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In this research, an attempt was made to investigate the potential of nanophotocatalysts for treatment
of hazardous wastewater streams. Titanium dioxide nanoparticles (as photocatalyst) were immobilized
on a porous and low-density support called “perlite” using a very simple and inexpensive method. TiO,-
coated perlite granules were used in a “Floating-bed photoreactor” to study the photocatalytic purification
process of a typical wastewater polluted by furfural.

Ilffly‘;"ordts"l N The effects of initial concentration, catalyst mass/solution volume ratio, oxidant molar flow, residence
Fusﬂfﬁ alvtic degradation time, and light intensity on process removal efficiency, and kinetics of the reactions were studied.

Titanium dioxide (TiO3) SEM analyses showed a properly uniform distribution of titanium dioxide nanoparticles on perlite gran-
Perlite ules. HPLC analyses of the photocatalytic treatment experiments of water streams synthetically polluted

with furfural showed a fairly good performance for the immobilized catalyst.

A furfural concentration reduction of more than 95% was observed within 120 min. Kinetics of the
reaction, strongly depends on pollutant concentration in the solution and mass diffusion phenomenon
seems to be the controlling step.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Photocatalytic oxidation has been studied since 1970 as a
method to remove hazardous substances. It has also been pro-
posed since 1980 as an effective method for treatment of toxic
and polluted water [1]. A lot of studies have been conducted to
investigate the capacities of this phenomenon in air, water and
soil detoxification and decontamination. These studies dealt with
a vast range of organic pollutants such as aromatics (especially
phenol and its derivatives), furfural, alkanes, cycloalkanes, alkenes,
dyes, pesticides, herbicides, cyanides, etc. [1-23]. In some stud-
ies also the effects of hydrochloric acid catalyst pretreatments on
degradation of benzene, toluene and xylene in gas phase were
investigated [9,10]. In some studies degradation of more easily pho-
todegradable organic pollutants like acetylene in presence of either
titanium dioxide powders in a slurry type photoreactor or immobi-
lized titanium dioxide were investigated [11]. In some other studies
photodegradation of different types of dyes by means of titanium
dioxide suspensions were investigated in liquid phase [12,13]. In
some studies, photocatalysis was investigated in presence of sun
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light instead of UV light, by means of different kinds of titanium
dioxide [ 14-16]. Studying the potentials of photocatalysis for water
disinfection was also investigated in some researches during the
last decade [17].

Among all newly developed detoxification methods, heteroge-
neous photocatalytic oxidation is becoming more and more popular
each day [18]. In order to run such a process, the photocatalyst has
to be immobilized on a proper support. One of the photocatalysts
which has received a great deal of attention from research circles,
is titanium dioxide (TiO,) [19]. Among the metal oxide semicon-
ductors suitable for photocatalytic processes, TiO, in its anatase
form is the most broadly used one because, it is highly active, avail-
able, and chemically resistant in all reaction conditions [20]. There
are different supports on which titanium dioxide has been immobi-
lized. In some studies, titanium dioxide is immobilized on activated
carbon as an efficient system in organic photodegradation practices
[21,22].In some other papers titania immobilization was conducted
on glass, quarts and stainless steel supports [23].

There are different TiO, immobilization techniques for example:
spray coating, CVD, sol-gel methods, sputtering, dip coating from
suspension, and electrophoretic deposition [8].

So far, a lot of studies and experiments have been conducted to
investigate the potentials of photocatalytic oxidation of pollutants
existing in aqueous phase. Different pollutants, different photore-
actors, and different catalyst supports have been tried. Pollutants
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such as: aromatics, cyanide compounds, and dyes, and photoreac-
tors like: thin film, fluidized-bed, and slurry type, and finally some
supports including: ceramics, granular activated carbon, glass slabs,
and fiber glass were mostly used by researches.

Slurry type photoreactors use the catalyst particles suspended
in the liquid phase, making the separation and catalyst recovery
process too difficult. Thin film photoreactors in which a thin film
of catalyst is usually attached to a fixed glass, quarts or metal slab
or tube have lower removal efficiencies but, heterogeneous photo-
catalysis which includes using supported catalysts shows very good
potentials for wastewater purification [18-20]. Supports have to be
inert, corrosion and erosion resistant, and they have to have a good
surface area with an ability to keep the coated catalyst, so that the
catalyst particles do not leave the support and act as suspended
catalysts. Perlite is the selected support in this study because we
believe that it fulfills all the required features for a proper support.

