.

2. MATERIALS AND METHODS

2.1. Materials

Silver nitrate (pure p.a.), ammonia (25% w/w aqueous solution pure p.a.), ascorbic
acid -AAC (pure p.a.) and formalin -F (36-38% pure p.a.) were purchased from POCH
Gliwice Poland. Sodium dodecyl sulfate —SDS (>90%) and hydrazine monohydrate —H
(purum, >98.0% ) were purchased from Sigma-Aldrich. All materials were used
without further purification. Distilled water used in all experiments was obtained with
the three-stage Millipore Direct-Q 3UV purification system.

Table 1. The components of Ag 3ds, core excitation for the studied systems.

System Component A Component B
BE (eV) Ratio (%) BE (eV) Ratio (%)
Ag/formalin 368.2 81.1 369.3 18.9
Ag/hydrazine 368.2 90.2 369.8 9.8
monohydrate
Ag/ascorbic acid 368.0 78.0 369.3 22.0

Microorganisms used in this study were as follows: Gram-positive bacteria:
Staphylococcus aureus ATCC 4163, Staphylococcus aureus  ATCC 25923,
Staphylococcus aureus ATCC 29213, Staphylococcus aureus  ATCC 6538,
Staphylococcus epidermidis ATCC 12228, Bacillus subtilis ATCC 6633, Bacillus
cereus ATCC 11778, Enterococcus hirae ATCC 10541, Micrococcus luteus ATCC
9341, Micrococcus luteus ATCC 10240 and clinical isolates of Staphylococcus
epidermidis and Staphylococcus aureus (MSSA and MRSA strains), Gram-negative
rods: Escherichia coli ATCC 10538, Escherichia coli ATCC 25922, Escherichia coli
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NCTC 8196, Proteus vulgaris NCTC 4635, Pseudomonas aeruginosa ATCC 15442,
Pseudomonas aeruginosa NCTC 6749, Pseudomonas aeruginosa ATCC 27853,
Bordetella bronchiseptica ATCC 4617 and hospital isolates of Staphylococcus
epidermidis, Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli.
Bacterial strains were obtained from the collection of the Department of Pharmaceutical
Microbiology, Medical University of Warsaw, Poland.

Table 2. Antimicrobial activity of Ag nanoparticles suspensions and antibacterial drug -
ciprofloxacin against standard bacterial strains: Minimal Inhibitory Concenteration (MIC). pg/ml)

Strain Compound H F Ciprofloxacin
Staphylococcus aureus ATCC 4163 20 80 0,5
Staphylococcus aureus ATCC 25923 20 80 0,5
Staphylococcus aureus ATCC 6538 20 80 0,5
Staphylococcus aureus ATCC 29213 20 80 0,5
Staphylococcus epidermidis ATCC 12228 10 40 0,5
Bacillus subtilis ATCC 6633 20 80 <0,125
Bacillus cereus ATCC 11778 20 80 1
Enterococcus hirae ATCC 10541 80 80 4
Micrococcus luteus ATCC 9341 5 40 2
Micrococcus luteus ATCC 10240 5 40 1
Escherichia coli ATCC 10538 10 40 <0125
Escherichia coli ATCC 25922 10 40 <0,125
Escherichia coli NCTC 8196 10 40 <0,125
Proteus vulgaris NCTC 4635 10 40 <0,125
Pseudomonas aeruginosa ATCC 15442 10 40 0,5
Pseudomonas aeruginosa NCTC 6749 10 40 0,5
Pseudomonas aeruginosa ATCC 27853 10 40 1
Bordetella bronchiseptica ATCC 4617 10 40 1

2.2. Synthesis of silver nanoparticles.

Colloidal silver particles were synthesized by the reduction of [Ag(NH;),]" complex
with hydrazine monohydrate, formalin and ascorbic acid in micellar solution of sodium
dodecyl sulfate - SDS. The initial concentrations of the reaction components were 107
mol/L for AgNO; and 0.1 mol/L for SDS. SDS used in our experiments was of
technical grade (90%), so the ammonia was added to obtain clear and transparent
solution of [Ag(NH;),]", to prevent AgCl precipitation. Reducing agent (hydrazine
monohydrate, formaline, ascorbic acid) was added to the reaction system in one step
during stirring at 200 rpm, in ratio 1:1 (without excess of reducer). Reduction was
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initiated in several minutes after addition of the reducing agent. Reactions were
performed at room temperature (20-25 °C).

2.3. Characterization of silver nanoparticles

Size (hydrodynamic diameter) of silver nanoparticles was determined by DLS
(Dynamic Light Scattering) using Zetasizer Nano Series from Malvern Instruments
with the detection angle of 173° in optically homogeneous square polystyrene cells. All
measurements were performed at 25°C. Each value was obtained as average from three
runs with at least 10 measurements. The zeta potential of silver nanoparticles was
measured by the microelectrophoretic method using Malvern Zetasizer Nano ZS
apparatus. Each value was obtained as an average from three subsequent runs of the
instrument with at least 20 measurements. Microscopic SEM (scanning electron
microscope) observations of silver nanoparticles were performed with a JEOL JSM-
7500F, Field Emission Scanning Electron Microscope. UV/VIS absorption spectra of
the silver colloids were acquired by using Analytik Jena AG - SPECORD® 40
spectrophotometer. The chemical composition of the particles was determined by X-ray
Photoelectron Spectroscopy (XPS). Prior to analysis, the drop of suspension containing
particle was deposited on the pure Au foil surface, dried at room temperature in low
vacuum then transferred to the analysis chamber. The measurements were performed in
the ultrahigh vacuum (3-10™"° mbar) system equipped with hemispherical analyzer (SES
R 4000, Gammadata Scienta).

Table 3. Antimicrobial activity of Ag nanoparticles suspension H against clinical strains of
taphylococcus epidermidis and Staphylococcus aureus (MRSA — methicillin-resistant, MSSA —
methicillin-susceptible): Minimal Inhibitory Concentration (MIC, pg/ml)

S.epidrmidis | MIC fm‘ﬁ’gi’;s MIC fﬁ’s'g‘ii'f MIC
311/08 25 | 27508 | 10 | 256/08 | 10
315/08 25 | 27708 | 10 | 261/08 | 10
316/08 25 | 306008 | 10 | 26708 | 10
317/08 25 | 30708 | 10 | 26809 | 10
318/08 2,5 | 30908 | 10 | 26908 | 5
340/09 25 | 32908 | 10 | 33808 | 10
341/09 5 35509 | 5 | 33908 | 10
342/09 5 356/09 | 10 | 36709 | 10
343/09 5 35709 | 10 | 36909 | 10
377/09 5 376/09 | 10 | 37209 | 10
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The unmonochromatized Mg Ko, X-ray source of incident energy of 1253.6 eV was
applied to generate core excitation. The spectrometer was calibrated according to ISO
15472:2001. The energy resolution of the system, measured as a full width at half
maximum (FWHM) for Ag 3ds, excitation line, was 0.95 eV. The spectra were
processed by CasaXPS 2.3.12 program. The calibration was performed for carbon C 1s
core excitation at electron binding energy (BE) of 285 eV taken as an internal standard.
In the spectra, the background was approximated by a Shirley profile. The spectra
deconvolution into a minimum number of the components was done by application of
the Voigt-type line shapes (70:30 Gaussian/Lorentzian product). The analysis depth of
9 nm allowed sampling of the particle volume.

2.4. Antimicrobial properties

To eliminate influence of SDS and some by-products of reduction reaction on
antimicrobial properties, silver colloid nanoparticles were dialyzed 4 times using
distilled water. Reference solution (water taken after last dialysis) didn’t show
antimicrobial activities. During dialysis of silver nanoparticles reduced by ascorbic acid
aggregation process was observed. Suspension of silver nanoparticles were tested in
vitro for their antibacterial activity using standard and clinical strains of Gram-positive
and Gram-negative bacteria.

Table 4. Antimicrobial activity of Ag nanoparticles suspension H against clinical strains o
Pseudomonas aeruginosa and Escherichia coli: Minimal Inhibitory Concenteration (MsIC, pg/ml)

P. aeruginosa MIC E. Coli MIC
6m 5 ML1 2.5
7m 5 ML3 2.5
10m 5 ML5 2.5
I11m 5 ML6 2.5
12m 5 MLS 2.5
16m 5 ML9 2.5
18m 10 ML12 2.5
22m 10 ML15 2.5
23m 5 ML16 2.5
31m 5 ML17 5

Clinical strains were isolated from different biological materials of patients
hospitalized in one of the Warsaw Medical University Hospitals. Minimal Inhibitory
Concentrations (MIC) were established by the twofold serial agar dilution technique
using Mueller—Hinton II agar medium (Becton Dickinson), according to CLSI
guidelines (Clinical and Laboratory Standards Institute, 2006). Concentrations of silver
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nanoparticles suspensions reduced by hydrazine monohydrate (H) and by formalin (F)
in solid medium ranged from 80 to 1,25ug/ml, concentrations of silver suspension
reduced by ascorbic acid (AAC) ranged from 8 to 1,25ug/ml. The final inoculum of
bacterial strain was 10* CFU/mL (colony forming units per mL), except the final
inoculum for E. hirae ATCC 10541, which was 10° CFU/mL. Minimal inhibitory
concentrations were read after 18 h of incubation at 35 °C.

3. RESULTS AND DISCUSSION

Figure 1 demonstrates examples of size distributions of silver suspensions obtained
using different reducing agents.
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Fig. 1. Size distribution of silver nanoparticles measured by DLS reduced with a) formalin b)
hydrazine monohydrate c) ascorbic acid.
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One can see that the average size of nanoparticles, 4 nm, was practically not
influenced by the type of the reducing agent, hydrazine monohydrate, formaline and
ascorbic acid. Therefore, size and stability of the particles was controlled by addition of
surfactant - sodium dodecylsulfate (SDS). We found that optimal concentration of SDS
in reaction system was ~0.1 mol/L and the average size of nanoparticles, as measured
by DLS, was in the range of a few nanometers. SEM micrograph (Fig.2) illustrates
silver nanoparticles reduced with hydrazine monohydrate, which were deposited on
opposite charged latex particles. The size of the observed particles, below 20nm, is in
agreement with the values obtained by DLS. Zeta potential of Ag nanoparticles was
negative (c.a. -60mV) due to SDS presence at their surface and slightly increases by
c.a. 10mV after dialysis due to removal of excess of SDS.

— 100nm JEOL

X 100,000 15.0kV SEI SEM WD 7. 3mm

Fig. 2. SEM micrograph of silver nanoparticles reduced with hydrazine monohydrate deposited on
oppositely charged Latex particles.

The suspension of 1600 ppm of silver was stable for a year. In the case when
ascorbic acid was used as reducer stability of nanoparticles at that concentration was
much lower and we observed aggregation in a few minutes after preparation of the Ag
suspension. To obtain stable suspension with ascorbic acid we used 10 times lower
concentration of [Ag(NH;),]". In this concentration (160ppm) suspension of silver
nanoparticles was stable for a year.

