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Abstract

Phenol photooxidation in a flow reactor of a cylinder shape was studied for systems H,0, + UV and TiO, + H,0, + UV. TiO, was prepared
as cylinder granules 0.3 cm leng and 0.2 cm in diameter. Limit liquid flows and concentrations of organics that can be converted in the reactors
were estimated. The contributions of various reaction routes (direct photochemical action on the organic compound, OH generation from
H,0,, photocatalytic decomposition of H,0, and organics on TiO, ) were estimated and shown experimentally. It has been proved in experiment
that in a designed photocatalytic reactor (length 15 cm, mercury lamp middle pressure 250 W) up to 98% of phenol can be decomposed at a
concentration of 6 X 10~ M phenol and a concentration of 10~ M peroxide at a flow of 21 I h~ !, © 1997 Elsevier Science S.A.
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1. Introduction

Light-driven water purification technologies open a prom-
ising way in some important areas of environmental control
especially in the oxidative destruction of organic contami-
nants | 1]. There are three main paths for the destruction of
organic compounds. First, light can directly excite the mol-
ecules of the organic contaminants thus leading to their direct
photochemical destruction. Second, light can activate some
exogenic oxidants like H;0,(0s) added into the system to
produce strong oxidizers like OH or O (such system herein
after are denoted as ‘photochemical H,0,+ LV systems’).
And, third, light can be absorbed by some photocatalysts like
TiO,, etc., the photocatalysts either directly participate in the
oxidation of organics or initiate the formation of OH radicals
from water and hydrogen peroxide added (below we denote
such systems as ‘photocatalytic TiO, + UV systems’). Each
of the mentioned systems can be used in practice and optimal
under some particular conditions. However, these systems
have also their drawbacks and limitations with use.
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System H,0, + UV offers now a wide practical application
{1]. Its main and well-known drawback appears to be a weak
absorption of light by hydrogen peroxide even in the UV-C
region (€so equals only 18.5 M™' cm™") [2]. As to the
photocatalytic system TiO, + UV, it did not meet a wide use
in practice. However, this photocatalytic system has some
evident advantages compared with the H,0,+ UV system
[3]. Indeed, TiO, can adsorb light in the wide region from
near to far UV (at A <400 nm). Furthermore, the granules
of TiO, are able to utilize the whole flux of light from this
region.

In this paper, we tried to use the advantages of both
TiO, + UV and H,0,+ UV systems by adding the granules
of TiO, to H,0, + UV system. The photooxidative activities
of TiO, + UV, H,0, + UV, TiO, + H,0, + UV systems were
compared in the process of phenol oxidation in the flow
reactor.

2. Experimental

2.1. Reagents and materials

To prepare solutions, we used distilled water, 30% hydro-
gen peroxide solutions, phenol and sodium hydroxide (anal-
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ysis purity grade). TiO, granules of cylinder shape 0.3 cm
long, 0.2 cm in diameter, were prepared by Dr. Zenkovets
G.A.

2.2. Experimental

To oxidize organic compounds we used a flow reactor
consisting of two coaxial cylinders. The inner cylinder (exter-
nal radius R, =2.5 cm) was made of quartz. External cyl-
inder (inner radius R,,=3 cm) was made of glass. If
necessary, we placed the TiO, cylinder granules in the gap
between the cylinders (AR=0.5cm). A 250 W middle pres-
sure mercury lamp DRL-250, installed into the quartz cylin-
der, served as a light source. Solutions were fed by a
peristaltic pump SP 3 (MLW Labortechnic, GDR). The flow
of liquid through the reactor was controlled with pinch-cocks
on flexible hoses and monitored with a flowmeter 1 W 160
(Prufgerate Werk Medingen, GDR).

Fig. I views the setup. It consists of the reactor, peristaltic
pump, T-joint, pinch-cocks, refrigerator (20 °C), vessels of
11and 2 1 volume ‘1’ and ‘2, respectively. At the beginning,
vessel 1 contained 1 | of distilled water, while vessel 2 con-
tained 2 | of distilled water with the required amounts of
phenol and hydrogen peroxide. The initial temperature of the
solutions in the vessels 1 and 2 was ca. 20 °C. pH of the
second solution was adjusted using sodium hydroxide. After
this the output reactor hose was placed into vessel 1, and T-
joint was turned to vessel 1. Then the pump, lamp and refrig-
erator were switched on. After 5 min of operation, needed to
heat the lamp, T-joint was returned to vessel 2, containing
the working mixture. Then 1.5 1 of the solution was pumped
through the reactor, 50 ml of the solution was taken and the
concentration of phenol in this sample was measured.

