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The recovery of photocatalyst particles constitutes a serious drawback of slurry reactors. Therefore,
depositing the catalyst mass on a suitable support without loss of photocatalytic activity is of practi-
cal importance. In this study, a chemical deposition method was applied to coat the inner surface of
quartz tubes of various diameters with thin ZnO film. The method is economical, energy efficient and
easy to apply. ZnO film is mechanically durable and resistant to chemical dissolution. Various physical
tests were conducted to characterize the film. ZnO thin film exhibits the crystal wurtzite structure with

Isiejy Wg:ﬁ:{.‘i hotocatalyst band gap calculated as 3.24 eV. The film exhibits highly hydrophilic behavior. The average ZnO crystallite
Zir?cpoxide b v size is estimated as 72 nm. SEM analysis shows that the ZnO film has granular morphology with uniform

particle size of about 300-400 nm. The film thickness is calculated as 1.41 pm after 20 coating cycles
and the increase of the thickness of the thin film per cycle was approximately 70 nm. Photochemical
activity tests were performed by measuring photo decolorization rate of a commercial azo dye (Rem Red
F3B) solution in tubular reactor and as well as in slurry reactor for comparative purpose. First order rate
constants were correlated to principal process parameters. The results showed that thin ZnO film has
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high photocatalytic activity comparable to that of ZnO powder.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor assisted photocatalysis is one of the mostly
investigated advanced oxidation methods for wastewater treat-
ment. The most widespread used photocatalystis TiO, [1-3], butin
recent years ZnO with a similar band gap (3.2 eV) has attracted spe-
cial attention owing to its low cost [4-8]. In spite of the high solid to
liquid contact area of catalyst powder slurries, catalyst recycling is
the major drawback of slurry reactor. Therefore, deposition of the
catalyst on a suitable support is an important subject of research.

The catalyst support and the coating method influence greatly
the activity, the technical life and the preparation cost of the cat-
alyst as well as the photoreactor design. The support should be
inexpensive, easily accessible and inert in the wastewater medium.
Nevertheless, the catalyst should strongly adhere onto support sur-
face to resist against mechanical degradation and photo-corrosion.
A literature survey has shown that various materials of different
shapes have been proposed as catalyst support among which glass
plate[9], glass fiber [10] and glass and ceramic bead [11], aluminum
foil sheet [12], plastic fiber-optic cable [13] may be mentioned.
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On the other hand, the coating method should be simple, cheap,
and convenient for the production at industrial scale and easily
adaptable to process control for reproducible catalytic properties.
In recent years, various methods have been proposed to prepare
supported zinc oxide films, such as thermal oxidation deposition
[14-16] electron beam evaporation [17], spray pyrolysis [18-20],
different forms of sputtering [21], chemical vapor deposition [22],
anodizing [23], heat attachment method [9], sol-gel [24-28] and
chemical deposition [29-34]. Among these methods, the chemi-
cal deposition from an aqueous solution is a promising method on
account of its simplicity and relative low cost.

The aim of this paper was to deposit thin ZnO film on the inner
surface of quartz tubes of various diameters by a modified dip-
coating method using ammonium zincate solution. The physical
characterization of thin film was made by using various techniques.
Photocatalytic activity was assessed by investigating the photocat-
alytic decolorization kinetics of a commercial azo dye, Rem Red
F3B (RRF3B), in a differential photoreactor system by monitoring
on-line the concentration of the dye solution.

2. Experimental
2.1. Materials

RRF3B (Fig. 1a) was chosen as a commercial azo dye to test
the photocatalytic activity. It was supplied by Dystar and used as
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Fig. 1. (a) The structural formula of Rem Red F3B. (b) The UV-visible spectrum of
RRF3B.

received. The UV-vis spectrum of this dye in aqueous medium is
shown in Fig. 1b. The peak at 539 nm was used to monitor the dye
concentration.