In the UV/VIS absorption spectra (Fig. 3) of silver particles, synthesized using
various reducing agents, narrow surface plasmon absorption peaks at the wavelengths
390-420 nm were observed. That confirms the nanocrystalline character of the particles
(Schneider, et al., 1994) and the low degree of their polydispersity.
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Colloids containing particles larger than 100 nm, possess a uniform light absorption at
longer wavelengths, a characteristic feature of metal particles of such size. The XPS
measurements of the dried Ag suspensions allowed determining of the electronic states
of silver in the obtained suspensions. The sample XPS spectrum of Ag 3d core
excitation for Ag particles synthesized with the use of hydrazine is shown in Figure 4.
This spectrum was deconvoluted into 2 components, where the component A at BE of
368.2 eV was assigned to metallic silver (Moulder, et al., 1992). The other fitting
component (B) showed unexpectedly high BE of 369.8 eV that can be related either to
the presence of Ag nanoparticles (Shin, et al., 2004) or to silver bonded to organic
species [46]. However, the most probable state can be assigned to the peak B is silver
immersed in or covered by an organic matrix (Majid, et al., 2003, Shin, et al., 2004,
Lim, et al., 2006). The XPS spectra obtained for other systems (Table 1) showed also

Intensity (arb. units)

S o
Binding Energy (eV)

Fig. 4. The Ag 3d core excitation spectrum for Ag Hydrazine monohydrate sample.

two components of the Ag 3d core excitation. The XPS analysis suggests that hydrazine
monohydrate used in the particle synthesis results in the lowest amount of the organic-
bonded silver fraction. The reduction by ascorbic acid and formaline produces twice as
organic-bonded silver as in the case of hydrazine monohydrate. The results of
antibacterial tests (MIC) are summarized in tables 2-4. These results demonstrate that
silver nanoparticles reduced with hydrazine monohydrate and formalin (suspension H
and F) were active against Gram-positive and Gram-negative bacteria. Very good
activity was observed for suspension H, MICs values of standard bacterial strains were
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between 5 and 20 pg/ml. Suspension F showed good activity (MICs 40-80 pg/ml). On
the other hand silver suspension reduced with ascorbic acid (concentration of silver 10
times lower) was inactive against tested strains due to aggregation process during
dialysis. The next step of antimicrobial test was the evaluation of activity of silver
nanoparticles H against clinical isolates of Gram-positive and Gram-negative bacteria:
Staphylococcus  epidermidis,  methicillin-resistant and  methicillin-susceptible
Staphylococcus aureus, Pseudomonas aeruginosa and Eschericha coli. Species of
these bacteria are a biofilm-forming important human pathogens, responsible for a
many nosocomial infections. Silver suspension H exhibit very high activity against
hospital strains of Staphylococcus epidermidis and Escherichia coli (MICs values
between 2,5 and 5 ug/ml), and good activity against Staphylococcus aureus, both
methicillin-susceptible and methicillin-resistant strains, and Pseudomonas aeruginosa
(MICs 5-10 pg/ml).

4. CONCLUSION

Simple and effective method of synthesis of silver nanoparticles with well-defined
size and antimicrobial activity was demonstrated. The method was based on the
chemical reduction of silver nitrate by reducing agents, hydrazine monohydrate (H),
formalin (F) and ascorbic acid (AAC). Size and stability of obtained silver
nanoparticles was controlled by presence of surfactant - sodium dodecylsulfate (SDS).
The average size of nanoparticles as measured by DLS and SEM micrograph was
below 20nm. The UV/VIS absorption spectras of silver particles confirmed the
nanocrystalline character of the particles synthesized using various reducing agents.
The XPS analysis showed that hydrazine monohydrate used in the particle synthesis
results in the lowest amount of the organic-bonded silver fraction. Antimicrobial tests
demonstrated that silver nanoparticles reduced with hydrazine monohydrate and
formalin were active against Gram-positive and Gram-negative bacteria. The best
activity was observed for suspension reduced with hydrazine monohydrate; MICs
values of standard bacterial strains were between 5 and 20 ug/ml. On the other hand
silver suspension reduced with ascorbic acid (AAC) was inactive against tested strains
probably due to aggregation process during dialysis. Nanoparticles reduced with
hydrazine monohydrate also showed high activity against clinical isolated strains,
included highly multiresistant strains such as Staphylococcus epidermidis,
Staphylococcus aureus and Pseudomonas aeruginosa. The received silver
antimicrobial agents can be proposed as an alternative strategy for reducing bacterial
adhesion and to prevent bacterial bio-film formation.
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1. INTRODUCTION

Heterogeneous photocatalysis is an economically alternative and environmentally
safe technology of advanced oxidation processes (AOP) for removal of organic
impurities from water. During that process, the semiconductor illuminated by light of
the proper wavelength absorbs light and generates active species, which oxidize the
organic compounds dissolved in water. The most popular and promising material for
this application is TiO, because of its high physical and chemical stability, non-toxicity
and low price [1]. However its main drawbacks of low quantum yield and limited
photoresponse range (< 380 nm) hinder its application and commercialization [2]. To
handle those problems researchers have adopted numerous strategies, including phase
and morphological control, doping, sensitizations and semiconductor coupling [3-15].
Recently there has been a great interest in the photoelectrochemical properties of
nanostructured TiO, films such as photovoltaic [16-17], photocatalytic [18], optical
[19] and water splitting ability [2]. Further, several researchers reported that
modification of the TiO, surface with metals, like Pt, Fe, Ag, Au and Pd is promising as
a tool to enhance the photocatalytic activity of TiO, and to increase the quantum yield
[20-23]. In particular, silver nanoparticles deposited on TiO, substrate (Ag/TiO,) have
attracted significant attention because of non-toxicity of the metal with remarkable
catalytic and antibacterial activity [24-30]. Moreover silver is particularly suitable for
industrial applications due to its relatively low price and the ease of preparation when
compared to other metals. Activity of those materials has been tested with many organic
compounds like organic dyes [31,32], phenols, ketones [25], carboxylic acids [33] in
solid - liquid as well as in solid - gas systems. In that kind of reactions the Ag/TiO,
composite showed usually higher activity than bare titania. The most common and
promising methods of Ag/TiO, preparation, which make possible approaching the
system of high efficiency and low cost are sol-gel [34, 35], PRT [36,37] and CVD [38]
ones.

The aim of this work was the determination of the influence of decomposed
substrates on the photocatalytic activity of titanium dioxide modified by silver
nanoparticles. The composites were synthesized from organic silver salt (silver acetate).
The application of acetate in the PRT reaction allowed synthesizing metallic
nanoparticles without any additional reducers (sacrificial reagents). In such
photoreaction process the organic anion causes reduction of silver cations to the
metallic state. It makes that kind of synthesis simple, fast, relatively cheap and makes
possible obtaining pure composites without any impurities what is a big advantage
when compared to reduction of AgNO; [39-41]. The Ag/TiO, photocatalysts containing
silver particles in two silver concentration (1.0 and 2.1 wt%) were tested in
decomposition of selected organic compounds: formic acid (FA), rhodamine B (RhB)
and methylene blue (MB) [42]. Results recorded for silver modified titania were
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compared with pure P25.

In this paper we would like to take a special note on the photosensitization effect
occurring for organic dyes on pure titania and antagonistic effect, the decrease of the
Ag/Ti0, composite activity due to the specific interaction of the dye with silver.

2. EXPERIMENTAL

2.1. Materials and reagents

TiO, (P25, 25% rutile and 75% anatase) was kindly supplied by Evonic-Degussa.
Silver acetate, 99.99% metals basis was purchased form Sigma-Aldrich. Formic acid
(FA, 98.0% p.a.) and methylene blue (MB) were obtained from Fluka. Potassium
thiocyanate (99.0%, p.a.), nitric acid (65.0%, p.a), rhodamine B and silver nitrate (p.a)
were purchased from POCh Gliwice.

All reagents were used as received without further purification. Deionized water of
Millipore Direct Q UV quality was used in all experiments.

2.2. Preparation of Ag/TiO,

The Ag/TiO, nanocomposites were prepared by a photoreduction treatment (PRT).
The suspensions (40 ml) were prepared by mixing P25 powder (1 g) with different
volumes of CH3;COOAg aqueous solution (0.05 M) and deionized water. Then
suspension was sonificated for 10 minutes, agitated (300 rpm) and finally irradiated
with a high pressure xenon arc lamp (250 W) for 1 hour in quartz flat bottomed cell.
The resulting Ag/TiO, nanocomposites were recovered by filtration, rinsed with
deionized water several times and finally dried at 40 °C in the dark. The composites
were prepared for following Ag/TiO, ratios (%) in the synthesis mixture: 2 and 20. The
analysis of real silver concentration in composite was performed using Volhard titration
method, after digesting composite in nitric acid. In the further text the real concentration
of silver, expressed in wt% is given.

2.3. Material Characterizations

The scanning electron microscopy (SEM) images and EDXS analysis were
performed with a JEOL JSM-7500F Field Emission apparatus operated at 15 kV. The
samples were analyzed without any surface treatment.

The X-ray Photoelectron Spectroscopy (XPS) and X-ray excited Auger Electron
Spectroscopy (XAES) measurements were performed using an XPS spectrometer
equipped with a hemispherical analyzer (R4000, Gammadata Scienta) using MgKa
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(1253.6 V) radiation. The power of the X-ray source was 240 W and the analyzer pass
energy was 100 eV, corresponding to a full width at half maximum (FWHM) of 0.9 eV
for the Ag 3ds, peak. The area of the sample analyzed was approximately 3 mm’. The
powder samples were pressed onto indium foil and mounted on a dedicated holder. In a
case of Ag/TiO, suspensions, the drop of liquid sample was dried on the gold sheet
surface and then analyzed. The binding energy (BE) was calibrated using Cu, Au and
Ag foils as reference materials, according to ISO 15472:2001 procedure.

The Brunauer—Emmett-Teller (BET) surface area of the powder samples was
determined with a QuantaChrome Autosorb-1 instrument. The surface area of the
samples was obtained from nitrogen adsorption isotherms after outgassing for 18 hours
at the temperature of 20°C.

2.4. Photodegradation experiments

Stirrer
Temperature ,_,:
—-
SENSOr
55 |
[
Suspension of
Quariz cell 4§ photocatalyst

Cooling water inlet

—-

A

bbbt

Light source

Fig. 1. The scheme of the quartz flat bottomed photoreactor.

The photooxidation experiments were performed in two quartz flat bottomed
reactors of the same volume as for the preparation of the composite (40 ml). In the first
reactor the halogen lamp (150 W, Philips) was used as an artificial sunlight (ASL)
source, in the other one, dedicated for ultraviolet, the high pressure xenon arc lamp
(250 W, Optel) was applied. Both lamps were used without any cut-off filters, except
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the layer of cooling water flowing below the bottom of the cell. The cell illumination
was monitored by the radiometer Radiometer RD 0.2/2/100 (Optel). The distance
between the source and the sensor was about 25 cm for ASL and 15 c¢cm for UV light
and the illumination area was 16.3 cm’. The irradiation intensity at the bottom of an
empty reactor was 68.8 mW/cm® for ALS and 48.8 mW/cm® for UV source. The
photocatalyst suspensions were stirred during the experiments in both reactors with a
mechanical stirrer at a constant rate of 300 rpm. During all experiments the
temperature in the reactor was stabilized at 25+0.5°C (Fig. 1).

After the photocatalytic experiment three samples of suspension were taken from the
reactor, subjected to 25 min of centrifugation at 15000 rpm to separate TiO, and
analyzed for the contaminant concentration. The concentration changes of different
contaminants were determined by UV-VIS spectrophotometery (Analytik Jena —
Specord 40). The most characteristic wavelength of maximum light absorption was
chosen for all contaminants. After preliminary experiments the following photocatalyst
and contaminant concentrations as well as irradiation times were chosen for testing the
activity of the Ag/Ti0, composites, as shown in Table 1.

Table 1. The experimental parameters of the photodegradation experiments.

Contaminant RhB MB FA
Ccontaminant 3x10° M 3x10° M 2x10° M
Chhotocatalyst 500 mg/1 100 mg/1 500 mg/1

Irradiation time 20 min 20 min 60 min
Analytical wavelength 555 nm 665 nm 208 nm

The contaminant concentrations were selected to fit the spectrophotometer
absorbance range up to A = 3. The percentage of the decomposed contamination was
calculated using following equation (1):

A, —A
%decomp :(OA)IOO’ (%) (1)

0

where Aq — is the initial absorbance of the suspension (before irradiation) and A is
the suspension absorbance after irradiation.

Obtained results showed photocatalytic activity, when the effect of adsorption was
eliminated by differential measurement between the reference kept in the dark and the
sample illuminated during the same time. Figure 2 shows the process of sample
preparation to the spectrophotometric measurement. Stability of decomposed
contaminant was checked in a blank experiment without the photocatalyst. After 1h
illumination under ASL and UV light the photodecomposition effect was negligible for
all used substrates.
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Fig. 2. The process of sample preparation to the spectrophotometric measurement.

3. RESULTS AND DISCUSSION

3.1. Adsorption effect and photocatalytic activity

Table 2. Adsorption effect registered for different substrates.