As the working mixture goes through the reactor with a
switched-on lamp, phenol decomposes, as is evidenced by a
spectrum of phenol luminescence excitation at A =270 nm.
Luminescence excitation were registered by a Shimadzu UV-
300 (Japan) spectrophotometer. A BC-4 glass cutoff filter
served to quench the samples scattering and simultaneously
to measure the integral intensity of the sample luminescence
at A>300 nm.

Phenol concentration was calculated as follows: the lumi-
nescence intensity of the sample was measured just at the

flowmeter
refrigerator
@ reactor
lamp
——pump
/T- joint
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\—— vessels

Fig. 1. Scheme of the experimental setup.

reactor exit. Then, we added phenol into the sample in the
amount required to obtain the initial concentration of pheno!
as in the vessel before the reactor. We recorded the lumines-
cence iniensity again. Phenol amounts in the sample were
calculated as follows: the ratio of the luminescence intensity
before phenol addition and the difference of luminescence
intensities before and after phenol addition was multiplied by
the phenol concentration added into the sample. This proce-
dure enables to take into account a plausible quenching of
phenol luminescence by the products of its oxidation.

2.3. Evaluation of regions of efficient operation of the
reactor

Before measuring the operation efficiency of a flow pho-
toreactor of a definite geometry equipped with a light source,
one should evaluate the ranges of the liquid flows and the
concentration of the oxidized organic material in which all
organics can be converted in the reactor. The limitations may
be related to the light source power, a slow diffusion of
reagents to the photocatalyst surface, flow overheating and
low reaction quantum yield.

Therefore, the reactor with TiO, photocatalyst granules is
able to photocatalytically oxidize the flows of organic com-
pounds, if the following three conditions are met: (1) The
number of photoactive light quanta radiated by the lamp in
time unit should exceed the number of organic molecules fed
into the reactor during the same time. This condition results
from the fact that usually the photocatalytic oxidation quan-
tum yield does not exceed 1 (Here, we have neglected chain
processes). (2) Each organic molecule entering the reactor
should at least once collide with a photocatalyst granule. This
condition follows from the fact that the photocatalytic oxi-
dation of organic molecules proceeds only near the photo-
catalyst surface. The OH radical which can oxidize organics
is active, but is a short living particle and it cannot diffuse
deeply from the surface of the photocatalyst into a solution.
(3) The temperature of an oxidized solution should not be
raised up to 100 °C, so as it will promote a precipitation of
salts from the solution at the surface of the photocatalyst, and
deactivation of the last one.

Fig. 2 shows a domain of the expected efficient operation
of the reactor under study, that is where all three conditions
are met. These calculations were performed on the basis of
standard formulas reported in [4].

2.4. Phenol oxidation in the reactor

The reactor was tested under conditions close to those
expected at a practice. We measured the concentration of
phenol, oxidized during a singlerun, A [Ph] = [Ph], - [Ph],,
where [Ph]; ¢ are the phenol concentrations before and after
the reactor. The phenol concentration at the reactor inlet was
the main variable. To elucidate the effect of H,0,, depend-
ence A[Ph] versus [Ph]; was determined for four different
concentrations of H,O,, namely 0, 1074, 10~ and 102 M.
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Fig. 2. Domain of a plausible efficient operation of the reactor in coordinates:
v. the flow, C: concentration of organic.
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It should be pointed out that the rate of the dark oxidation of
phenol was well below the rate of phenol oxidation under
light. So, the dark oxidation processes may be ignored.

Without the photocatalyst, the concentration of phenol
A[Ph] oxidized in the reactor depends linearly on [Ph], (the
lamp is switched on). Besides, the dependence slope rises,
as the concentration of H,0, increases (Fig. 3). In the pres-
ence of H,0, some critical phenol concentration [ Ph];" does
exist. If the initial concentration of phenol is below this crit-
ical value, then almost all phenol, fed to the reactor, is oxi-
dized and [Ph]; measured does not exceed the experimental
error. This critical concentration of phenol rises with the
increase of the H,0, concentration. For [H,0,] =10"",
107* and 1072 M, [Ph]{ equals 1X107% 3X107° and
5X 1075 M, respectively.