Perlite is an inert, porous, low density, abundant and cheap sub-
stance. It is a volcanic glass able to expand 4-20 times its original
volume, upon heating resulting in flakes with a porosity greater
than 95% [24]. After expansion its density would be less than unity
so that it can be easily floated on the water.

A floating-bed photoreactor includes a floating-bed of low-
density supports, coated with a photocatalyst. Light is irradiated
from the top, without facing any barrier but the air and dust and
the reactants transfer from the balk to the support surface. Aera-
tion and recirculation mechanisms (if included) would promote a
better mass diffusion and cause the supports change their position
and face the light. Perlite is a good choice for such a reactor for its
low density and small granule size which eases its movements that
are important in order to face the light source.

Furfural is an organic substance which is used as essence, fuel
additive, pharmaceutical raw material, solvent, and impregnating
agent. This substance is harmful in contact with skin and is toxic
whenitisinhaled or swallowed; it also shows some limited carcino-
genic effects. It can be easily absorbed through the skin and must
not be released in sewer and water bodies. In the case of long-term
exposure it leads to liver enlargement, feeling of weakness, skin
rash or inflammation, tremor and nose bleeding [25].

In the last step of furfural production it usually evaporates with
water and is separated from water by condensation. This condensed
water may contain a very low concentration of furfural which is
better to be removed, before the water is discharged to the nature.

2. Materials and methods
2.1. Immobilization of titanium dioxide on perlite granules

In order to immobilize titania nanoparticles on perlite granules,
the technique described in previous paper of this research group [8]
was adopted. Perlite granules were weighed before and after cat-
alyst immobilization in order to determine the amount of catalyst
immobilized on perlite granules.

2.2. Materials

The UV sources utilized in photoreactors included a 30W
(@30 mm x 550 mm, medium pressure, 254 nm, Osram, Germany)
and a 125W (013 mm x 50 mm, medium pressure, 254 nm, Osram,
Germany) UV lamp.

Furfural (99.9%) was purchased from Merck, Germany. The
deionized water (EC = 0.055 jvs) to make furfural solutions of differ-
ent concentrations was obtained from an SG, Germany deionizer.
The oxidizing agents included hydrogen peroxide (30%) and sodium
oxalate (99%); both purchased from Merck, Germany.

6

Fig. 1. Scheme of the utilized floating-bed photoreactor. (1) Adjustable UV lamp;
(2) chemical feed; (3) cooling water inlet; (4) cooling water outlet; (5) floating bed;
(6) reactor jacket.

The samples were analyzed by means of a Waters 1880 (Ger-
many) HPLC analyzing apparatus with a solvent phase consisted of
water-acetonitryl (Merck, Germany, 99.9%) solution.

2.3. Photoreactor

The photoreactor used in this work included a 280 mm x
115 mm x 70 mm jacketed glass box without the upper face; a 125
or 30W UV lamp which was adjusted 100 mm above the floating
bed in all cases; an air diffuser at the bottom of the glass box; a
chemical injector and a sampling port. Fig. 1 shows a scheme of
utilized photoreactor.

A typical wastewater was synthetically prepared by addition of
desired amounts of furfural to deionized water. Solution concentra-
tions of 0.5-5 mM 1-! or 48-480 ppm were selected. 250-750 ml of
synthetic wastewater was introduced to the photoreactor (500 ml if
itis not mentioned) and samples were taken every 15 or 30 min. The
total run time for batch systems was 120 min. In some experiments
hydrogen peroxide as an additional oxidant or sodium oxalate as
a reaction accelerator were introduced in low molar rates from
2x 1074 t0 8 x 10~*molh~1.

The floating bed included a bed of 2-5 g coated perlite granules
floating on the solution surface and facing the UV source.

Reaction temperature was controlled to be fixed in 28°C by
means of a cooling water flow through the reactor jacket.

2.4. Analysis

Furfural concentration in all samples was analyzed by HPLC ana-
lyzing apparatus with a UV absorption detector set at 254 nm for
furfural. A Novapack 150 mm x 39 mm i.d. C18 column was used,
and the applied mobile phase was 1mlmin~! of gradient chro-
matography grade acetonitryl and deionized water at a ratio of
60:40.