Adsorption on pure . .
Substrate Time [h] Adsorption on Ag/TiO,, %
P25, %
1.5 3.1 40.4
3 1.6 40.3
MB
6 1.7 41.4
12 1.5 40.2
1.5 1.7 6.9
3 1.0 8.9
RhB
6 1.2 9.0
12 0.9 9.5
1.5 33 1.9
FA
3 1.7 1.0

In the first stage of the experiments the adsorption of investigated substances on
Ti0O, and Ag/TiO, composites was determined (Table 2). The adsorption was expressed
as the % decrease in the concentration of the contaminant in relation to the initial

concentration after various times of contact.
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Significant adsorption of both RhB and MB on Ag/TiO, composite was observed,
but the decrease of concentration of FA was very low and similar for TiO, and
composite. Note that none of the investigated compound adsorbed in a significant
degree on pure TiO,.

As the first model contaminant rhodamine B (RhB) was used. In the case of 2.1 wt%
Ag/Ti0,, after UV illumination (Figure 3) RhB got degraded by only 12 % more than
in the case of pure P25. ASL light illumination of the silver enriched titania showed no
effect on RhB oxidation (1.0 wt% sample) or even some decrease of the reactivity (2.1
wt% sample).

[ After ASL irradiaton [ After UV irradiation
1 ¥ 1 L) 1

70

Rhodamine B

20 ...

10 4

% of decomposed contamination

P25 1.0 wt% Ag/P25 2.1 wt% Ag/P25

Photocatalyst

Fig. 3. Photocatalytic degradation of RhB on the pure P25 and silver modified photocatalyst

Methylene blue was also tested. For that compound a decrease of the photoactivity
of Ag/Ti0, as compared to pure TiO, was observed under ASL and UV irradiation.
Note that decrease of the photoactivity is roughly proportional to the silver
concentration on the P25 surface (Figure 4).

The same photocatalytic tests as for RhB and MB were performed for formic acid.
Significant increase of activity for Ag modified sample, as compared to pure TiO, was
observed in the case of UV irradiation (Figure 5). In the case of ASL irradiation of the
composites containing 1.0 and 2.1 wt% of Ag the decomposition of FA was practically
negligible. The increase of silver concentration to 2.1 wt% resulted in significant
increase of the FA degradation under UV irradiation when compared to 1 wt% of Ag.
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Fig. 4. Photocatalytic degradation of MB on the pure P25 and silver modified photocatalyst.

[ After ASL irradiaton [l After UV irradiation
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Fig. 5. Photocatalytic degradation of FA on the pure P25 and silver modified photocatalyst
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3.2. XPS analysis

The chemical composition of Ag/TiO, composite before the photocatalytic tests was
analyzed by the XPS method (Table 3, 4). The chemical state of silver in the composite
was obtained by analysis of Ag 3d core excitation and Auger spectrum (XAES). The
Ag 3d peaks of all composite samples were slightly asymmetric. Good fit was obtained
when two doublets were applied in the spectrum fitting procedure. The exemplary
spectrum of the just prepared composite is shown in Figure 6.

Table 3. XPS, and EDXS analysis of Ag/TiO, — 2.1 wt% composite freshly synthesized,
A —ratio of the intensity of the Ag 3d emission line that may be ascribed to metallic silver,
B — ratio of the higher BE component .

Ag 3ds; (A) Ag 3ds;; (B) Ag LyNysNis o XPS
Ag/Ti

BE (eV) | % BE (eV) % V) V) g/
367.7 | 782 368.6 218 358.4 726.1 0.081

Intensity (arb. units)

378 376 374 372 370 368 366 364
Binding Energy (eV)

Fig. 6. The deconvoluted spectrum of Ag 3d core excitation obtained for Ag/TiO, composite (2.1 wt%).

The electron binding energy (BE) of the most intense peak (A) was found in the
range of 367.5-368.0 eV for all studied samples. The Auger parameter (o’= Ag 3ds;
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(BE) + Ag L4Ny4sNys (KE)) showed values above 725 eV. Analysis of Ag 3ds, BE and
o’ parameters showed that metallic silver is main silver species present in the composite
[43]. Additionally, because the BE of the Ag 3d core excitation depends on the particle
size [44, 45], the presence of the second peak (B) at BE of 368.5-369.2 ¢V in the XP
spectra suggests that part of silver at the TiO, surface forms nanoparticles.

Table 4. Silver concentration in 1.0 and 2.1 wt% Ag/TiO, composites obtained
by XPS and EDXS analysis.

EDXS
XPS measurements
measurements
Sample

Ti at% Ag at% Ti at% Ag at%

XPS XPS EDXS EDXS
Ag/TiO; 1.0 wt% 96.0 4.0 98.2 1.8
Ag/TiO; 2.1 wt% 92.5 7.5 96.1 39

XPS analysis allowed calculation of the Ag to Ti atomic ratio (Table 4). The XPS
analysis depth for Ag and TiO, was estimated to 5.2 and 7.4 nm, respectively [46]. The
results showed that surface occupied by silver nanoparticles proportionally increase
with the concentration of silver in composite. It means that applying higher
concentration of silver salt during synthesis do not trigger the agglomeration or
nanoparticles growth. This result was confirmed by EDXS analysis (Table 4) although
lower values of the Ag/Ti were found. The EDXS analysis depth is much larger
comparing to the XPS, it can approach 1 um. Taking above into account it may be
stated that Ag clusters/nanoparticles decorate the TiO, surface.

3.3. SEM and EDXS analysis

Figure 7 presents the SEM images obtained for the Ag/TiO, composite containing
1.2 wt% of the silver nanoparticles. The image 7a shows morphology of the composite.
In Figure 7b, the back-scattered electrons (BSE) were used to obtain the SEM image
sensitive to the larger atomic number (Z). In this picture, the bright spots were
identified as the silver nanoparticles. Most of the Ag particles show rather low diameter
(up to 20 nm) although there is a small number of relatively large particles (more then
50 nm). The titanium and silver concentrations in the EDXS analyzed points (Fig. 7b)
are collected in Table 5. The Ag concentration shows nonuniform distribution over the
sample that varies from 1.67 to 5.24 wt%.



Influence of the decomposed substrates on the photocatalytic activity ... 109

100mm TmOZ
X 200,000 15.0kV COMPO SEM WD 8.1lmm

Fig. 7. SEM (a) and BSE (b) images of Ag/TiO, composite (1.2 wt%)

Table 5. Distribution of Ag nanoparticles

Spectr. 1 |Spectr. 2| Spectr. 3 [Spectr. 4| Mean |Std. dev.|Max. | Min.
Spectrum
Weight%
Ti 94.8 98.2 98.3 97.7 97.2 1.7 98.3 |194.8
Ag 5.2 1.8 1.7 23 2.8 1.7 52 | 1.7

3.4. Analysis BET

The surface area obtained for 2.1% Ag/TiO, (49.4 m’/g) was smaller then for pure
P25 (56.6 m*/g). Probably silver nanoparticles are deposited in the cracks and holes of
agglomerates of TiO,.

4. DISCUSSION

Interpretation of the organic dyes behavior in the photodecomposition reactions
requires the consideration of the photosensitization effect. In the case of RhB
degradation photoactivity increased with the increases in silver concentration slightly
and only under UV irradiation (see Figure 3). On the other hand silver composites under
ASL light illumination showed no effect on RhB oxidation (1.0 wt% of Ag) or even
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some decrease of the reactivity (for 2.1 wt% sample). That behavior can be, at least
partially, explained by the occurrence of photoinduced activation (photosensitization
mechanism) [17]. Organic dye adsorption modified photocatalyst surface and shifted
TiO, light absorption to the visible region what increased activity due to wider light
spectrum available. The photosensitization is correlated with the effective surface area
of Ti0,. Thus the composites with larger amount of silver have smaller active area due
to the surface blocking what results in the decrease of activity. In the case of UV light
photosensitization mechanism is not so important because the excitation energy is high
enough to initiate the photocatalytic process. So, the synergic influence of the silver
nanoparticles and titania substrate is stronger than photosensitization effect caused by
organic dye which resulted in the increase of photocatalytic activity under UV
irradiation. Note, that because photosensitization occurs on bare TiO, surface both
effects (photosensitization and activation by Ag) interfere with each other. So, in the
case when sensitization plays an important role in the photocatalytic process the
influence of activation by depositing metal particles on the surface would be masked in
the systems where photosensitization occurs.

In the case of MB the decrease of photoactivity were observed under both ASL and
UV irradiation when silver was deposited at the surface. Besides the influence of
photosensitization this behavior can be explained by blocking of the silver surface by
MB due to the creation of Ag-S bond between sulfur atom contained in MB molecule
and the surface of silver, which results in poisoning of silver containing composites. So,
that part of the surface of TiO, which is occupied by silver becomes inactive.
Therefore, the more silver at the TiO, surface the stronger surface poisoning and the
stronger decrease of the photocatalytic process efficiency. Strong adsorption of MB at
the surface of silver was confirmed by adsorption measurements. The rate of MB
decomposition on TiO, was generally very high, much higher then in the case of RhB
which is evidently due to the photosensitization effect.

Elimination of the photosensitization mechanism was done by applying colorless
substrate, FA. Photodecomposition of that compound in the presence of Ag/TiO,
composited showed significant increase of activity under UV irradiation (see Figure 5).
It means that decomposition of FA could be possible only under UV light irradiation, so
the pure photodegradation mechanism was observed only for FA.

4. CONCLUSIONS

The Ag/Ti0, composites containing various concentrations (1.0 and 2.1 wt%) of the
silver nanoparticles on the titania surface were tested as a potential photocatalyst for
the removal of organic contaminations from water. It was proved that small amount of
silver nanoparticles (2.1 wt%) greatly increase photocatalytic activity, this effect
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depends however on the substrate studied. The Ag/TiO, composite showed oxidation
activity significantly higher than pure P25 in the case of FA. However for RhB the
activity of the composite was only slightly higher than the activity of pure TiO, and in
the case of MB bare P25 was slightly better than the obtained composite. According to
our opinion the difference between dyes and other substrates is caused by the
interference of the photosensitization effect which neutralizes the influence of silver. So,
it may be concluded that organic dyes, commonly applied as testing substances in
photocatalytic experiments may not be recommended as testing species in the case of
surface-modified titania. What is more, substrate containing sulfur in the molecule
could deactivate Ag/TiO, composite.
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system of water/AOT/cyclohexane. The photocatalytic activity of the catalysts was estimated by
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1. INTRODUCTION

Titanium (IV) oxide nanoparticles is one of the most studied semiconductors for
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photocatalytic degradation of hazardous and toxic organic pollutants, solar energy
conversion, disinfection and self-cleaning coatings. However, the pure TiO, has wide
band gap and can only be excited by a small UV fraction of solar light and thus this
practically limits the use of sunlight or visible light as an irradiation source in
photocatalytic reactions on TiO,.

For the purpose of overcoming these limitations of TiO, and to enhance the
photocatalytic activity response into the visible part of the spectrum, the surface
modification of TiO, with various noble metals [1,2,3], transition metals [4,5,6] or non-
metallic elements [7,8] have been widely investigated.

The role of loaded metal is trapping and subsequent transfer of photoexcited
electrons on TiO, surface. The metals deposited or doped on TiO, have the high
Schottky barriers and thus act as electron traps, facilitating electron—hole separation
and promotes the interfacial electron transfer process. Bamwenda et al. compared the
photocatalytic activity of Au-TiO, and Pt-TiO, nanoparticles in process of hydrogen
generation. The maximum hydrogen production yield was observed for platinum- and
gold-modified titanium (IV) oxide nanoparticles containing 0.3-1 wt% and 1-2 wt % of
noble metal respectively [9]. For the preparation of self-cleaning coatings and water/air
filters for reduction the spread of infections and improve the hygienic conditions the
silver-doped TiO, nanoparticles have been widely investigated.

Hamal et al. reported the preparation and characterization of highly active in visible
light new nanoparticle photocatalysts based on silver, carbon and sulfur-doped TiO2.
They found that Ag/(C, S)-TiO2 nanoparticle photocatalysts degrade the gaseous
acetaldehyde 10 and 3 times faster than commercial TiO, (P25, Degussa) under visible
and UV light, respectively [10]. In recent years, Degussa P25 TiO, has set the standard
for photoreactivity in environmental applications. Degussa P25 is a nonporous 70:30%
anatase-to-rutile mixture with a BET surface area of 55+ 15 m%/g and crystallite sizes
of 30 nm in 0.1 um diameter aggregates.