2.2. Apparatus
The following tests were made for catalyst film characteriza-

tion: Micro structural properties by scanning electron microscopy
(SEM) (Philips XL30 SFEG), surface roughness by atomic force

Table 1

ZnO thin film coating process conditions.
Parameter Unit
Ammonium zincate coating solution concentration 02M
pH of the coating solution 11.0-11.1

Number of coatings 20
Final annealing temperature 300°C
Annealing period 30 min

microscopy (AFM) (Digital Inst.), crystal structures by X-ray diffrac-
tometry (XRD) (Rigaku Dmax 2200), Hydrophilicity of the catalyst
film by measuring contact angle using KSV 200 Cam. Band gap
value of ZnO film was calculated by monochromator (Triax 550). On
the other hand, RRF3B concentration was measured using UV/vis-
spectrometer (Perkin ElImer, model Lambda 35).

2.3. Photoreactor test system

The experimental set-up of the micro photoreactor system is
shown in Fig. 2. Standard test conditions are given in Table 1. The
tubular quartz reactor is surrounded by six UV-A lamps which
predominantly emit at 365 nm (6 W, General Electric F6T5/BLB),
positioned so as to ensure homogenous radiation field inside the
reactor. Photograph of tubular reactors of various diameters is given
in Fig. 3.

Air was blown into the solution tank through a diffuser placed
below the impeller tip, in order to maintain the solution saturated
with oxygen during the course of the experiment. Prior to irradia-
tion, the dye solution was circulated for 30 min in dark to establish
adsorption-desorption equilibrium. Then, RRF3B solution was cir-
culated under UV light for two hours during which the progress of
photocatalytic decolorization is monitored by measuring on-line
the absorbance of the dye solution in the tank using the fiber-optic
probe of UV-vis spectrophotometer. The pH and the temperature
of the tank solution were also measured and no significant changes
were observed during the experiment. On the other hand, exper-
iments were also conducted with batch slurry reactor using ZnO
powder, placed in the same UV illumination system to ensure the
same UV irradiation intensity. Liquid samples were withdrawn at
5min intervals and filtered immediately for spectrophotometric
analysis. The experimental results of both reactor systems were
used to compare the activities of ZnO thin film and ZnO powder.
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Fig. 2. The experimental set-up of photoreactor system.
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Fig. 3. Photograph of ZnO coated tubular reactors (¢ 4, 6, 8 mm).

2.4. Photocatalyst preparation

2.4.1. Preparation of ammonium zincate solution

In preparation of ZnO film, zinc acetate was used preferentially
as starting material as acetate anion is easily removed during the
annealing operation to obtain highly pure ZnO film. Freshly precip-
itated Zn(OH), was prepared by dropping concentrated ammonia
solution (25% by weight) into well mixed zinc acetate solution until
the final pH became 8

Zn(CH3CO0), + 2NH,0H < Zn(OH), | +2CH3COONH,4 (1)

Then, the precipitate was filtered, transferred into another ves-
sel, dispersed in water and while stirred magnetically, concentrated
ammonia solution was added rapidly to obtain a clear ammonium
zincate solution according to the following reaction:

Zn(OH); + 2NH40H <> (NH4),Zn0; + 2H,0 2)

The final pH of the solution was adjusted to the desired value
(11.0+0.1) by evaporating slowly the excess NH3 by heating the
solution. In this way, the purity of the solution was conserved with-
out the addition of foreign ions by acidic neutralization. Finally,
Zn concentration of the solution was checked by complexometric
analysis to adjust to the desired value if necessary.

2.4.2. Catalyst deposition

The catalyst film formation on support surface occurs through
two steps; a dip-coating step where a liquid film is formed by adhe-
sion on the support surface, and a thermal treatment step where
liquid film drying and hydrolysis (the reverse of the reaction (1))
occur simultaneously below 100 °C followed by a solid phase trans-
formation of Zn(OH), to ZnO above 125°C.

Deep cleaning of the deposition surface is of great importance
to obtain repeatable catalytic properties by ensuring good adher-
ence of the catalyst layer on the support material. For this purpose,
a standard cleaning procedure was performed prior to the depo-
sition step; Quartz reactors hold in chromic acid for 2 days were

washed amply with distilled water, hold in an ultrasonic bath filled
with alcohol solution for 30 min and dried at 105°C. Moreover,
equipments were also cleaned according to the same procedure.