In photocatalyst presence the dependence A[Ph] versus
[Ph], is different (Fig. 4). As [Ph]; increases from 1 X 10~ °
to 4X 1075 M, A[Ph] rises linearly with [Ph],. Besides,
extrapolation of these dependencies to zero gives a zero value
of A[Ph]. As [Ph], rises, A [ Ph] becomes independent of it.
For [H,0,] =0, 10" % and 10™* M, all observed dependen-
cies A[Ph] versus [Ph], are similar. At [H,0,] =10">M
the dependence reaches a plateau at somewhat higher than
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4- L/
T ¢
29 4
T 4 6 8 10
{Phli m
105 )

Fig. 3. Concentration of phenol decomposed, A [Ph], in the reactor vs. its
initial concentration [ Ph], at the inlet of the reactor without TiO, photoca-
talyst upon four concentrations of hydrogen peroxide added to the solution.
v=6mls" ", initial temperature 20 °C, pH 5.6, [H,0,] =0, 107,10~ * and
107 M.
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Fig. 4. Concentration of phenol decomposed, A[Ph], in the reactor vs.
concentration of phenol entering the reactor upon four concentrations of
hydrogen peroxide added to the solution. Reactor is filled with TiO, granules
of C-4 type, v=6 ml s~ ', initial temperature 20 °C, pH 5.6, [H.,0,] =0,
1074, 10" %and 1072 M.
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Fig. 5. Concentration of phenol decomposed, A[Ph], in the reactor as a
function of concentration of hydrogen peroxide added. Reactor is filled with
TiO, granules of C-4 type. Initial phenol concentration is 2 X 10™* M (a)
and 8 X 107> M (b). v=6 ml s~ ', initial temperature 20 °C, pH 5.6.

for [H,0,] =0, 10~% and 10~ M phenol concentrations.
Fig. Sa-b exhibit the effect of H,O, addition. The figures
show A[Ph] versus [H,0,] at two fixed concentrations of
pheno, i.e., 2X 10> and 8 X 10~> M. That correspond to
typical parts of the curves presented on Fig. 4. Note, that
when the concentration of hydrogen peroxide is raised up to
[H,0,] =10"*M, A[Ph] increases markedly (by a factor
of 2).

3. Discussion

Let us discuss the above experimental data concerning the
oxidation of phenol in the flow photocaralytic reactor.
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First, consider the oxidation of phenol without the photo-
catalyst. Here, the reaction can go in two paths:

(a) A light quantum is absorbed by a phenol molecule.
The photoexcited molecule then decays.

(b) A light quantum is absorbed by a H,O, molecule. The
photoexcited H,O, molecule decomposes to produce OH
radicals:

hv

H,0, —» 2 OH-

which later oxidize the phenol molecule.

Let us evaluate the rate of phenol oxidation regarding paths
(a) and (b). For this purpose we should determine the num-
ber of light quanta absorbed by the molecules of pheno! in¢
hydrogen peroxide. For phenol let us use

Dgy,
= — 10~ (DM(A) + Diyos(A))
IW—IIO(A)[I 10 ] ———de,,+DH202 A
A

and for hydrogen peroxide:

D
= —_ = (Dpn(A) + DHy0x(A)) H202 A
byo, !’Io( A)[1-10 | ————dph —

where lo(A) is the light intensity at wavelength A, D;,(A),
Dy,0,(A) are the optical densities of phenol and hydrogen
peroxide at wavelength A, respectively. It is possible to show
that under experimental conditions /p, depends linearly on
{Ph], while Iy,0, does not practically depend on [Ph].
Actually, the emission spectrum of lamp I,(A) dramati-
cally drops, if A decreases below 300 nm. Thus, A from the
long-waved absorption band of phenol, namely A =270 nm,
contributes to the integral determining Ip,. For our set up,
AR=0.5 cm Dy,0, almost equals zero at such a wavelength,
if [H,0,] <1072 M. For the phenol concentrations in
use, [Ph] <10™% M, Dp,(A =270 nm) = €p,(A=270 nm)-
AR[Ph] <0.1, where €, (A=270nm) =2470nm " 'M " 'is
the phenol extinction coefficient at A=270 nm [5], AR is
the length of optical path (gap between the cylinders). Then

I = Ilo()«)lnl() €n(A)[Ph]JARAA =k[Ph]
A

where

k=IIo(A)ln10 €pn(A)ARdA
A

Second, using the fact that the spectrum of the lamp J,(A)
dramatically drops if A decreases below 300 nm one can find
that wavelengths A >230 nm mostly contribute to Jy,0,. In
addition, in this region Dp,<0.1 and consequently /;;,0,
depends on Dp,, ie., on the phenol concentration only
slightly. This means that the concentration of phenol is so
low that it does not shield H,0, at the wavelengths mainly

contributing to /y,o,. Summing up both reaction routes, we
find:

_d[Ph]
dt
where a, b are the efficient quantum yields in each path.

Integrating, one can find A[Ph] as the concentration of
phenol oxidized during time 7:

=alph+bIH202=ak[Ph] +'bIH20._,

A[Ph] =[Ph},~ [Ph],=(1 —e-“kf)[[ph1i+———”’:;°2]

[Ph]; are the initial and final concentrations of phenol.
For the flow reactor, these values correspond to the concen-
tration of phenol at reactor inlet and outlet, 7 is the residence
it of mixture passing through the illuminated space.