Keleher et al. obtained Ag-TiO, nanoparticles, which exhibited antimicrobial
activity against gram-positive and gram-negative bacterial strains. The zone of
inhibition diameters for the Ag-TiO, particles was found to be comparable with those of
the other antimicrobial agents (tetracycline, chloramphenicol, erythromycin, and
neomycin) [11].

Our previous study confirmed that Ag-TiO, nanoparticles obtained in w/o
microemulsion system exhibited visible light activity and antimicrobial activity against
E. coli, St. aureus, S. cerevisiae and pathogenic fungi belonging to Candida family
[12].

This paper described the Vis-light photocatalytic activity of the Cu-doped TiO, and
Ag/Cu-doped TiO, nanoparticles prepared in w/o microemulsion system. W/O
microemulsion contain inverted micellar aggregates consisting of water droplets
surrounded by amphiphiles in a continuous nonpolar system. The particle sizes
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generated can be controlled by the nanodroplet size of the inner phase of the
microemulsion. The effect of metals amount on photocatalytic activity and
antimicrobial properties have been widely investigated.

2. EXPERIMENTAL

2.2. Materials and instruments

Titanium isopropoxide (pure p.a.) was purchased from Aldrich and used as titanium
source for the preparation of TiO, nanoparticles. Silver nitrate (pure p.a.) was provided
by POCh and used as the starting material for the silver nanoparticles. Hydrazine
anhydrous (50-60%) was purchased from Aldrich and used as reducing agent.
Cyclohexane was used as the continuous oil phase, and sodium bis- (2-ethylhexyl)
sulfosuccinate (AOT) purchased from Aldrich as the surfactant, 1-hexanol as the
cosurfactant and aqueous solution as the dispersed phase. The crystal structures of the
Ag/Cu-TiO; nanoparticles were determined from XRD pattern measured in the range of
260 = 20-60° using X-ray diffractometer (Xpert PRO-MPD, Philips) with Cu target
(L=1.542 A). The XRD analysis of the crystallite size was based on the Scherrer

formula: d = 0.892/(Be — Bt)cos0, where A is the X-ray wavelength, Be indicates the

measured breadth of a peak profile, while Bt is the ideal, non-broadened breadth of a
peak and 6 is the diffraction angle. The value of Bt was estimated on the basis of the
measurements performed for a standard sample of polycrystalline Si with large
crystalline grains. The accuracy of the grain size analysis has been estimated to be
about 20%. The surface morphology was determined using scanning electron
microscope (SEM, LEO 1430 VP) equipped with energy dispersive X-ray spectrometer
— EDS, Quantax 200. Nitrogen adsorption—desorption isotherms were recorded at liquid
nitrogen temperature (77K) on a Micromeritics Gemini V (model 2365) and the specific
surface areas were determined by the Brunauer—Emmett—Teller (BET) method.

2.3. Preparation of Cu-doped TiO, and Ag/Cu-doped TiO, photocatalysts

The microemulsions were prepared by mixing the aqueous solution of metal ions
(Ag", Cu™) and N,H,-H,0 into the 0.2 M AOT/cyclohexane solution. Cu or Ag/Cu
bimetallic nanoparticles were prepared by dropwise addition microemulsion containing
the reducing agent (hydrazine) into the microemulsion containing metal precursor in
water cores as was shown in Fig. 1. The molar ratio of hydrazine and silver nitrate or
copper nitrate was held constant at a value of 3. Water content was controlled by fixing
the molar ratio of water to surfactant (w,) at 2.

Then TiO, precursor titanium tetraisopropoxide (0.2M TIP) was added into the
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microemulsion containing metal nanoparticles. The concentration of metal precursors,
which varied from 0.1 to 6.5 mol% was related to the concentration of TIP in the
microemulsion system. During the precipitation nitrogen was bubbled continuously
through the solution. The Ag/Cu-TiO, particles precipitated were separated, washed
with ethanol and deionized water several times to remove the organic contaminants and
surfactant. The particles were dried at 80°C for 48 h and were then calcinated at 450°C
for 2h.

molecule

metal
nanoparticle

TiO,

Fig. 1. Mechanism of the preparation method of Ag/Cu-doped titanium (IV) oxide nanoparticles in reverse micelles.
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2.4. Measurements of photocatalytic activity

The photocatalytic activity of Ag/Cu-TiO, powders under visible light was
estimated by measuring the decomposition rate of phenol (0.21 mmol/dm’) in an
aqueous solution. Photocatalytic degradation runs were preceded by blind tests in the
absence of a photocatalyst or illumination. Phenol was selected as a model pollutant
because it is a non-volatile and common contaminant present in industrial wastewaters.
The mechanism of phenol decomposition is also well established. 25ml of phenol
solution at concentration of 2.1:10* M containing suspended photocatalyst (125 mg)
was stirred using a magnetic stirrer and aerated (5 dm’/h) prior and during the
photocatalytic process. Aliquots of 1.0 cm’ of the aqueous suspension were collected at
regular time periods during irradiation and filtered through syringe filters (@ = 0.2 pum)
to remove photocatalyst particles. Phenol concentration was estimated by colorimetric
method using UV-vis spectrophotometer (DU-7, Beckman). The suspension was
irradiated using 1000 W Xenon lamp (6271H, Oriel), which emits both UV and vis
light. The optical path included water filter and glass filters (GG400 or UG1, Schott
AQG) to cut off IR and VIS or UV irradiation, respectively. GG glass filter transmitted
light of wavelength greater than 400 nm. The temperature during the experiments was
maintained at 10°C.

2.5. Measurements of bioactivity (antibacterial and antifungal)

Bioactivity was measured as a minimal inhibitory concentration (MIC).
Antibacterial and antifungal activity was determined by the serial twofold dilution
microtiter plate method, in Tryptic Soy Broth medium (TSB, GibcoBRL), for
antibacterial activity determination or in YNBG medium (Yeast Nitrogen Base-glucose
minimal medium, containing 0,67 % YNB without amino acids and ammonium
sulphate with addition of 2 % glucose and 5 g/l of ammonium sulphate, supplemented
with uracil at 30 pg/l) for antifungal activity determination. Wells containing serially
diluted examined compounds (suspended Ag/Cu-TiO,) and compound-free controls
were inoculated with overnight cultures of tested strains to the final concentration of
10* cfu/ml (colony forming units per ml). The plates were then incubated for 24 h at
37°C (antibacterial activity determination) or at 30°C (antifungal activity
determination). The microbial growth was quantified in each well by the measurement
of an optical density at A = 531nm using the microplate reader (Victor'V, PerkinElmer,
Centre of Excellence ChemBioFarm, Faculty of Chemistry, Gdansk University of
Technology). MIC (minimal inhibitory concentration) was defined as drug
concentration at which at least 80 % decrease in turbidity, relative to that of the
compound-free growth control well was found. The antimicrobial activity of Ag/Cu-
doped titanium (IV) oxide nanocomposites was estimated using Escherichia coli ATCC
10536, Staphylococcus aureus ATCC 6538, Candida albicans ATCC 10231,
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Candida glabrata DSM 11226, Candida tropicalis KKP 334, Saccharomyces
cerevisiae ATCC 9763, S. cerevisiae JG and JG CDRI.

3. RESULTS AND DISCUSSION

3.1. XRD analysis

The selected XRD pattern of Ag/Cu-doped TiO, powders loaded with different
amount of silver are shown in Fig. 2. The average size of anatase crystallites for
Ag/Cu-TiO, nanoparticles determined from the XRD pattern based on the Scherrer
formula was from 8 to 9 nm. Peaks marked “A” and “B” correspond to anatase and
brookite phases, respectively. The Ag/Cu-TiO, 1 and Ag/Cu-TiO, 3 samples
contained anatase and small amount of brookite. The higher silver amount (6.5 mol% of
Ag for sample Ag/Cu-TiO,_4) promote the formation of the pure anatase in preference
to anatase/brookite photocatalysts. For the Ag/Cu-TiO, powder containing 6.5 mol% of
Ag and 0.5 mol% of Cu doped, the peak corresponding to metallic silver at 20 = 38.1
was observed. On the contrary for lower dopant amount no additional XRD peaks
corresponding to Ag or Cu present can be revealed. This may be attributed to the well
dispersion of nanocrystalline metal nanoparticles in the TiO, matrix.

1,2+
Ag

tAB AB

WMWM
-WMMWM

0,04
Ag/Cu_TiO, 3

0,6

Intensity [a.u.]

0 35 40 45 50
2]

Fig. 2. XRD patterns of Ag/Cu-doped TiO; nanoparticles calcinated for 2 hours at 450°C
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3.2. BET surface area and microscopy analysis

Table 1 presents the characterization results for the silver and copper doped TiO,
nanoparticles. The Cu-TiO, photocatalyst modified with 4.5 mol.% of Cu has the
lowest BET surface area of about 161 m%g, which was comparable to pure TiO,

obtained in the same microemulsion system.

Table 1. Characteristics of Ag/Cu- doped TiO, prepared in w/o microemulsion

Amount of metal Phenol
precursor [mol Sample | BET degradation rate
Sample label %] Surfactant color |[mg] [pmol{mip]
under Vis light
Cu Ag (A > 400nm)

TiO, 0 0 AOT white | 160 0,29

Cu-TiO, 1 | 0.1 0 AOT green | 195 0.62

Cu-TiO, 2 | 0.5 0 AOT green | 206 0.94

Cu-TiO, 3 | 2.5 0 AOT green | 202 0.53

Cu-TiO, 4 | 45 0 AOT green | 161 0.43
Ag/Cu-

TiO, 1 0.5 1.5 AOT yellow | 190 241
Ag/Cu-

TiO, 2 1.5 0.5 AOT green | 209 0.74
Ag/Cu-

TiO, 3 0.5 0.5 AOT yellow | 194 1.36
Ag/Cu-

TiO, 4 0.5 6.5 AOT yellow | 187 1.22
Ag/Cu-

TiO, 5 4.5 0.5 AOT green | 223 0.50
Ag/Cu-

TiO, 6 0.5 4.5 AOT yellow | 180 2.25
Ag/Cu-

TiO, 7 0.5 2.5 AOT yellow | 186 2.07
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For other Cu-TiO; and Ag/Cu-TiO, samples containing from 0.1 to 4.5 mol.% of
Cu and 0.5 to 6.5 mol.% of Ag the surface areas varied from 180 to 223 m%g. It was
observed that metal dopant affects the surface area of TiO, powder samples obtained by
microemulsion system. The BET areas decrease for increasing Ag concentration more
than for increasing Cu amount in the sample. Sample modified with 4.5 mol% of Ag
and 0.5 mol% of Cu has the BET surface area of about 180 m®/g.

For sample Ag/Cu-TiO, 1 containing 1.5 mol.% of Ag and 0.5 mol.% of Cu
specific surface area average 190 m’/g and was lower than for Ag/Cu-TiO, 2
containing 0.5 mol.% of Ag and 1.5 mol.% of Cu with BET surface area average 209
m’/g. However, it is known from the literature that for visible irradiation, the surface
area is not as crucial as the size of noble metal, as was already shown for Ag-TiO,
composites [12]. The obtained results indicated that rather other parameters, such as
silver or copper presence, cause their enhancement in photoactivity than the surface
area.

