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Abstract

The decomposition of p-hydroxybenzoic acid, an important pollutant present in the wastewa
ters of the olive ail industry, has been carried out by a direct photolysis provided by a
polychromatic UV radiation source, and by ozone. In both processes, the conversions obtained as
a function of the operating variables (temperature, pH and ozone partial pressure in the ozonation
process) are reported. In order to evaluate the radiation flow rate absorbed by the solutions in the
photochemical process, the Line Source Spherical Emission Model is used. The application of this
model to the experimental results provides the determination of the reaction quantum yields which
values ranged between 8.62 and 81.43 | /einstein. In the ozonation process, the film theory allows
to establish that the absorption process takes place in the fast and pseudo-first-order regime and
the reaction is overall second-order, first-order with respect to both reactants, ozone and
p-hydroxybenzoic acid. The rate constants are evaluated and vary between 0.18 X 10° and
29.9 X 10° 1 /mol s depending on the temperature and pH. © 2000 Elsevier Science B.V. All
rights reserved.

Keywords: p-Hydroxybenzoic acid degradation; Photolysis; Ozonation; Quantum yields; Rate constants

* Corresponding author. Tel.: +34-924-289384; fax: +34-924-271304; e-mail: javben@unex.es

0304-3894,/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
Pll: S0304-3894(99)00170-3



162 F.J. Benitez et al. / Journal of Hazardous Materials B73 (2000) 161-178
1. Introduction

The olive ail extraction industry generates each year a great amount of wastewaters
with the main contaminants being sugars, lipids, phenols and polyphenols [1]. This
presents a significant contamination problem for the Mediterranean countries, particu-
larly in some areas of Spain and Portugal, where a great number of small plants are
involved in the production and refining of olive oil, and generate more than 3 X 10’ m3
of olive mill wastewaters yearly [2]. Usually, the most common solutions for these
effluents are the disposal into evaporation ponds, or the purification by some biological
treatments such as activated sludges [3] or anaerobic digestions [4], which are used to
transform these wastewaters into more biodegradable effluents before discharging into
public water courses.

Specifically, most of their pollutant properties have been imputed to the phenolic
compounds, because of its toxicity [5] and the inhibitor character [6] to the anaerobic
digestion. As a consequence of this situation, as well as the more stringent requirements
imposed by regulations to effluents released into public agueous streams, new technolo-
gies have been developed to reduce phenolic contaminants. Among them, chemical
oxidations by UV radiation [7] and ozone [8] are conducted increasingly for the
reduction of organic compounds present in several wastewaters from different industrial
plants.

Of the above mentioned processes, photooxidation by UV irradiation is an effective
method for the removal of trace organics and bacterial substances [9], and have known
significant technological applications during the last years, specificaly in the treatment
of ground waters and wastewaters [10], although there is little information available for
the design of photoreactors.

On the other hand, ozone is one of the most powerful oxidizing reagent and has been
shown to be capable of destroying several phenolic compounds effectively [11], with the
advantage that oxidized products are usualy less toxic than the parent compounds. As
Hoigne et al. [12] pointed out, ozone can react with solutes either by direct oxidation, in
which molecular ozone reacts at electron-rich sites of the organic compounds, or by an
indirect pathway, whereby hydroxyl radicals resulting from the decomposition of ozone
serve as the oxidants through chain reactions.

For the successful design and operation of reactors in wastewater treatments, the
kinetic expressions for the photodecomposition and ozonation reactions of organic
pollutants in water are needed. Therefore, a research program was designed to investi-
gate the degradation by UV radiation and ozone separately of p-hydroxybenzoic acid,
selected as a model of pollutant phenolic compound present in the wastewaters from the
olive oil process. In this study, the degradation levels obtained are reported, the
influence of the operating variables is established, and a kinetic study is performed, with
the determination of the quantum yields in the photodegradation process and kinetic rate
constants and reaction orders in the ozonation process.

For this purpose, in the photodecomposition process the Line Source Spherical
Emission Model is used to describe the radiant energy field which will be employed in
the determination of the rate of energy absorbed, parameter needed for the evaluation of
the quantum yield. And for the ozonation rate constants, a model based in the film
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theory is also applied to the experimental data. These kinetic parameters are the most
useful quantities in the study of the reaction mechanisms of these processes, and their
determination are strongly recommended for the design of reactors where those pro-
cesses are carried out in wastewater treatment plants.