Perlite granules were analyzed by SEM (JEOL-JXA-840, Japan)
and XRD (Bruker D4 XRD analyzer with a Cu Ko X-ray source) before
and after coating processes in order to investigate the efficiency of
coating process and its effects on attached titania nanoparticles.
The results for XRD and SEM analysis are discussed in detail in the
previous work of this group [8].

3. Results and discussion

The effects of factors such as, initial concentration of the solu-
tion, solution volume, light intensity, molar flow rate of hydrogen
peroxide and sodium oxalate, and finally mass of coated perlite
granules to surface area ratio, was investigated in this work.
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Fig. 2. Function of the reactor in removing furfural from solution.

3.1. Initial concentration

The initial concentration of the solution had a very significant
effect on kinetics of the reactions. Kinetics of the reactions fol-
lows the known Langmuir-Hinshelwood model. Fig. 2 shows thatin
concentrations more than 1.6 mM -1, C/Cy > 0.32, the reaction fol-
lows a zero-order kinetic while in lower concentrations it follows
a first-order kinetic. Conditions for this experiment was: Cy =5 mM
furfural/l solution; 3 g perlite as the floating bed; 500 ml solution;
125W UV lamp; aeration to provide required dissolved oxygen.

Table 1 shows removal efficiencies after 120 min for some dif-
ferent initial concentrations.

It was observed that by a decrease in initial concentration, an
increase in removal efficiency occurred. This can be caused by less
photon absorption by furfural molecules, leading to more catalyst
activation and more photolytic degradation of furfural. The maxi-
mum absorption wavelength for these molecules is 254 nm, which
is found in UV spectrum.

3.2. Solution volume

The volume of the solution in photoreactor also had a signif-
icant effect on removal efficiency. The more the solution volume
was, the more pollutant molecules needed to be degraded under
the same conditions. Moreover, mass diffusion as the controlling
step depends on how deep the liquid phase is. The more the solu-
tion volume is, the more difficult mass diffusion would be and
consequently the less efficient the oxidation process would be.
Fig. 3 shows the effect of solution volume on removal efficiency.
The experimental conditions for this test included: Cy = 0.5 mM fur-
fural/l solution; 3 g perlite as the floating bed; 125W UV lamp;
aeration to provide required dissolved oxygen.

Table 2 shows the removal efficiencies after 120 min and reac-
tion rate constants for these systems.

3.3. Light intensity

Since the photon flux is a key factor in photochemical reactions
and photocatalysts are activated by photons, therefore an increase
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Fig. 3. Solution volume effect.
Table 2

Solution volume effect

Solution volume (ml) Removal efficiency (%) Rate constant (min—1)

250 99.6 0.0432
500 93 0.0215
750 80 0.0128

Co =0.5mM furfural/l solution; 3 g perlite; 125W UV lamp; aeration.

Lo
&)
L

“Ln(C/Cy)
= B ow

0.5

0 30 60 %0 120 150
Time(min)

| + 125W ® 30W = Linear (125 W) —Linear(30W)|

Fig. 4. Light intensity effect.

in reaction rates is expected by an increase in light intensity,
however as the light intensities increase, their effects on reaction
kinetics decrease so that in high enough intensities no more reac-
tion promotion is observed due to intensity increase. The range of
light intensities in this work was not that high, making it possible to
investigate the effects of light intensity changes. This phenomenon
is shown in Fig. 4. Here the slopes of trend lines are reaction rate
constants by considering a first-order reaction kinetic. The reac-
tion rate constant for a 125 W UV source is more than three times
the reaction rate constant of a 30 W UV source. In this experiment,
reactions took place under these conditions: Cy =0.5 mM furfural/l
solution; 3 g perlite as the floating bed; 500 ml solution; aeration
to provide required dissolved oxygen.

Table 3 shows the reaction rate constants and removal efficien-
cies for these two systems after 120 min.

Table 1

Initial concentration effect

Kinetics Zero-order First-order

Initial concentration (mM1-") 5 4 3.5 3 2 1.6 1 0.7 0.5 0.2
Removal efficiency (%) 47 56 61 66 71 77 89 92 94 97

3 g perlite; 500 ml solution; 125 W UV lamp; aeration.
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Table 3
UV source power effect

UV source power (W) Removal efficiency (%) Rate constant (min~1)

30 50 0.0055
125 93 0.0215

Co =0.5mM furfural/l solution; 3 g perlite; 500 ml solution; aeration.
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Fig. 5. Hydrogen peroxide effect.