CoRA Ag/Cu-TiO,_1 sample

Components (mass percent)
Ag
(%]

O[%] | Ti[%] Cu [%]

3641 | 59.39 | 1.40 1.55

37.23 | 57.09 | 1.45 1.41

T | LI | LI | LI | TTT | TTT | 1T | TTT
6 8 10 12 14 16 18 20
keV

Cu

G1 1449 G1 1449 552 )
SE MAG: 4000:x HV: 20.0 KV_WD: 25.0 mm MAG: 4000 x HV: 20.0 kV WD%25.0 mm +

Fig. 3. SEM image and elemental mapping of Ag/Cu-TiO,_1 nanoparticles prepared by

microemulsion method
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Microstructures of the obtained nanocomposites and their surface morphologies
were studied by SEM equipped with EDS. SEM images and EDS mappings of silver-
copper composite material in the TiO, matrix for sample Ag/Cu-TiO, 1 (containing 1.5
mol% of silver and 0.5 mol% of copper) and Ag/Cu-TiO,_4 (containing 6.5 mol% of
silver and 0.5 mol% of copper) are given in Fig. 3. and Fig. 4, respectively. From
elemental mapping mode highly and uniformly dispersed Ag/Cu nanoparticles on the
TiO, support were observed. This implied good interaction between dopant and support
in microemulsion preparation method. Since the EDS mapping were scanned from the
surface, composition of elements correspond to the surface composition of the structure.

oo — Ag/Cu-TiO,_1 sample
“® Components (mass percent)
40
o %] | Tifwl | 22 | curs
T [%]
30 h "
530 S i cu 1.4
2 37.56 53.96 5.34 0 '
15
10
5 |
0 o T T T[T T T T[T T[T T I rrT[rrT 3891 51.18 5.36 1.3
2 6 8 |(160\/ 2 14 16 18 2 1

G4 1448
SE MAG: 4000 x HV: 20.0 kV WD: 25.0 mm

Fig. 4. SEM image and elemental mapping of Ag/Cu-TiO,_ 4 nanoparticles prepared by
microemulsion method
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Since molar ratio of Ag to Cu used during synthesis equaled to 13 and 3 for sample
Ag/Cu-TiO, 4 and Ag/Cu-TiO, 1, respectively, the higher surface concentration of
silver was observed for the sample Ag/Cu-TiO, 4.

3.3. Photocatalytic activity of Cu-TiO, and Ag/Cu-doped TiO, under visible light

The photocatalytic activity of the metal-doped TiO, nanoparticles was evaluated by
measuring the decomposition of phenol. No phenol was degraded in the absence of
illumination indicating that there was no dark reaction at the surface of Cu-TiO,. Also
the reference test in the absence of photocatalysts under visible light showed the lack of
phenol degradation. The efficiency of phenol degradation after 80 min. illumination by
visible light in the presence of Cu-TiO, nanoparticles are presented in Table 1. The rate
of phenol degradation as a function of mol% of Cu is presented in Fig. 5. The
photodegradation efficiency under visible light increased with the increase in the copper
loading up to 0.5 mol % and then decreased. The rate of phenol decomposition
measured in the presence of the sample Cu-TiO, 2 after 60 min. of irradiation average
0.94 pmol/min. Thus, it was observed that optimum Cu loading for this preparation
method was between 0.5 and 1.0 mol.%. Our results are in good agreement with others.
Xin. et al. observed that over 0.06 mol% Cu-TiO,, the degradation of RhB ratio is the
highest. The Cu-TiO, photocatalyst containing about 0.06 mol% of Cu possess
abundant electronic trap, which effectively inhibits the recombination of photoinduced
charge carriers, improving the photocatalytic activity of TiO, [13].

o
(0]
|

o
(o]
|

Phenol degradation rate
(umol/min)

0 1 2 3 4
Cu concentration (mol%)

o
~

Fig. 5. Degradation rate for phenol v.s. mol% of Cu/TiO,
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For the purpose of increasing the efficiency of phenol degradation under visible light
the bimetallic Ag/Cu and Au/Cu nanoparticles were prepared for modification of TiO,
surface. Previously we have also obtained Ag/Au-modified TiO, nanoparticles which
exhibited higher photodegradation rate in visible region than both Ag-TiO, and Au-
TiO, photocatalysts. Therefore the synergistic effect of gold and silver nanoparticles on
photocatalytic activity of Cu-TiO, nanoparticles in visible light was also expected. The
efficiency of phenol degradation in the presence of pure TiO, and Ag/Cu-doped TiO,
nanoparticles are presented in Table 1 and Fig. 6.

The maximum in the photocatalytic activity under visible light was observed for
sample containing 0.5 mol % of Cu and 1.5 mol% of Ag. The rate of phenol
decomposition average 2.41 pmol/min and was higher than for Ag/Cu-TiO, 2
containing 1.5 mol% of Cu and 0.5 mol% of Ag. It indicates that silver present was
more beneficial for visible light activation of TiO, doped photocatalysts than higher
copper amount.

1

o
©

o
o0

o
N

-O-TiO2 ~-Ag/Cu-TiO2_1 -A-Ag/Cu-TiO2_3

Efficiency of phenol
degradation (C/Co)

O-Ag/Cu-TiO2_4 O-Ag/Cu-TiO2_5 -O-Ag/Cu-TiO2_6

0 20 40 60 80
Irradiation time (min)

o
o))

Figure 6. Efficiency of phenol photodegradation in the presence of Ag/Cu-doped TiO; under visible
light (A*>400 nm). Experimental conditions: Co=0.21 mM, m (Ti0,)=125 mg, T=10°C, Qair=5 1/h

Compared to Ag/Cu-TiO, 1 photocatalyst the degradation rate decreased to 2.25
umol/min, 1.36 wmol/min and 1.22 wmol/min for the Ag/Cu-TiO, containing 4.5 mol%,
0.5 mol% and 6.5 mol% of silver, respectively. The Au/Cu-TiO, nanoparticles revealed
lower photocatalytic activity compared to Ag/Cu-TiO, photocatalysts containing the

same metal amount loading on TiO, surface (see Table 1 samples Ag/Cu-TiO, 3 and
Au/Cu-TiO,_1).
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3.4. Antimicrobial susceptibility testing method (MIC)

It has been well known that silver and copper possesses strong antibacterial
activities both as metal nanoparticles and ions. Determining the MIC values of
antibacterial agents is a valuable means for comparing the antibacterial effectiveness of
the agents. The MIC values were the lowest concentration of Cu-TiO, and Ag/Cu-TiO,
in aqueous solution that inhibited visual growth after 24 h of incubation. Thus, lower
MIC value means higher bioactivity.

Table 2. Minimum inhibitory concentration (MIC) of Ag/Cu-doped TiO, nanoparticles

Type of Microbial MIC for Ag/Cu-TiO, | MIC for Cu-TiO,
. 1Crobia .
micro . [ng/mi] [ng/ml] Ti0,
organism Strains
g 1234|561 ]2 |3]4
Candida albicans
ATCC 10231 250 {500 [ 500 | 125 |1000{ 250 {>1000|{>1000{>1000{>1000|>1000
Candidaglabrata 250 {500 [ 500 | 125 |1000{ 250 {>1000|>1000{>1000|>1000|>1000
> > > > >
DSM 11226
Yeast Candida tropicalis 250 {500 [500| 62 |500| 125 |{>1000{>1000{>1000|>1000|>1000
> > > > >
KKP 334
Saccharomyces 62 |250(250| 31 {500|125]| 1000 | 500 1000{>1000|>1000
> > >
cerevisiae ATCC 9763
Saccharomyces
. 62 | 125]125| 16 {250 125] 1000 |>1000|>1000{>1000(>1000
cerevisiae JG
Escherichia coli 250 {500 [500| 62 |1000{ 250 |>1000|>1000{>1000|{>1000|>1000
> > > > >
. ATCC 10536
Bacteria
Staphylococcus 250 {500 [500| 62 |1000{250 |>1000|>1000{>1000|{>1000|>1000
> > > > >
aureus ATCC 6538

The minimal inhibitory concentration of microorganism growth for as-prepared
Ag/Cu-TiO, nanocomposites was estimated using bacteria Escherichia coli and
Staphylococcus aureus, yeast Saccharomyces cerevisiae and pathogenic fungi
belonging to Candida family. The effect of silver and copper loading on MIC value is
presented in Table 2. For Cu-TiO, 5 loaded with 4.5 mol.% of Cu, the inhibition in
microorganisms growth was not observed even for photocatalyst concentration below
500 pg/ml. The minimal inhibition concentration differed from 62 to 1000 pg/ml,
depending on microbial strain and metal concentration. The photocatalysts doped with
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silver revealed higher antimicrobial activity than pure TiO, obtained in microemulsion
system or samples containing only copper nanoparticles deposited on TiO, surface. It
indicated that silver possess higher antimicrobial activity than copper nanoparticles
prepared in microemulsion system. The best antimicrobial activity revealed Ag/Cu-
TiO, 4 with highest silver amount average 6.5 mol% and sample Ag/Cu-TiO, 1
containing 1.5 mol% of Ag and 0.5 mol% of Cu, which exhibited also the highest
efficiency of phenol degradation under visible light as shown in Table 1 and Fig. 6.

4. CONCLUSIONS

The Cu-TiO, and Ag/Cu-TiO, nanoparticles have been prepared using a water-in-oil
microemulsion system of water/AOT/cyclohexane. It was found that obtained
nanocomposites contained highly and uniformly dispersed Ag/Cu nanoparticles on the
TiO, surface. XRD and the BET measurements corroborate that these doped materials
are made up of the anatase crystalline phase and have high surface areas fluctuating
from 161 to 223 m’g depending on metal loading on TiO, surface. The
photodegradation efficiency under visible light increased with the increase in the copper
loading up to 0.5 mol % and then decreased. The maximum in the photocatalytic
activity under visible light was observed for sample containing 0.5 mol % of Cu and 1.5
mol% of Ag. The rate of phenol decomposition average 2.41 pmol/min. The
antimicrobial susceptibility was tested using bacteria Escherichia coli and
Staphylococcus aureus, yeast Saccharomyces cerevisiae and pathogenic fungi
belonging to Candida family. The photocatalysts doped with silver revealed higher
antimicrobial activity than samples containing only copper nanoparticles deposited on
TiO, surface. It indicated that silver posses higher antimicrobial activity than copper
nanoparticles prepared in the same microemulsion system. This study suggested that
Ag/Cu-TiO, nanoparticles can be used as effective antimicrobial agent for reduction the
spread of infections in commercial facilities.
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A photocatalytic process of degradation of the selected sulfonamides (sulfathiazole,
sulfamethoxazole and sulfadiazine) added to real wastewater was studied in this work. The process was
initiated by UV-a irradiation and TiO,-P25, FeCl; and mixtures of TiO»-P25 with FeCl; were used as
photocatalysts. The effect of pre-treatment of wastewater and the influence of process parameters on the
efficiency of sulfonamides removal were also determined. It was found that the highest efficiency of
degradation was achieved in the process carried out in the presence of TiO,-P25/FeCl; mixture, in full
scale effluent wastewater treatment plant..
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1. INTRODUCTION

Recently, there has been an increasing concern, particularly in highly developed
countries, about penetration of pharmaceuticals into the environment and related risks
[1-6]. This penetration is caused, among others, by a very high consumption of drugs
by societies in these countries and by the growing, unfavourable results of
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pharmaceuticals’ presence in the environment [2]. It is estimated that there are approx.
200 000 pharmaceuticals on the world market, and the quantity of available
preparations in individual countries can even achieve the number of 10 000 [7]. At
present, the world consumption of pharmaceuticals in medicine and veterinary medicine
is estimated at 100 000 t annually [8]. According to other sources, only the antibiotics
use ranges from 100 000 to 200 000 t annually in the world, of which 50 to 75% is
used in the veterinary prophylaxis and/or as growth promoters in animal breeding [6].
Sarmah et al. [9] have reported that in different countries, sulfonamides (SNs) represent
from 2% (USA) to 22% (UK, Kenya) of used veterinary antibiotics. Particular concern
is growing from the fact that residues of these pharmaceuticals can easy penetrate to the
environment, which has been proved by the data derived from systematic monitoring
[2,3,6,7,9]. Almost 100% of samples taken recently from various parts of the
hydrosphere contained trace concentrations (mostly below 1 pg 1) of sulfonamides [6].
Antibiotics, including sulfonamides, in the concentrations below the lethal level are a
serious risk to health and to the environment due to the generation of drug-resistance of
pathogenic bacteria and bacterial resistance to disinfection products [10].