2. Experimental

The experiments were performed in a semi-continuous agitated glass reactor which
always operated batchwise with respect to the liquid solutions. This reactor was
submerged in a thermostatic bath to keep the temperature at the desired value within
+0.5°C, and was equipped with a radiation source located in the axial position and a
quartz sleeve which houses the lamp. This was a Heraeus TQ 150 high pressure mercury
vapor lamp which emitted a polychromatic UV radiation in the range of 185-400 nm.
The reactor top also had several inlets for stirring, sampling, bubbling the gas feed in the
ozonation experiments, venting and measuring the temperature.

In the photochemical experiments, the reactor was charged with 350 ml of the
p-hydroxybenzoic acid solutions (always with an initial concentration of 7.24 X 10™*
M) which were buffered at the selected pH by adding orthophosphoric acid and sodium
hydroxide so that the total ionic strength in the fina solution was 0.01 M. Each
experiment started when the lamp was connected. In the ozonation experiments, ozone
was produced from an oxygen stream in an ozone generator, and the ozone—oxygen
mixture could be sent to the reactor or to a flask to analyze the ozone in the gas which
was determined iodometrically [13].

In both processes and at regular times of reaction, samples were withdrawn to
determine the p-hydroxybenzoic acid remaining concentrations in the reacting mass.
These samples were analyzed by HPLC, using a Waters chromatograph with a 996
photodiode array detector and a Nova-Pak C18 Column. The detection was made at 254
nm with a mobile phase constituted by a mixture water /methanol /acetic acid (88 /10 /2
in volume) and with a flow rate of 1 ml /min.

Previous experiments based in the uranyl sulfate photodecomposition of oxalic acid
under controlled conditions, as was proposed by Leighton and Forbes [14] and later
revised by Alfano et al. [15], were conducted in order to evaluate the amount of
radiation emitted by the lamp and transferred into the reactor W, . This is a parameter
needed in the determination of the radiation flow rate absorbed by the solution, as will
be explained later. The value obtained for W, in this actinometric reaction was
452 x 107° eingteins/s.

Severa parameters are also later needed in the kinetic study of the ozonation: the
liquid mass transfer coefficients, the interfacial areas, the diffusivities of ozone and
p-hydroxybenzoic acid in water, and the equilibrium ozone concentrations. Values for
the liquid mass transfer coefficients k, and for the interfacial areas were determined by
the chemical method described in a previous work [16]; diffusivities of ozone in water
D, were obtained from Matrozov et al. [17] while diffusivities of the p-hydroxybenzoic
acid in agueous solutions D were evaluated by means of the Wilke—Chang equation
[18]. Finally, the equilibrium ozone concentrations C; were calculated from data of
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Henry’'s law constants as a function of pH and temperature provided by Sotelo et al.
[19]: its values for the experiments of the present research are compiled in Table 3.

3. Results and discussion
3.1. Oxidation by direct photolysis

The photooxidation of p-hydroxybenzoic acid by a polychromatic UV radiation has
been conducted in several experiments modifying the temperature and pH according to
the values that are shown in Table 1, which also presents the conversion reached in each
experiment at two selected times of photoreaction (30 and 60 min). As can be observed,
the temperature has a sight direct influence on the process (see experiments P-1, P-2,
P-3 and P-4), with conversions ranging between 38% and 45% at 60 min of reaction.

Regarding to the pH, its influence can be seen in Fig. 1. pH from 2 to 5, the
degradation increases considerably, while at pH = 7, this increase is lower, and with
very similar conversion at pH = 9. It can be explained by the reactivity of the different
species present in the reacting medium: at lower pHs, the p-hydroxybenzoic acid mainly
remains undissociated, while at higher pHs the dissociated form dominates; and as
Tratnyek and Hoigne [20] pointed out, the dissociated species are more reactive than the
undissociated forms.