3.4. Hydrogen peroxide molar flow

Besides oxygen as the oxidant, some additional oxidants such as
hydrogen peroxide can accelerate reaction rates, in order to investi-
gate the effects of this additional oxidant, some experiments were
designed. Experiments revealed that addition of a very low molar
flow, for example 360 pmol h—! of hydrogen peroxide could signif-
icantly increase the reaction rate by almost twofolds. This is shown
in Fig. 5. Conditions for this experiment were: Cy = 0.5 mM furfural/l
solution; 3 g perlite as the floating bed; 500 ml solution; aeration
plus hydrogen peroxide to provide required oxidant; 125W UV
lamp.

Table 4 compares the reaction rate constants and removal effi-
ciencies for these four systems after 120 min.

3.5. Oxalate molar flow

Oxalate is a reducing agent, but some experimental evidences
in this work proved that it can accelerate the photocatalytic
oxidation reactions. This is done by splitting the oxalate ions

Table 4
Hydrogen peroxide effect

Hydrogen peroxide Removal Rate constant

molar flow (wmolh-1) efficiency (%) (min~1)
0 93 0.0215
180 95 0.0258
240 98 0.0312
360 99.4 0.0424

Co =0.5mM furfural/l solution; 3 g perlite; 500 ml solution; aeration plus hydrogen
peroxide injection; 125 W UV lamp.
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Fig. 6. Sodium oxalate effect.

Table 5
Sodium oxalate effect

Sodium oxalate molar Removal Rate constant

flow (pmolh-1) efficiency (%) (min~1)
0 93 0.0215

390 96.5 0.0277

780 99.2 0.0389

Co=0.5mM furfural/l solution; 3 g perlite; 500 ml solution; aeration plus sodium
oxalate; 125 W UV lamp.

into its radical forms by UV photons which can convert oxygen
molecules to super-oxide radicals and subsequently promoting the
oxidation process. Oxalate was introduced in the form of sodium
oxalate. Fig. 6 shows how effective this reducing agent could be
in promoting an oxidation reaction. These conditions were con-
sidered for this experiment: Cp=0.5mM furfural/l solution; 3 g
perlite as the floating bed; 500 ml solution; aeration plus sodium
oxalate to introduce required reaction promoting agents; 125 W UV
lamp.

Table 5 shows how oxalate ions affect the reaction promotion in
these three systems. Removal efficiencies are reported for a reten-
tion time of 120 min.

Experiments in this work proved that hydrogen peroxide is
much more effective than oxalate in promoting photocatalytic oxi-
dation reactions. Fig. 7 compares two similar systems which used
hydrogen peroxide and oxalate in order to accelerate the reaction
rate.
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Fig. 7. Comparison of the reactor performance when using hydrogen peroxide or
sodium oxalate.
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Table 6
Support mass effect

Support mass (g) Reaction rate constant (min~')
2 0.0202
3 0.0215
4 0.0190
5 0.0174

Co =0.5mM furfural/l solution; 500 ml solution; 125W UV lamp; aeration.

3.6. Catalyst mass to solution volume ratio

As expected, catalyst mass was proportional to the process
removal efficiency but, there was an optimum catalyst mass for this
system. In previous works, especially in slurry type photoreactors,
this optimum catalyst mass was due to photon absorption and dis-
traction by catalyst particles and supports near the UV source that
made it difficult for farther catalysts obtain enough photon ener-
gies. In our floating-bed photoreactor, the optimum catalyst mass in
the form of support (perlite granules) mass corresponded the min-
imum mass of support coated with catalyst which can cover the
whole solution surface, because additional supports would accu-
mulate below the upper support layer, adsorbing the substrate
while the upper support layer adsorbed the photons not leaving
enough photons for the layer below. Table 6 shows the observed
reaction rate constants by considering a first order kinetic for the
reactions. It was revealed that this optimum support mass was
3 g for the surface area of the photoreactor used in this work. All
systems were similar with different support mass.

3.7. Kinetics

Experimental data in this work supported the idea
that Kkinetics of these photocatalytic reactions followed the
Langmuir-Hinshelwood model.