The reasons described above caused that the methods for elimination of antibiotics
from sewage have been intensively sought for several years. The effectiveness of
traditional methods (biodegradation, coagulation, sedimentation) is often low or very
low [2,3,5,11]. Simultaneously, Turkdogan and Yetilmezsoy [12] have found that the
removal efficiency of antibacterial drugs from biosphere during the routine, biological
processes was estimated a little above 20%. Scientists have great hopes for the
techniques of advanced oxidation processes (AOP) particularly in oznonation [2,13,14]
and photocatalytic degradation [13-20]. The use of this technique for treatment of
municipal or farm sewage allows to decompose organic substances and medicines
present in this type of waste, as a result of oxygenation using hydroxyl radicals (HO®)
generated in the reaction environment. Many researches have described a mechanism
and a kinetics of sulfonamides degradation in the presence of hydroxyl radicals
[16,17,20]. It was found that during the initial step of photocatalytic process a decrease
in toxicity and a significant increase in biodegradability of solutions containing
sulfonamides were observed [21]. Since intermediates of photocatalytic process are
chemically and biologically less stable than the initial substrates, the increase of COD
and BOD:s is often observed in the irradiated solutions [22]. The photocatalytic process
can lead to the total mineralization of organic substances however it is unfounded from
the economic point of view. The further biodegradation of the residual organic products
seems to be more correct and well founded. A combination of both processes, namely
photocatalysis and biodegradation, should lead to a decrease in the toxicity, the
microbial activity as well as to a decrease of COD and BODs in wastewater containing
antibiotics [21]. The above mentioned results were obtained in the experiments using
sulfonamides solutions in distilled water.
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Many of the cited papers have presented the results of experiments concerning the
photocatalytic degradation of sulfonamides in the presence of commercial TiO,-P25 as
a catalyst. However, our previous results showed that the efficiency of sulfonamides
photodegradation can be considerably higher using Fe(III) salts as a photocatalyst (e.g.
FeCl; [19,20]) than in the presence of TiO, alone In these solutions, Fe(IIl) ions are
partly hydrolyzed and in the result, the photoactive Fe(OH)*" ions are formed. After
absorption of UVa light by these ions, hydroxyl radicals are generated in solutions
[20,23]. The high photocatalytic activity of Fe(IIl) salts was confirmed in the
experiments reported by other researchers [24,25]. According to Mestankova et al. [26]
the simultaneous use of TiO, and FeCl; mixture probably cause an increase in
efficiency of the photocatalytic system due to the synergic effect. This fact was
confirmed experimentally during the photocatalytic decoloration of real tannery
wastewater [22].

The aim of the work was determination of the possibility of using photocatalytic
process to degradation of selected sulfonamides added to real wastewater and this
method optimization.

2. MATERIALS AND METHODS

2.1. Reagents
The characteristics of the investigated sulfonamides are presented in Table 1.

Table 1. The characteristics of investigated SNs

) Abbr. Structure pKa;* pKa,* kon® C’ tg? LOD?
Sulfonamides . 1o B . 1
in text (Imol” s7) (mmol 1) (min) (mmol ")
NH,
Sulfamethoxazol 9 5
MX N- 1.60 5.81 (5.8+0.2)-10° 0.050 7.49 1.7-10

0
S0,— NH</L
_
cH

NH,

3

Sulfadiazine

) Z N— 2.00 6.48 3.7-10° 0.025 3.48 1.1-10°
(natrium salt) $0,— NNa= }
>/

NH,
Sulfathiazol
(uta,‘ lazolte) o 236 723 (1.140.2)-10° 0.025 12.66 2.0-10°
natrium sa S0,— NN ‘
a«Nj
a) + & Ka, N yi Ka, N _ b) . . .
SNsH," ¥ 7 SNsH © 7 SNs reaction rate constant for SNs with HO® [27,28]
) initial concentration of SN in experiments 9 retention time for mobile phase flow 1.0

ml min™

© limit of detection for injection samples at volume 50 pl
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All SNs used throughout this study were of analytical grade and were manufactured
by Sigma. Just before experiments, weighed amounts of each sulfonamide were added
to wastewater or distilled water and samples were intensively mixed. The theoretically
initial concentrations of sulfonamides in samples are shown in Table 1. Titanium(I'V)
dioxide (TiO,-P25) obtained from Evonic Degussa GmbH and iron(III) chloride (FeCls)
purchased from POCH were used as photocatalysts. These compounds were selected
based on preliminary experiments concerning the photocatalytic degradation of
sulfonamides in aqueous solutions [20,21]. Hydrochloric acid (HCl) was added to
wastewater samples in order to adjust the pH at a desire value. In our earlier studies, we
did not observe significant changes in the sulfonamides concentration in solutions
irradiated in the presence of HCI.

2.2. Wastewater samples

The wastewater samples were taken from sewer system that conveys domestic and
urban waste to wastewater treatment plant (WWTP) Zagorze in Sosnowiec (Poland).
Samples were stored at temperature below -18°C. The characteristics of used
wastewaters are presented in Table 2. The synthetic wastewater was prepared on the
base ISO 9887:1992(E) (Table 3) [29].

Table 2. The characteristics of used wastewater samples

Influent Effluent
pH 7.58-7.92 7.10-7.66
COD (mg 0, 1) 611-902 137-774
BOD; (mg O, 1) 152-199 60-89
Conductivity (mS cm’™) 0.508-1.789 1.204-1.722
Turbidity (FTU) 40-145 4-50
AbSys4 m 0.380-0.752 0.196-0.346

Table 3. Chemical composition of the synthetic municipal wastewater

Chemicals Concentration (mg 1)
Peptone 160

Meat extract 110

Urea 30

K,HPO, 28

NaCl 7
CaCly-2H,0 4
Mg,SO,-7H,0 2
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Before beginning the experiments, the samples were stored at room temperature for
1 day. The investigated SNs were not detected in wastewater in the concentration above
the detection limit (LOD).

2.3. Conditioning of wastewater samples

The wastewater samples (before SNs addition) were stored in glass adsorption bulbs
(250 ml) enabling barbotage for 7 days at 20.4+0.9°C. During the whole experiments,
samples were aerated by a continuous airflow (0.41+ 0.14 ml s™). The concentration of
oxygen dissolved in wastewater was about ~ 100%.

2.4. Microfiltration of wastewater samples

The wastewater samples (without SNs) were vacuum-filtered using vacuum
filtration system (J.T.Baker) with z Milipore HVPL membrane filter (0.45um, 47 mm)
and vacuum pump AgaLabor PL2. The mean speed of filtration was 2.8 ml s and the
maximum partial vacuum was 0.09 MPa.

2.5. Coagulation of wastewater samples

The coagulation of wastewater samples (before SNs addition) was carried out in
beakers (250 ml). Aliquots (4 ml) of the coagulant (FeCl; stock solution at
concentration of 1 mol I'") were added to 200 ml of wastewaters and mixtures were
mixed using compressed air. After the addition of the coagulant, pH of samples was
6.26. After 5 min, the mixing was finished and samples were left in order to settle the
sediments. Aliquots of solution were collected from above the sediment and were used
in further experiments

2.6. Irradiation

Before irradiation a solid TiO, and/or FeCls stock solution was added to wastewater
or distilled samples containing sulfonamides (Tab. 1). The pH of the irradiated samples
was adjusted with concentrated HCI or NaOH solutions (<1 ml). Next, mixtures were
homogenized in dark for 30 min by means of magnetic stirrers. The catalyst
concentrations are presented in Table 4. In all experiments, open glass crystallizers
(volume: 500 ml, exposed surface: 102 cm?) containing 100 ml of samples were
irradiated by four UV lamps (Philips TL-40 W/05 at A 366 nm). The intensity of
radiation, determined by Parker’s actinometer was 5.25-107 Einstein min™cm™ [30].
During the irradiation, mixtures were magnetically stirred and had free contact with air.
The temperature of samples was 21-24°C.
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2.7. Analytical methodology

After the appropriate irradiation time samples were centrifuged (30 min, 4000
RPM). Before and after irradiation, the concentration of sulfonamides in mixtures was
determined using HPLC (column Supelcosil Suplex pKB-100 LC-18, 5 mm, 250 mm x
4.6 mm, detectors Waters TAD 486, A = 254 nm) and mobile phase K,HPO, (pH
8.2)/CH;CN in the ratio 95:5. The retention time and LOD value of SNs are shown in
Table 1. The pH and concentration of oxygen dissolved in irradiated samples were
measured by multimeter HD22569.2 (Delta OHM).

2.8. Analysis of results

Removal of individual SNs was calculated according to the equation:

C,
Y, =100-(1-—-
i (1-=)

o

where: Y] is the removal of SDZ, SMX or STZ (%), C, is the initial concentration of
SDZ, SMX or STZ (in standard solution), C; is the final concentration of SDZ, SMX
or STZ (in samples). Removal of SNs sum was calculated as follows:

Yo, = zxiYi

where x; is the mole fraction of investigated sulfonamides. The reaction rate constant
(k) values were determined as a slope of linear relationship:

e
C

o

= —k't + b (the first-order reaction kinetics)

1 S
ol = k"t + b (the second-order reaction kinetics)

i

where t is the irradiation time, b is a free term of the equation. The initial reaction
rate (r,) values were calculated using the formula:

rol = k'C, (the first-order kinetics)

7, ey C02 (the second-order kinetics).
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3. RESULTS AND DISCUSSIONS

3.1. The comparison of photocatalytic activities of selected photocatalytic systems
(Ti0O,, TiOy/HCI, FeCl3/HCI, and TiO,/FeCl;/HCI)

a) b)
80 80 —+
* SDZ
60 -l SMX
A STZ
40 -_~ SNs

o
S
p—
<
>
)
5
1]
2 ©) d) 1
Z s0 80 -
60
40 T
20 + , e 20 1/ .
o &
ot ; } ; + | 0 1 } }
0 20 40 60 0 20 40 60

Irradiation time (min)

Fig. 1. The dynamics of photocatalytic degradation of SNs added to influent samples during
irradiation with TiO; (a); TiO»/HCI (b); FeCl:/HCl (c); and TiO»/FeCls/HCI (d)

The dynamics of photodegradation of SNs in the spiced samples of influent in the
presence of TiO,, TiO,/HCI, FeCl;/HCI and TiO,/FeCl;/HCI were also studied. The
results are showed in Fig. 1. Table 4 shows the reagent concentrations, pH and the
initial reaction rate.

HCI1 was added in order to adjust the optimal pH value for the photoactivity of Fe-
salts (based on the literature data [20,23]). No significant changes in the sulfonamides
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concentration were observed after irradiation of samples with HCI only.

The decrease in sulfonamides concentration by about 10% was observed in all
samples at pH~ 3 (Fig. 1b,c,d), before the beginning of irradiation. Since the influent
samples were centrifuged before analysis, the decrease in their concentration was
caused by the adsorption of SNs on the suspension particles.