The outline of the coating conditions is given in Table 1. A stan-
dard deposition procedure was carried out as follows; quartz glass
tube is dipped into 0.2 M ammonium zincate solution, where it was
held for 1 min. Later, the glass tube was removed slowly, the outer
surface was cleaned and then it was placed into the oven preheated
to the selected temperature of 50 °C where it was held for 10 min.
In this way, one coating cycle was completed. At the end of 20
coating cycles, the final annealing was accomplished at 300 °C for
10 min to complete the dehydration of Zn(OH), and ensure the for-
mation of a strongly adherent ZnO film as well. Other arguments
were also taken into account for the selection of the final annealing
temperature, as discussed in Section 3.

2.4.3. Zinc analysis

Zn concentration in zincate solution was determined by means
of complexometric method. The surface concentration of ZnO was
analyzed by atomic absorption spectrophotometer (AAS) using the
solution prepared by dissolving the film in HCI solution.

3. Results and discussion

Initially, some coating experiments were performed by deposit-
ing ZnO film on microscope slides in order to observe films
properties such as film adherence and film homogeneity by naked
eye and under optical microscope. Then, various microscopic, struc-
tural, optical and tests were conducted to characterize ZnO film
coated on glass slides.

3.1. Physical characterization of thin ZnO film

XRD spectra given in Fig. 4a and b reveal that both ZnO thin film
and commercial powder ZnO exhibit the same wurtzite (zincite)
crystal structure. In addition, the amorphous nature of the ZnO film
is easily detected.

The thickness of thin film was estimated by SEM analysis given
in Fig. 5. It was calculated as 1.41 pm after 20 coating processes.
The thicknesses were also calculated by solving the ZnO film in
concentrated acid solution and analyzing ZnO content by AAS and
similar results were obtained. From these results, it was concluded
that each coating cycle contributes to the film thickness by about
70 nm.

AFM images were taken to discover the structural morphology
of ZnO films. The three-dimensional AFM image is given in Fig. 6,
from which average ZnO crystallite size was calculated as 72 nm.

Surface hydrophilicity is an important property for an efficient
contact of the liquid phase and the catalyst film. This property was
evaluated by water contact angle measurements. Fig. 7 shows the
water contact measurement for heat treated thin ZnO film. Interest-
ingly, the film exhibits highly hydrophilic behavior (left 36.6°-right
31.0°), as water contact angle is less than 90°. Small angle differ-
ences between left and right sides are attributed to the presence
of film roughness. The value of water contact angle is less than
reported values in the literature [31,35-36]. Meanwhile, its worth
to note that the final annealing temperature has important impact
on the physical characteristics of the film; the hydrophilicity of the
film is inversely related to the annealing temperature as reported
by Shinde et al. [31]. Furthermore, the grain size of ZnO increases
with increasing heat treatment temperature [27]. Consequently,
these considerations restrict the use of high temperatures for the
annealing operation.

Band gap value is the principal physical characteristic of semi-
conductor materials. The theory of optical absorption gives the
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Fig. 4. XRD spectrums of (a) ZnO thin film on glass plate (b) commercial powder ZnO.
relationship (3) between the absorption coefficient o and the pho- This equation gives the band gap Eg (eV), when the straight por-
ton energy hv for direct allowed transition, as in the case of ZnO tion of (ahv)? against E(hv) plot is extrapolated to the point a=0.
This is shown in Fig. 8 from which the band gap was calculated as
ahv=A(hv — Eg)“/ 2 (3) 3.24eV. Commercial ZnO samples have band gap values between

3.00 and 3.30eV, and the reported usual value is 3.17 eV. The dif-
ferences between various band gap values may be due to presence
of zinc hydroxide which can remain unconverted during the heat
treatment [23], or due to the existence of defect levels after heat
treatment, common phenomena observed in chemically deposited
thin films [31].