By splitting the curve in Fig. 2, it was revealed that for concen-
trations more than 1.6 mMI1-1, the reaction follows a zero-order
kinetic. The slope of trend line in Fig. 8, corresponds kgps/Co
value which suggests an observed reaction rate constant (kyps) of
0.0195 mM min~! for Co=5mM]I1-1,

Fig. 9 shows that in concentrations less than 0.6 mM 1-1, a first-
order reaction kinetic is observed. This chart is based on the data
obtained from Fig. 2, by considering Cy=0.6 mM1-! which corre-
sponds to C/Cy=0.12 in Fig. 2. The equation at the corner of the
figure, applies for the equation of a first-order reaction with a rate
constant of 0.0221 min—1.

When the initial concentration was set to be 0.3mMI1-! and
what we did in the last step was repeated, Fig. 10 was obtained
which suggests a better fitness to first-order reactions with a rate
constant of 0.0274 min~!.
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Fig. 8. Behavior of the reaction for Cy =5 mM furfural/l solution.
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Fig. 9. Behavior of the reaction for Cp =0.6 mM furfural/l solution.
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Fig. 10. Behavior of the reaction for Cp =0.3 mM furfural/l solution.

Table 7 shows the behavior of reactions by changing the ini-
tial concentration. Regression factors and rate constants for curve
fitting to first-order reactions are shown in Table 7.

There were some factors such as light intensity that could
change the initial concentrations at which the order of the reac-
tions changed; for example, if a 30 W UV source was used to
treat a solution with an initial concentration of 0.5mMI-1, the
reaction showed both a zero-order and a first-order reaction behav-
ior, while the same system with a 125W UV source showed a
behavior far from a zero-order reaction kinetic. Fig. 11 shows this
difference.

3.8. The amount of catalyst immobilized on perlite granules

The amount of catalyst immobilized in five separate catalyst
immobilization experiments was determined to be 0.121, 0.130,
0.124, 0.119 and 0.134g catalyst on 1gperlite/catalyst system,
0.126 g catalyst on 1 g perlite/catalyst system on average.

Table 7
Initial concentration effect

Initial concentration Regression Reaction rate constant
(mMI1-1) factor (R?) (min-1)
0.6 0.9833 0.0221
0.48 0.9854 0.0252
0.37 0.9874 0.0263
0.3 0.9867 0.0274
0.21 0.9817 0.0283
0.11 0.9772 0.0262
0.081 0.9725 0.0271
0.055 0.9633 0.0273
0.039 0.949 0.0281
0.031 0.8991 0.0313
0.018 0.8349 0.0293

3 g perlite; 500 ml solution; 125 W UV lamp; aeration.
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Fig. 11. Reaction behavior for different light intensities.

Fig. 12. Perlite granule coated with titanium dioxide.

Fig. 12 shows titanium dioxide particlesimmobilized on a perlite
granule. The image is rather obscure but the catalyst particles can
be identified revealing the fact that the immobilization technique
was successful. In order to compare coated and uncoated perlite

Fig. 13. Uncoated perlite granule.

granules Fig. 13 can be helpful, this image shows an uncoated perlite
granule.

4. Conclusions

Photocatalytic oxidation turned out to be a good and promising
process to purify solutions polluted by furfural, especially in low
concentrations. This was an inexpensive, easy to run, effective and
fast process by which removal efficiencies more than 95% could be
achieved in just 2 h. Using additional oxidants especially hydrogen
peroxide even in very low molar flows of a few hundred micromoles
per hour, the removal reaction rates rose to more than twofolds.
The floating bed photoreactor used in this work appeared to be a
proper system with a good efficiency due to the ability of photons
to penetrate more efficiently and more energetically through air
instead of water to face the catalyst in order to purify this kind of
wastewater.

Kinetics of the reactions involved, followed the Langmuir-
Hinshelwood model. Initial concentration showed to be essen-
tial in determining the order of the reaction and light intensity
appeared to affect the concentration at which the order of the reac-
tion shifts. The XRD and SEM analysis on coated perlite granules
revealed that the method adopted to immobilize titanium dioxide
nanoparticles on perlite granules was suitable for this purpose. No
serious structural changes were detected in titanium dioxide par-
ticles and distribution of anchored titania on perlite surface was
uniform.
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