Table 4. The results of initial photocatalytic degradation rate of sulfonamides in spiced influent

Concentration Initial photocatalytic degradation rate (mmol 1"'min™)

o~ é T:c pH

S E| £ SDZ SMX STZ SNs

S| g &

[ - o

0.5 - - 17.86](0.8340.10)-10%| (1.3540.15)-10™* | (1.45+0.15)-10* | (3.63+0.40)-10"*
0.5 - | 5-20 [3.00{(3.83+0.38)-10™| (8.05+0.80)-10™* | (1.18+0.10)-107 | (2.36+0.21)-107
- | 1.0 | 2-14 |3.01[(1.18£0.05)-10™*| (2.90+0.20)-10™ | (5.00+0.25)-10* | (9.08+0.50)-10™
0.5 1.0 | 2-13 |2.98|(4.10£0.30)-10™*| (7.60+0.40)-10™* | (2.1340.07)-10>° | (3.3040.10)-10°
2,50 1.0 | 2-12 |3.00|(4.56£0.33)-107*| (7.12£0.79)-10* | (7.15+0.29)-10° | (8.3240.40)-10°
0.5/ 3.0 | ~5° |3.00((2.21£0.15)-10*| (2.40+0.10)-10* | (1.83+0.11)-107° | (2.29+0.14)-10°

YHCI was added in order to adjust pH values in samples
" calculated based on the second-order kinetics equation

)

one sample of wastewater was examined only

Further decrease in the SNs concentration occurred during the longer irradiation
time. In this case it is most probably caused by the degradation of SNs only. It was
found that the photodegradation of SNs in the presence of TiO./HCI (Fig. 1b) and
TiO,/FeCl/HCI (Fig. 1d) was the most effective. Second of the catalytic system is
characterized by the high initial rate of STZ photodegradation that follows the second-
order kinetics. In the cases of SDZ and SMX, the photocatalytic process is described by
first-order reaction kinetics. Similar results were obtained during studies concerning the
photocatalytic degradation of SNs in aqueous solutions [20]. The comparison of the
propagation rate with the use of SNs and HO® radicals (Table 1) does not explain these
differences. Most probably, the photodegradation of STZ in the presence of
TiO,/FeCl3/HCl differs from the degradation of SDZ and SMX with the use of the same
catalyst during the initiation step. However, unequivocal explanation of this effect
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requires further studies. The described above change in the reaction order causes that
the comparison of the photocatalytic process based on the estimation of the initial
reaction rate only may be incorrect. During irradiation, the second-order reaction rate
slows down more than the first-order one. At the beginning of irradiation the STZ
photodegradation was about 6 times faster in the presence of TiO,/FeCl;/HCI than with
TiO,/HCI. However, after 60 min of irradiation the change in the removal degree of
STZ from wastewater was 13% only (Figs. 1b and 1d). It is worth to mention that the
high degradation level of all SNs will be very possible after long-lasting irradiation
time. Based on the theoretical calculations and determined experimentally the reaction
rate constants it was estimated that the irradiation time necessary to degrade SDZ,
SMX and STZ on the level of 90% in influent irradiated with TiO,/FeCl;/HCI under the
used conditions may be 133, 146 and 105 min, respectively. Moreover, based on the
comparison of the initial rate of SNs degradation (Table 4) and the time necessary to
obtain the high degradation level, TiO,/FeCl;yHCl was selected as the optimum
photocatalytic systems for this photodegradation process. It is also important that this
catalyst system can be easy separated from the reaction medium [31].

An increase of TiO, concentration in TiO,/FeCl;/HCI mixture caused a significantly
increase in the degradation rate of STZ but it did not observe a large effect on the r,
values for SDZ and SMX. This phenomenon is thoroughly explained in the next
section. On the other hand, the increase of FeCl; concentration (to 3.0 mmol 1") in
Ti0,/FeCly/HCI mixture caused only decrease in the reaction rates of all selected SN.
In the case of SMX the r, value decreased almost 3 times (Table 4) but at present no
clear explanation to observed dependence may be given. .

3.2. Influence of pH on the photocatalytic degradation rate of SNs

In photocatalytic processes carried out under heterogeneous conditions, the pH of
irradiated mixtures has an influence on the surface charge of the catalyst. Moreover,
this value decides about products of FeCl; hydrolysis and the charge of sulfonamides.
Potentially, the best results for heterogeneous catalysis can be achieved in process in
which substrates and the photocatalyst surface have opposite charges. Figure 2 shows
the influence of pH on the photodegradation of SNs in the presence of TiO, or
TiO,/FeCl; in wastewater influent. The pH values were corrected by the addition of
concentrated solutions of HC1 or NaOH.

The results for wastewater influent samples are significantly different from results
for distilled water [20]. In experiments with the use of distilled water, a decrease in pH
caused a decrease in the photodegradation rate of sulfonamide in the presence of TiO,
while in the presence of TiO,/FeCl; it was showed the apparent maximum rate at pH
about 3. On the other hand in wastewater the r, values increased with the increase of
acidification of irradiated samples. The decrease in pH had a strong effect on the
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degradation rate of STZ and only slight influence on the r, value for SDZ. In turn, in
the presence of Ti0, the photodegradation of SMX proceeded with the constant rate in
the pH range of 3-5.5 but in the presence of TiO,/FeCl; a high degradation rate was
observed only at pH about 3.
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Fig. 2. The effect of pH on the photocatalytic degradation of SNs added to influent samples during
irradiation with TiO; (a) and TiO2/FeCls (b)

The results described above imply that mainly H" ions effect on the degradation rate
of STZ. Based on the comparison of pKa, for the selected SNs (Table 1) it is clear that
the concentration of SNsH" ions in the acidic medium increases from SMZ to STZ.
Moreover, it is possible that STZH" ions after adsorption onto TiO, surface take part in
a direct photocatalytic process as acceptors of excited electrons. Fujishima et al. have
reported that cations can undergo the sorption onto TiO, surface [32]. It confirms our
results (Table 4) concerning the increase in the degradation rate of SMX after the
increase in TiO, concentration. However, this hypothesis should be confirmed by further
experiments, including identification and quantitative determination of products of
SMX degradation. Results obtained for SMZ and SDZ photodegradation in the
presence of TiO»/FeCly implies that Fe(OH)*" ions have a significant effect on their
degradation. STZ, as distinct from SMX and SDZ, is relatively easy to biodegrade.
Thus from the practical viewpoint, the more important is the choice of suitable
conditions for the effective removal of SMX and SDZ. Therefore, the following process
conditions were selected as the optimum ones for the degradation of SNs: TiO, (0.5 g I’
Y, FeCls (1.0 mmol I'"), pH ~ 3. The economic disadvantage is high consumption of
HCI necessary for acidification of samples (Table 4). This effect is caused by high
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buffer capacity of wastewater. In experiments with the use of distilled water, the
appropriate pH value (about 3) was obtained without the addition of HCI but as a result
of FeCl; hydrolysis. From this reason the search for other methods of modification of
the investigated process in order to reduce the consumption of HCI, without the
decrease in the photodegradation efficiency, seems to be well founded.

3.3. Effect of preliminary wastewater treatment on the efficiency of
photodegradation of sulfonamides

10

ro (mmol I"'min™") x 1073
[¢,]

influent
influent after
conditioning
influent after
coagulation
influent after
microfiltration
effluent
synthetic
wastewater
distilled water

Fig. 3. The assessment of the initial reactions rate (r,) of SNs photodegradation in spiced real
wastewater, before and after pretreatment, in synthetic wastewater and in distilled water with SNs
(for the column corresponding to the r, value for distilled water the scale is not preserved)

In order to decrease of the buffer capacity, wastewater samples were preliminary
treated before the photocatalytic process. Then, SNs were added to treated wastewaters
and samples were irradiated with TiO,/FeCl;/HCI at pH 2.98+0.5. The results obtained,
namely the sum of r, values, are showed in Figure 3.

According to expectations, the photodegradation rate of SNs was in each case
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significantly lower in wastewater than in distilled water. Similar results were obtained
using the model wastewater.

Microfiltration and coagulation are effective methods in the removal of suspended
master and colloids from the aquatic environment. It was observed that the investigated
process efficiency did not change in influent samples after microfiltration and
coagulation processes (Fig. 3). Probably it is means that small amounts of suspended
matter and colloids have no influence on the photodegradation process of SNs. The
effectiveness of the elimination of substances forming non ideal solutions during
coagulation and microfiltration was low. After these processes the concentration of
dissolved organic substances in samples did not decrease considerably. Therefore, the
photodegradation rate of SNs is decreased by organic, dissolved in water compounds
(e.g. sugars, low-molecular peptides, organic acids and mainly detergents). Due to their
significant concentration in wastewater these compounds can compete with SNs for
hydroxyl radicals and active centers of catalyst. Negative effect on the SNs
photodegradation may also have some inorganic ions with the reduction properties that
are presented in insufficient oxygenated wastewater. The concentration of these ions
can be decreased using the biodegradation and oxygenation processes proceeded during
long-lasting conditioning (simultaneously with wastewater oxygenation) or their
treatment w in full scale WWTP. In wastewater samples that were previously
conditioned, a slight increase in the photodegradation rate of SNs was observed. By this
reason a significant higher photodegradation rate of SNs was in effluent obtained after
full scale WWTP (Table 2) than in influent. After 60 min of irradiation of spiced
effluent, the degradation degree of SDZ, SMX and STZ was 85.6, 76.9 and 92.7%,
respectively whereas the degradation degree of SDZ, SMX and STZ in influent was
67.0, 62.5 and 83.9%, respectively. The observed phenomena can be the confirmation
of the above-described thesis. The decrease in the concentration of dissolved organic
compounds considerably effects on an decrease in the buffer capacity. In consequence,
the amount of HCI used to adjust pH value to 3 is significantly lower in effluent than in
influent (Table 2).

4. CONCLUSIONS

Sulfonamides, including difficult biodegradable sulfa-drugs, can be removed from
wastewater using the photodegradation process. The optimal catalytic system for the
photodegradation of SNs in wastewater is the mixture containing TiO, (0.5 g 1), FeCl;
(1 mmol 1) and HCI (in order to acidify the samples to pH 3). Under the used
conditions the initial rate of the removal of SNs (spiced to municipal wastewater) is
almost 15 times higher than for TiO, alone.

In wastewater, the rate of SNs photodegradation can be also accelerated by their
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pretreated in biological-mechanical processes. Preliminary filtration and coagulation did
not effect on the course of investigated photocatalytic process.
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In the presented paper preliminary results of glucose oxidation on illuminated titania are
reported. For comparison, results of direct glucose photolysis are also included. At high
glucose concentration, up to 1.4 g/dm’, the yield of 3 hour reaction, determined by COD
measurements, was small and amounted to about 5.8%. Additionally, pH measurements show,
that oxidation of glucose leads to formation of acidic compounds — after 3 hours the pH
lowered from 6.5-6.8, depending on glucose concentration, to about 4.5. Attempt has been
undertaken to identify some of the intermediates of the photocatalytic reaction using GC-MS
analysis of specially treated samples of the reactor slurry. The analysis showed the existence
of intermediates which were formed both as a result of intramolecular changes and of
oxidation reactions. Five acidic derivatives were found among the intermediate compounds.

keywords: photocatalysis, TiO», glucose, primary intermediates

1. INTRODUCTION

Food industry constitutes one of the most important parts of the world economy. It
gives also huge amount of solid and liquid wastes which have to be utilized. The
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wastes, usually not toxic both for humans and animals, have been broadly utilized as
animal food or they serve as raw materials in many fields of food and other industries.
However, even these not toxic wastes become very harmful for natural environment if
their concentration in waters exceeds certain level. Sewage from food industry are
highly loaded with various organics possessing reductive character, and raising strongly
because of that water COD and BOD indexes. The sewage contain also other
pollutants, as for example purifying agents (e.g. detergents), lubricants etc. [1]. The
sewage from food industry contain first of all water-soluble carbohydrates, the main
ingredient of plants and plant food. On the one hand the mono- and oligosaccharides
can serve as food for any microorganisms widely utilized in biological sewage-
treatment plants [2]. On the other, these usually highly reductive compounds pose,
unfortunately, a serious threat for any aqueous livings, both for water plants and
animals.

Until now the sewage from food industry are purified using mainly biological
methods. The processes base on special metabolisms of some of bacteria, transforming
organics containing in water into mineral compounds. At present the methods of sludge
digesters (producing methane) become popular, especially in the case of highly loaded
sewage. Also small, home sludge digesters have appeared in some farms [2,3].

Since more than twenty years a research has been undertaken on practical
application of Advanced Oxidation Processes for purification of industry sewage,
including food industry. AOP's methods utilise highly reactive OH' radicals generated
in situ in various ways. Organic matter is usually fully mineralised, i.e. to CO, and H,O
[4-7]. The processes such as photocatalysis on semiconductors, H,O, action, ozonation,
Fenton and photo-Fenton reactions, electrochemical oxidation, and also their
combinations, are good examples of the Advanced Oxidation Processes. Among the
AOP’s photocatalysis on semiconductors seems to be the most promising. The process
needs only a photoactive semiconductor and appropriate light - UV part of solar
spectrum is sufficient for excitation of semiconductor electrons. Titanium dioxide
serves mainly as the semiconductor: the compound, besides its high photoactivity, is
very stable chemically and photochemically, non-toxic and relatively cheap [3,5,8].
Many compounds such as carboxylic acids, organic dyes, phenols, pesticides,
surfactants, some of inorganic compounds, and many others are fully mineralized by
photocatalysis on TiO, [9,10]. One should remember, however, that the photocatalytic
processes are efficient only at low concentration of water contaminants. Therefore, they
can be regarded as the so called tertiary methods of water purification.