3.2. Photocatalytic activity of ZnO thin film

RRF3B was selected as commonly used commercial textile dye
to test the photocatalytic performance. For this purpose, the first
order reaction rate constant was used as a measure of the photo-
catalytic activity, since photocatalytic reactions comply generally
with pseudo first order kinetic model:

—In(C/Co) = kt; (4)

AccV  SpotMagn. Det WO F— 2m . . i .
/3.0 16000x SE 145 Zn0 where k is the rate constant (h~1), t; is the photocatalytic reaction

time (h) calculated from the processing time t, according to Eq. (5)

Fig. 5. SEM microgram of cross-section of microscope slides for thickness of ZnO
thin film. fg=t (Vt/vr) (5)
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Fig. 6. Atomic force microscope (AFM) images of ZnO thin film.

where V; is the total liquid volume in the system (dm?3), V; is the
active liquid volume in the reactor in contact with UV radiation
field.

In the calculation of the rate constants by means of linear regres-
sion, on-line absorbance data comprising approximately 100-300

samples was used. On the other hand, in slurry reactor experi-
ments, at least 10 kinetic data were used for this purpose. To test
the reproducibility of the rate constant values, the relative exper-
imental error was estimated using the results of three replicate
experiments and it was calculated as 5%, which is of acceptable
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level when the complexity of various physical-chemical processes
occurring during the whole process is taken into account.

On the other hand, photocatalytic rate depends on diverse
process parameters such as; initial organic dye concentration Cy
(mmol dm~3), volumetric photon absorption velocity [ (mW dm~3),
volumetric catalyst loading m (mgdm~3). The rate constant was
correlated to these process parameters according to the power law
model (Eq. (6)) as usually applied for this purpose [5]:

k=amb G G (6)

The model parameters, a, b, ¢, d were determined by linear
regression analysis after suitable logarithmic transformations.

The solution pH, air flow and temperature were held constant at
6.5, 200cm3 min~! and 25 °C respectively in all experiments. The
same parameter ranges applied in the whole kinetic study are as
follows:
Variable ranges: Co: 0.027-0.133 mM; I: 176-528 mW dm 3

Base experimental conditions are as follows; Cy=0.160mM,
=528 mWdm3.

3.2.1. Kinetic modeling with powder ZnO photocatalyst

In slurry reactor experiments, the stirring rate was held constant
at 300rpm. The base catalyst loading value was 1500 mgdm3,
which was investigated between 35 and 3000 mg dm~3.

The regression analysis according to Eq. (6) gave the following
results:

kpow = 1.63 x 107> m080 ;=169 1051 (R2 — 0.982, s = 0.068)
(7)

where R? is the squared correlation coefficient and s is the root
mean square error. The fit between model and experimental k val-
ues is shown in Fig. 9. Exponent of I is approximately equal to 0.5,
as found frequently. Furthermore, Exponent of Cy, —1.69, which is
quite higher than the usual value —1, results primarily from the
reduction of the path length of photons entering the solution by
increasing dye concentration, according to the Lambert-Beer law.
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Fig.9. Fitbetween model and experimental rate constants values with ZnO powder.

Table 2

Experimental conditions of the reactor system.
Parameter Value
Quartz tube reactor diameters ¢ 6-12mm
Quartz tube reactor length 180 mm
Air flow 200 cm? min~!
Total dye solution volume 100cm3

Liquid circulation velocity 225cm? min~!

3.2.2. Kinetic modeling with ZnO coated tubular reactors

Quartz tubes of various diameters namely, 4, 6, 8, 10 and 12 mm
were coated with thin ZnO film. Photocatalytic activities of tubular
reactors were tested as function of initial dye concentration, volu-
metric photon absorption rate and tube diameter. Constant process
conditions applied for kinetic study are given in Table 2. Liquid recy-
cle flow rate was adjusted to ensure similar flow (hydrodynamic)
conditions for each tube diameter. Reynolds number was adjusted
near to 1000 to prevent mechanic corrosion of thin film by turbulent
flow.