The mechanism for photochemical reactions of organic compounds in water are
usually complex, as was reported by Legrini et al. [10]. For the establishment of asimple
mechanism, general considerations of the photooxidation of organicsin liquid phase can
be taking into account as well as similar reactions found in the literature [7,21]. With
these considerations, the following mechanism can be proposed for the reaction between
UV radiation and p-hydroxybenzoic acid. Thusin afirst step, the excitation of the acid,
represented by B, takes place by the absorption of one photon:

B+hy "5 B (1)
where ¢, isthe quantum yield for the photodegradation of the p-hydroxybenzoic acid,
and wg; and I; are the absorbance of the solution and the radiation intensity, respec-

Table 1

Photodegradation experiments of p-hydroxybenzoic acid

Experiment T (°C) pH Xqo (%) Xgo (%) ¢g (I /einstein)
P-1 10 2 21 38 8.62

p-2 20 2 24 43 9.95

P-3 30 2 25 44 10.03

P-4 40 2 28 45 10.66

P-5 20 5 66 86 42.69

P-6 20 7 83 97 81.43

pP-7 20 9 83 98 80.24




F.J. Benitez et al. / Journal of Hazardous Materials B73 (2000) 161-178 165

OpH=2
OpH=5
ApH=7
©pH=9

Cpx104, M

t, min

Fig. 1. Influence of pH on the photodecomposition of p-hydroxybenzoic acid. Experiments: P-5, P-2, P-6 and
P-7.

tively, for each wavelength of the polychromatic radiation. The excited substance B*
can be later deactivated to its basic state:

Ky
B*—B (2)
or be photodecomposed to intermediates and final products:

ka
B* S P. (3)

By taking into account this group of reactions, the application of a mass balance with
the assumption of the pseudo-stationary state for the activated species, leads to the
kinetic equation for the photodecomposition of the solute B in each point of the reactor:

=__B=Z¢Bi

dt tgiliCg- (4)

_rB

2
k, +k,

By considering that the overall quantum yield for al the wavelength range of the
polychromatic radiation can be defined by the expression:

s . 5
d)B - ¢)Bi kl+k2 ( )
the introduction of this Eq. (5) into Eq. (4) leads to:
dc,
—rg=———=Cgdpglugl (6)

dt
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This local reaction rate in each point of the reacting mass can be extended to the
whole reactor and provides the total degradation rate:

dcC

B 1 Ce g
_rBTz_Tz_VfUrBdVZ v Z[[U,umlidv]. (7)

In a photochemica reaction promoted by a polychromatic radiation source like the
present situation, the total radiation flow rate absorbed W, is given by the general
expression:

Wabs=ZWabs,=Zflu’BilidV (8)

where the individual contribution of the flow rate absorbed for each wavelength W,,¢
has been considered. By combining Egs. (7) and (8), it is obtained:

0Cs _ Codpl(Was) _ CodoWes

- 9
dt \Y Y (9)
which can be integrated with the boundary condition:
t=0, Cs =Cg, (10)
and it is obtained:
CBo d)B t
In =— [ W, dt. 11
CB Vv j(; abs ( )

According to this Eq. (11), a plot of Cg versus the integral term (W, dt in every
experiment must lead to a straight line, from which slope the overall quantum yield of
the reaction can be deduced. For this objective, the rate of radiation energy absorbed by
the reaction medium W, must be determined previously for each reaction time. This
determination is carried out by solving a radiation energy balance by means of a
radiation source model which describes the distribution of radiant energy within the
reactor. In this case, the Line Source Spherical Emission Model developed by Jacob and
Dranoff [22] and described by Alfano et al. [23] seems to be the more suitable for the
investigations conducted in this reaction medium due to the geometric characteristics of
the reactor and the lamp used.

According to this model, the radiation flow rate absorbed can be expressed in the
form:

W= 2 [ 11 210 12
1

where I,(r,z) represents the radiation intensity for each wavelength, which is also given
by:

W PR, /’L0+L exp[ — w(r = Ry)c]
L

Li(r,z) = ) r2+(z—1)2

dl (13)
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and the parameter c is;
c= [r2+(z—1)2]1/2/r. (14)

In these expressions, r and z are the coordinates of the general point considered, and
1 isthe lamp axial coordinate; L and L, are the length and axia position of the lamp;
R, and R,, the internal and external radii of the reactor, and H is the reactor height.