Thus, A[Ph] depends linearly on [Ph];. Besides, if the
phenol concentration is below its critical value
[Ph]{:[Ph],< [Ph];", this relation gives that A[Ph]>
[Ph],. In fact it means that phenol is almost completely oxi-
dized in the reactor: A[Ph]=[Ph],, The above ratio
describes at least qualitatively the experimental dependence
between A[Ph] and [Ph], (Fig. 3).

Now, let us consider phenol oxidation with the photo-
catalyst granules.

Note, that photocatalyst absorbs the main portion of light.
As it was mentioned in the experimental section, the photo-
catalyst granules used are cylinders of 0.2 cm in diameter and
0.3 cm long. If the gap between the reactor tubes is simply
loaded with the photocatalyst granules, the light will pass at
a distance smaller than the granule radius, somewhat about
0.02 cm, before TiO, will absorb it. For this path and A > 230
nm, the optical densitiecs of phenol and hydrogen are
Dp, <2.4X10°X1074%0.02=0.005 and Dy,0,< 100X
1072x0.02=0.02, respectively. Thus, the photocatalyst
granules rather than bulk phenol or hydrogen peroxide absorb
the main portion of light.

If the optical path for phenol and hydrogen peroxide
decreases from 0.5 to 0.02 cm ( by a factor of 25) at the weak
absorption, the portion of light absorbed by phenol and hydro-
gen peroxide also reduces by a factor of 25. Assuming that
photodecomposition and photochemical oxidation are the
single-quantum processes, i.e., their rate decreases linearly
with the light intensity, we should state that the contribution
of non-catalytic reactions in the presence of photocatalyst
granules decreases by nearly a factor of (1—e %"/]1—
e~°72%) > 15, Moreover, phenol conversion in the catalyst
presence is of the same order as without it (compare Figs. 3
and 4). This evidences that in system TiO, +H,0,+ UV
under study, the decomposition cf phenol occurs mainly over
the photocatalysis since the rate of non-photocatalytic paths
of destruction of phenol are negligible.

Fig. 4 shows A [Ph] versus {Ph]; when the photocatalyst
granules are placed in the reactor. One can readily see that
A[Ph] versus [Ph]; cannot be determined by the frequency
of phenol molecules collision with the photocatalyst, v, since
it is proportional to [Ph], and A[Ph] versus [Ph], attains
the plateau at some particular concentration of phenol,
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depending on the concentration of hydrogen peroxide. More-
over, a linear growth at low concentrations and the plateau at
high concentration of compounds in the solution are typical
for adsorption isotherms. Thus, one can suggest that the reac-
tion rate and, consequently, the A [ Ph] dependence on [Ph];
are determined mainly by the adsorption of phenol molecules
over the TiO, photocatalyst surface.

However, at v=6 ml s~ ' and [Ph], < 10~*M, used in this
work, collision frequency of molecule of organic material
and the surface unit of the photocatalyst granule v <10~*
mol cm~? s~ ! (see [4]). The average intensity of light is
known to be /= 10~° Einstein cm ~*s ™ '. This means that for
each collision of phenol molecule with the surface unit of
irradiated photocatalyst surface I/ v = 1000 light quanta are
absorbed by TiO,. At such a I/v ratio, the photocatalyst
operation regime, when the rate of the chemical reaction is
not determined by the frequency of phenol molecules colli-
sion with the photocatalyst (see above), can be realized in
two intercrossing cases: (a) the photocatalyst exhibits a
low activity and (b) those parts of photocatalyst granules
where I/v <1, give the main contribution to the oxidation
reaction.

Note, that if the concentration of hydrogen peroxide equals
1072 M and the initial concentration of phenol is lower than
6% 1073 M, practically all phenol (98%), fed to the reactor,
is oxidized. So, the photocatalytic reactor under study can
neutralize about 6000 phenol TPC (phenol TPC is 107 * M
[6]) ata6 mls~' flow rate (360 ml min~',21 1h™', 5181
day ') and at 20 °C of the initial solution.

4. Conclusion

In conclusion, one can say that the H,0, + UV system has
shown better operational features than the TiO, + H,0, + UV
system in the reaction of phenol oxidation in the flow reactor
under study. Actually, the H,0,+UV system can oxidize
practically all phenol fed in to reactor, if its concentration is
below the critical one. But the activity of the H,0,+UV
system is fixed, while that of the TiO, + H,0, + UV system
appears to enhance with increasing activity of the TiO,
photocatalyst.
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