Illumination of a semiconductor with a light of an appropriate energy (hv > E,, E, —
width of a semiconductor forbidden band) causes formation of free electrons (electrons
in semiconductor conduction band) and holes in semiconductor valence band. If their
lifetime is sufficiently long they can react with some molecules reducing (electrons) or
oxidising (holes) them. Full set of initiated by the light reactions has been reported in
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literature [11-13]. The excited electrons reduce oxygen molecules dissolved in water.
The holes react mainly with water molecules or with OH’, generating highly reactive
OH’ radicals, which in turn attack any organic matter oxidizing it. At higher
concentration of organic water pollutants direct oxidation of them by holes is also
possible [14-16].

It can be added here that the process is conducted under normal (room-like)
temperature and pressure conditions, the photocatalyst is wholly recovered after the
process and its active surface is able to run the reactions again [17,18]. In contrast to
other water purification methods, in the case of water contaminants containing only C,
H and O atoms the heterogeneous photocatalytic processes do not introduce to the
environment any additional impurities except CO, and H,O.

The presented studies focus on identification of primary intermediates of glucose
photooxidation on titania. However, first part of the paper is devoted to the possibility
of glucose oxidation on illuminated TiO, — these studies were conducted in order to find
the conditions, in which the degree of glucose degradation was small allowing thus
determination of only partly oxidized products. The studies are a part of a broader
research on purification of dairy sewage conducted since several years.

2. MATERIALS AND METHODS

Photochemical studies were conducted using solutions having various concentration
of glucose. Depending on experiment, the concentrations of glucose-D(+) (99.5%,
Aldrich) were as follows: 0.28, 0.40, 0.60, 0.80, 1.0 or 1.4 gdm’. In the all
photocatalytic experiments 230 cm’ of an appropriate solution of glucose was mixed
with 0.05 g TiO, (99.9%, Aldrich, anatase) and sonicated for 5 minutes. Then the
homogenized slurry was transported to an air lift loop photoreactor (Pyrex made, 250
cm’ volume) described elsewhere [19,20]. The photoreactor contents were mixed by an
air lift (50 cm’*min™) controlled by a narrow draft tube placed in the centre of the tube
reactor. The conical bottom of the reactor was equipped with a septum through which
the air stream was fed to the reactor with a needle, the loop of which reached the bottom
of the draft tube. The reactor was illuminated from the side wall with two 300W xenon
lamps (OSRAM). The bulbs were placed in a distance of 50 cm from the reactor, the
distance between them was also 50 cm. Pyrex walls of the reactor determined lower
limit of entering light (about 300 nm cutoff filter). The photoreactor was cooled by an
air stream, the temperature was maintained at 30 °C.

Photocatalytic experiments were performed in a non-continuous mode (batch
reactor); before each experiment the reaction slurry was aerated for 15 minutes. The
photoreactions were conducted 3 hours, pH of illuminated solutions were measured at
30 minute intervals. After the illumination had been stopped, several cm’ of the reaction
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slurry (depending on initial glucose concentration) was analysed for COD using a
dichromate method [21]. Each photocatalytic experiment was repeated at least twice,
also each reaction solution (reaction slurry) was analysed for COD at least twice prior
and after illumination. Direct glucose photolysis was also studied using the same
reactor and light source.

Intermediates of the process of glucose photocatalytic degradation were identified
using gas chromatography — mass spectroscopy techniques. Analyses were performed
on a Varian GC/MS 4000 apparatus equipped with a capillary column VF — 5MS
(30m-0.25mm-0.39mm). After three hour illumination the reaction slurry was filtered
using Millipore Millex GV; filters and liquid phase was evaporated on a rotary
evaporator to dryness. The residue was silanized 60 min at 70°C using TMSI —
N-trimethylsilylimidazole : pyridine = 1 : 4 (Sylon""'TP, Supelco).

The water used for photocatalytic studies was doubly distilled in a quartz still. Prior
to distillation the water was de-ionised on a special column. All chemicals were of p.a.
purity. Anatase titania (99.9%, Aldrich) used as a photocatalyst had a BET specific
surface area of 11.9 m*>g" as measured on a Micromeritics apparatus. It showed a
typical anatase spectrum with the adsorption onset at about 400 nm (taken on a
Specord M-40 spectrophotometer). An average particle size of the TiO, powder was
about 0.1 pm (89% of the particles were in the range 0.07 — 0.2 um), as measured on a
Malvern Instruments Ltd. (UK) granulometer using water as a liquid medium.

3. RESULTS AND DISCUSSION

As it was mentioned above, the goal of this study was to identify primary
intermediates of glucose photocatalytic oxidation. However, prior to identification
studies the conditions suitable for production of possibly large amount of primary
products of the reaction of hydroxyl radicals, generated by illuminated titania, with
glucose molecules were established. In these studies glucose oxidation was followed by
determination of COD (Chemical Oxygen Demand) prior and after illumination of the
solutions. Although time consuming, the COD dichromate method seemed to be the only
one suitable for these studies - it was possible to determine at the same time the
compounds present in water and adsorbed on titania grains (the slurry was not filtered).
It was checked in blank experiments that the presence of small titania admixture did not
influence the results of COD measurements. The results of previous studies conducted
in this laboratory [22] were the base for setting of the reaction conditions: 230 cm’ of
the reaction solution, 0.05 g TiO,, air stream rate 50 cm’*min”". There were two reasons
for the choice of glucose concentration: (1°) possibility of production of only partly
oxidized glucose derivatives, and (2°) the fact, that at too high concentrations of
organics in water the photoreaction rate could be substantially reduced or even totally
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inhibited.
The results of three-hour illumination of diluted solutions, having various
concentration of glucose, in the presence of TiO, photocatalyst are shown in Table 1.

Table 1. Degradation of glucose during three hour illumination of 230 cm® of the solution
in the presence of TiO,

Glucose initial concentration Decrease of COD
[mmole/dm [Glucose contained in 230mL]
[g/dm’] 3 [mmole [%] [mmole O,]**
] [g] [mmole]
0,]*
0.28 1.5 0.064 0.35 2.10 6.19 0.13
0.40 2.2 0.092 0.51 3.06 5.84 0.18
0.60 3.3 0.138 0.77 4.62 5.84 0.27
0.80 4.4 0.184 1.02 6.12 5.67 0.35
1.00 5.5 0.230 1.28 7.68 5.72 0.44
1.40 7.8 0.322 1.79 10.74 5.63 0.60

* amount of oxygen necessary for full oxidation of glucose contained on the photoreactor
** decrease of oxygen demand after three-hour illumination; the values correspond to the extent of
oxidation reactions procceding in the reactor during illuminatiom

It follows from the data shown in Table 1 that three-hour illumination of glucose
solutions with TiO, admixtures causes slow oxidation of the substrate. Moreover,
quantitatively decrease of COD is directly proportional to its initial value, in other
words — to initial concentration of glucose. Therefore, it can be assumed roughly, that
the photocatalytic reaction fulfils universally applied Langmuir-Hinshelwood equation
[14]. At too high concentrations of the degraded substrates, however, the kinetics of the
process can change to zero order, because the reaction rate is limited by the rate of
generation of OH' radicals on the surface of illuminated titania, which is constant under
constant illumination. In order to find real influence of the catalytic effect of
illuminated TiO, it was of interest to study also direct glucose photolysis.

Table 2. Glucose degradation under illumination of glucose solution with and without TiO, admixture

Glucose Decrease of COD
concentration With TiO, admixture Without TiO, admixture
[g/dm’] [%] [mmole O,]* [%] [mmole O,]*
0.28 6.19 0.13 1.06 0.022
0.60 5.84 0.27 0.57 0.026
1.40 5.63 0.60 0.33 0.035

* see footnote below Table 1
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The results are shown in Table 2; for comparison, the results obtained in the
presence of Ti0, are also inserted in Table 2.

One can see from Table 2 that the yield of direct glucose photolysis, which leads to
oxidation, ranges from 6 to 17 % of that in the presence of TiO,. The amount of
oxidized glucose is somewhat higher at higher substrate concentration, although the
increase is much smaller than that in the presence of TiO,.

It was mentioned in Experimental that during the photocatalytic reactions, pH of the
slurry was measured at 30 minute intervals. In the case of all photocatalytic reactions,
lowering of pH was observed with the time of illumination. For reactions conducted in
the presence of illuminated TiO, the pH values lowered during three-hour reaction from
initial pH 6.5 - 6.8, depending on glucose concentration, to 4.5 - 4.8. As an example
Fig.1 shows the changes of 1.0 g:dm™ glucose solution in the presence of TiO,.
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Fig. 1. pH changes during 3-hour illumination of 1.0 g dm™ glucose solution in the presence of TiO,.

The formation of acidic intermediates is not surprising. According to literature,
oxidation of water contaminants in the presence of illuminated titania proceeds via
formation of OH’ radicals, direct oxidation by electron holes can take place in the cases
of highly concentrated water solutions. Also strong adsorption of the compound on
TiO, facilitates its direct oxidation by the holes [15,16]. The attack of OH" radicals on
hydroxylated carbon atom in sugar leads firstly to formation of a new carbonyl group.
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The reaction of OH" with the carbonyl group (the already existing or the new formed)
causes formation of a carboxyl group. If the CO group is non-terminal, the brake of a
carbon chain and formation of two new compounds are observed. Therefore, although
the oxidation in the presence of illuminated TiO, leads finally to CO, and H,0, a lot of
various intermediates are formed in the one-electron processes caused by OH' radicals.
And reactions of formation of acidic compounds and their next decarboxylation are
necessary in the whole process of mineralization of organic compounds.

pH changes illustrated in Fig.1 show, that the photoreaction still proceeds during the
whole period of illumination. However, the pH decrease, fast during first 90 minutes,
becomes slower and slower in the next period, i.e. when pH of the slurry decreases
below 5.
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Fig. 2. GC-MS chromatogram of an after reaction mixture. Glucose concentration, 0.4 g-dm,
time of illumination, 3 hours; amount of titania, 0.05 g.

Intermediates of glucose oxidation on illuminated titania were determined using GC-
MS technique. Prior to analysis 0.4 g-dm™ aqueous glucose solution was illuminated
3 hours in the presence of TiO,, filtered, dried, and dry residue was silanized (see
Experimental). Typical GC-MS chromatogram is shown in Fig.2.
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MS analysis of the after-reaction mixture ingredients showed the existence of many
intermediate compounds, which were formed both as a result of intramolecular changes
and oxidation reactions. Formulas of the derived compounds (their silanized
derivatives) are collected below, see Fig.3.
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Mannose Mannonic acid D-Ribofuranose Inosose-2

Erythro-Pentonic acid D-Erythrotetrofuranose

Fig. 3. Formulas of silanized derivatives of the compounds determined by GC-MS.

The highest peaks in Fig.2 correspond to the next compounds in the order:
glucopyranose>glucose>gluconic acid>2-furanacetaldehyde>allonic acid. Note, that
acidic derivatives were indeed formed during the photocatalytic reaction confirming
thus the results of pH measurements. And two of the acids, i.e. the gluconic and allonic
ones, gave the most intensive peaks among the oxidized intermediates. The formation of
glucose derivatives in the way of intramolecular transformation can be a result of both
pH changes and catalytic action of titania surface, acidic in principle. The research is in
progress in order to establish the main direction of glucose oxidation by the
photogenerated OH' radicals and to determine also the shorter chain intermediates.

4. CONCLUSIONS

[lumination of glucose diluted solutions in the presence of TiO, leads to oxidation of
the substrate. In the range of concentration 0.20-1.40 g:dm” the yield of glucose
degradation, measured as a decrease of COD, was small and amounted to 5.8%. It was
assumed, that the reaction shows 1% order behaviour. During illumination pH of the
reaction solutions lowered showing thus formation of acidic intermediates. GC-MS
analysis, conducted after silanization of the reaction products, showed the existence of
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many intermediate compounds, both these formed in result of intramolecular changes,
and these formed by glucose oxidation. Acidic compounds such as: gluconic acid, D-
glucuronic acid, mannonic acid, erytho-pentonic acid and the allonic one were found as
reaction intermediates. Two of the acids, i.e. gluconic and allonic ones, gave the most
intensive peaks among the intermediates.
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