On the other hand, W, is the total amount of radiation emitted by the lamp and
transferred into the reactor, which is determined by the previous experiments based in
the uranyl sulfate photodecomposition of oxalic acid already mentioned in Section 2;
and P, is the radiation fraction emitted for each wavelength (which values are provided
by the manufacturer). Both parameters are related by the ratio:

P W 15
- (15)

If Eq. (13) isintroduced into Eq. (12), and a general parameter N, is defined in the
form:

H (R, Lo+l &XP[—ui(r —Ry)c]
= rdidrdz 16
N j;) le f'—o r2+(Z—1)2 ( )
a reduced equation for the rate of radiation energy absorbed can be obtained:
YW i N LP N
W= 2XW, = =W, . 17
abs )} abs; 2L L 2L ( )

This equation allows to determine the total absorption flow rate W, for each timein
the whole wavelength range at which p-hydroxybenzoic acid aqueous solutions absorb
according to the following procedure: with the concentration of the organic compound in
the solution determined periodicaly during an experiment, the absorbance w; was
calculated for each time by means of the Lambert—Beer law:

ui = €Cqg (18)

where &, is the molar absorption coefficient, also experimentally determined for
p-hydroxybenzoic acid at each wavelength. With the u; values, the parameter N, was
determined by Eqg. (16) which is solved numerically. Once u;, N, P, and W, are
known, Eq. (17) alows to determine W,,, for each photoreaction time. As an example,
Table 2 shows the values obtained in the experiment P-5 conducted at 20°C and pH = 5,
where it can be observed the decreasing values of W, with reaction time.

With W,,,, the integral term W, . dt was calculated for every Cg by fitting the
experimental data (W,,, t) to a polynomic expression, and by integration of the resultant
function. Table 2 also depicts the values obtained in the same experiment, while similar
results were deduced for other experiments.

Once the (W, dt values are known, Eqg. (11) can be already used in the form
described before in order to obtain the quantum yield of the reaction. Fig. 2 as an
example, shows this plot for the experiments conducted varying the pH; as can be
observed, points lie around straight lines, and a direct effect can be noted: when this
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Table 2
Results obtained in experiment P-5 taken as example
t (min) Cg X 10* (mol /1) W, X 108 (eingteins/s) TW,cdt X 102 (eingteins)
0 7.24 5.54 0
5 6.02 5.43 1.64
10 4.77 5.25 325
15 4.00 5.07 4.80
20 3.36 4.85 6.29
25 2.89 4.63 7.71
30 2.50 4.40 9.07
40 187 3.88 11.55
50 1.39 331 1371
60 1.03 275 15.53

variable increases, the slope also increases in the range 2—7, while at pH =9, a similar
slope to that of pH =7 is obtained. Plots like those of Fig. 2 were obtained for
experiments at different temperatures.

After least-square regression analysis, the ¢ values for the experiments depicted in
Table 1 are deduced and also shown in Table 1. After regression analysis, these quantum
yields can be correlated as a function of the temperature and pH in a modified Arrhenius
expression:

¢g = 10607 exp( —466.5/T) [OH™]
that correlates satisfactorily the results obtained.

0.194

(1/einsteins) (19)

PR T T T T
0 0.005 0.01 0.015 0.02 0.025

[wabs dt, Eins

Fig. 2. Determination of the quantum yields ¢ in the photodecomposition of p-hydroxybenzoic acid when
the pH is varied. Experiments: P-5, P-2, and P-6.
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4. Ozonation process

Experiments of p-hydroxybenzoic acid degradation by ozone were carried out in the
batch reactor described in Section 2, modifying the temperature (10, 20, 30 and 40°C),
pH (2, 5, 7 and 9) and ozone partial pressure (between 0.10 and 0.39 kPa). Table 3
shows the values taken for al these variables in a group of experiments, as well as the
conversions obtained at three selected reaction times: 5, 10 and 20 min, as a measure-
ment of the degree of oxidation reached. As can be seen, the degradation varies widely,
depending on the operating conditions.