According to Table 3, it is seen that two important properties of
the catalyst layer namely, superficial catalyst loading Sy and film
thickness, are both independent of tube diameter within experi-
mental error. This also shows that the coating method was applied
successfully on tubes of various diameters. On the other hand, for
surface driven heterogeneous photocatalysis, a linear dependence
is expected between the rate constant and specific surface area,
but a sigmoid curve was obtained experimentally as seen in Fig. 10,
reflecting the complex nature of photocatalytic process involving
various series and parallel steps such as mass transfer to or from
catalyst surface, chemical surface reactions, photonic adsorption
and related electronic phenomena. Detailed mechanistic models
encompassing all the aspects of photocatalytic processes are given
in various reviews [37-38]. Meanwhile, the results demonstrate
that narrower reactor is more beneficial for an efficient use of

Table 3
Specific properties of tubular reactors.
Tubular reactor diameter (mm) V(cm?3) Catalytic surface/reactor volume (S) (cm? cm~3) Sk (mgem—2) Thickness of ZnO thin film (pum) k(h-1)
4 2.51 9.8 0.87 1.55 5.50
6 5.65 6.6 0.89 1.58 4.80
8 10.05 5.0 0.83 1.47 2.06
10 15.70 4.0 0.77 137 1.24
12 22.61 3.4 0.84 1.49 0.21
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catalyst film deposited on the inner surface of the reactor. Larger
reactors may be operated as “falling film reactor”.

For 6 mm tubular reactor, the dependence of the rate constant
on initial RRF3B concentration and volumetric photon absorption
velocity are shown in Fig. 11a and b respectively. Linear regression
analysis gave the following results:

Keim = 3.08 x 1073 C,~1:03 1958 (R2 = 0.989, s = 0.031) (8)

The fit between model and experimental k values is shown
Fig. 12. On the other hand, when Egs. (7) and (8) are compared,
it is seen that the powers of the dye concentration and light inten-
sity terms differ for thin film and powder catalyst: In the case of thin
film, the rate constant is less sensitive to initial dye concentration,
and more sensitive to light intensity.

Dividing Eq. (7) by Eq. (8), the ratio of the rate constants, or
equivalently the ratio of the activities is obtained

Kyow, _ 0.0053 50
Kiim — Co0-040.7

(9)

The following numerical example may be given for illus-
trative purpose: according to Eq. (9), for Cp=0.01mM and
I=176 mW dm~3, the activity of the ZnO film is equal to the activity
of ZnO powder in a slurry of 1620 mgdm~3 density. On the other
hand, based on particle size distribution analysis, the specific optic
surface area of ZnO powder was calculated as 3.47 m? g~1. Thus,
total optic surface area of catalyst slurry of 1620 mg dm~3 density
is about 56.2 cm? cm~3 of slurry volume, while the corresponding
Sy value is only 6.6cm?2cm~3 of reactor volume; in other words,
catalyst mass is 8.5 times more efficiently used in thin film coated
tube reactor than slurry reactor to achieve the same photocatalytic
activity.

4. Conclusion

A chemical deposition method was applied to coat various
quartz tubes with ZnO thin film through two steps; a dipping step
in an ammonium zincate solution to form a liquid film on sup-
port surface and a thermal treatment step for the formation of
ZnO film. The method uses low cost inorganic Zn compound dis-
solved in ammonia solution. It is energy efficient since it does not
require high annealing temperature. ZnO thin film has a wurtzite
crystal structure with band gap calculated as 3.24 eV. It exhibits
highly hydrophilic behavior. The average ZnO crystallite size was
estimated as 72 nm. The thickness of thin film estimated by SEM
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microgram analysis was calculated as 1.41 p.m after 20 coating pro-
cesses. The dependences of the first order rate constant to initial dye
concentration and light intensity are different from those of ZnO
powder; the rate constant is less sensitive to initial dye concen-
tration and more sensitive to light intensity, which demonstrates
a more efficient use of light photons. The results showed that thin
ZnO film deposited on the inner surfaces of the tubular reactor has
comparable photocatalytic activity to that of ZnO powder and cat-
alyst mass is more efficiently used in thin film coated tube reactor
than slurry reactor to achieve the same photocatalytic activity.
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