Thus, experimental results show that ozone partial pressure have a positive effect on
the phenolic acid oxidation as can be seen in Fig. 3 (experiments O-9, O-8 and O-2),
which shows the remaining concentration curves versus time for different ozone partial
pressures. Regarding to the influence of the temperature, Fig. 4 presents the p-hydroxy-
benzoic acid concentration with time at various temperatures (experiments O-1, O-2,
0-3 and O-4): it is also observed a direct effect consisting in an increase in the
degradation rate when this variable is increased. Finally, a similar positive effect on the
degradation is obtained too when the pH is increased (see the conversions in experi-
ments O-5, O-2, O-6 and O-7 of Table 3), due to the increase in the rate constant of the
oxidation reactions of organic compounds when the pH increases [24].

Previous experiments were carried out at different pHs (2, 5, 7 and 9) and with
several p-hydroxybenzoic acid/ozone initial concentration ratios, ranging between 2
and 8, in order to determine the stoichiometric ratio. This is a parameter also needed
later for obtaining some kinetic data as the gas absorption rate and the instantaneous
reaction factor. In that determination, the phenolic acid concentration was much higher
than that of ozone in order to be consumed exclusively by its reaction with p-hydroxy-
benzoic acid, and to avoid as much as possible, the interferences of reactions between
ozone and subproducts. Then the remaining p-hydroxybenzoic acid concentration was
analyzed, and taking into account the initial concentrations of both reactants, the
stoichiometric ratio was determined. The average values obtained was 2 + 0.1 mol of
ozone consumed per 1 mol of p-hydroxybenzoic acid reacted at all pHs and ratios of
initial concentrations.

Table 3
Ozonation experiments of p-hydroxybenzoic acid

Experiment T (°C)  pH pO;(kPa)  Cf x10°(mol/D) X5 (%) X0 (%) Xy (%)

O-1 10 5 0.32 3.84 30 51 76
0-2 20 5 0.37 297 37 62 86
0-3 30 5 0.36 2.70 39 71 94
O-4 40 5 0.32 2.25 53 80 97
0-5 20 2 0.36 3.74 7 15 30
0-6 20 7 0.34 3.05 60 90 100
O-7 20 9 0.39 3.27 75 98 100
0-8 20 5 0.22 2.08 26 49 7
0-9 20 5 0.10 0.90 12 21 38
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Cax10%, M

0 5 10 15 20 25 30 35
t, min

Fig. 3. Influence of ozone partial pressure in the ozonation of p-hydroxybenzoic acid. Experiments: O-9, O-8
and O-2.

In order to develop the kinetic study, a model based in the film theory is applied to
the experimental results, which allows to determine the kinetic parameters. According to
this theory [25], when a gas is absorbed into a liquid solution and reacts with the solute
dissolved in the liquid with an irreversible m,n-order reaction, the gas absorption rate
can be expressed by the equation:

N,a=k, aCfE (20)
where E is the reaction factor, defined as the ratio of the rate absorption in the presence
of a chemical reaction to the maximum rate of physical absorption.

In the experiments of the present ozonation reaction, no free dissolved ozone was
detected in the liquid solution, and it suggests that al the ozone reacts in the diffusion
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Cgx 10%, M

0 T T T
0 5 10

15 t, min 20 25 30 35

Fig. 4. Influence of temperature in the ozonation of p-hydroxybenzoic acid. Experiments: O-1, O-2, O-3 and
0O-4.

film and none diffuses unreacted into the liquid bulk. According to the film theory, this
type of reactions take place in the fast kinetic regime. In addition, inside the fast regime
there is a particular situation when the reaction can be considered of pseudo-m-order
with respect to the gas being dissolved.

The film theory establishes that the mentioned pseudo-m-order regime of absorption
is accomplished when E = Ha and the following criterion is fulfilled:

3<Ha<E/2 (21)

where Ha is the Hatta number which indicates the relative importance of the chemical
reaction compared to the mass transfer, and is defined in the form:

1 2 w1 n
Ha= k_ m kDACA CB (22)
L
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0.035
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0.005 4
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t, min

Fig. 5. Determination of k' in ozonation experiments when the pH is varied. Experiments: O-5, O-2, O-6 and
O-7.

and E; is the instantaneous reaction factor, which can be evaluated by the following
equation:
DB ZCB

E=1+——".
Dy G

(23)

In the present ozonation process, the fast and pseudo-m-order kinetic regime is
initially assumed, but later it must be proved by determining the parameters Ha and E;
and verifying the condition given by Eq. (21).

On the other hand, the ozone absorption rate can be related to the p-hydroxybenzoic
acid degradation rate by the expression:

dCq )

Ma:z(‘?

(24)
where z is the stoichiometric ratio previously evaluated. This equation holds for the first
minutes of reaction in which ozone only reacts with the acid, and no other competitive
reactions with intermediates formed can be expected.

With the condition E = Ha and combining Egs. (20), (22) and (24), it is obtained:

dc, aC [2kD,Ci™ 'CB
- = : (25)
dt z m+1
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Table 4

Rate constants for the ozonation process of p-hydroxybenzoic acid

Experiment K X 10% (mol®® |95 /s) kx1075(/mol ) Ha E,
0-1 1.23 2.68 4.08 18.1
0-2 1.56 533 5.63 231
0-3 1.89 7.34 5.20 254
0-4 225 11.8 5.68 30.3
0-5 0.37 0.18 3.05 18.6
0-6 293 17.9 10.31 225
0o-7 4.06 29.9 13.33 211
0-8 118 6.21 6.08 32.7
0-9 0.45 4.85 537 74.3

If it isinitially supposed a first reaction order for the p-hydroxybenzoic acid, that is
n =1, rearranging and integrating Eq. (25) with the initial condition:

t=0 Cg=Cg, (26)
it is obtained:

/Cs, —Cs =Kt (27)
where K' is:

ac¥ [2kp,cxm1
K=—2| ——. (28)
2z m+1

According to Eqg. (27), a plot of the first term versus time should lead to a straight
line whose slope is k'. Thus, Fig. 5 shows as an example, this plot corresponding to the

12.4

12.2

12

11.8 A

11.6 A

-Lnk”

114 1

1.2 4

11 1

108 T T T T T T
10.2 10.4 10.6 10.8 11 11.2 11.4 11.6 11.8
-LnCy*

Fig. 6. Determination of m-order with respect to ozone. Experiments: O-9, O-8 and O-2.
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experiments conducted modifying the pH at 20°C (experiments O-5, O-2, O-6 and O-7),
where can be observed that points lie satisfactorily around straight lines, corroborating
the previously supposed order for n and Eq. (27). Similar plots are obtained for the rest
of the experiments by varying the temperature and the ozone partial pressure.

Table 4 shows the k' values deduced from least-square analysis: it can be observed
that these slopes k' always increase with the increase of any experimental variable
studied. This is due to the fact that k' depends on the ozone solubility CF (which at the
same time is affected by the ozone partial pressure, temperature and pH), and the rate
constant k.

100

90 A

80

70 4

60

50 4

40
30 4
20 A
10 4
10 20 30 40 50 60 7

X, %

om
0

0
t, min

Fig. 7. Comparison of the p-hydroxybenzoic acid conversion by the photodegradation and ozonation
processes. Experiments; O-5, P-2, O-2, P-5, O-6 and P-6.
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Eg. (28) alowsto determine the reaction order m for ozone. Thus, aplot of k' versus
Cx in logarithmic coordinates for the experiments conducted at the same pH and
temperature (experiments O-9, O-8 and O-2) should yield a straight line with a slope of
(m+1)/2. Fig. 6 shows the results and by least-square analysis a slope of 1.06 is
deduced. So, an m= 1 order of reaction with respect to ozone can also be proposed.

Once this value is known, the rate constant k can be determined by rearranging Eq.
(28) in the form:

4K'*z2
- a’Ci’D,
The values obtained for k according to this expression for every experiment
performed are depicted in Table 4. As they are affected by the temperature and pH, a

multiple regression analysis of these values versus both variables was conducted leading
to the following modified Arrhenius expression:

k=3.56 X 10% exp( —4871/T) [OH]**®*  (I/mals). (30)

To verify that the fast and pseudo-first-order absorption kinetic regime is appropriate,
the Hatta number and the instantaneous reaction factor must be calculated by means of
Egs. (22) and (23), respectively. The Ha and E; values obtained for al the experiments
at the initia times, when it can be assumed that ozone only reacts with p-hydroxyben-
zoic acid, are shown in Table 4. It can be observed that the condition (21) is fulfilled in
all cases, corroborating that the absorption-reaction process is fast and pseudo-first-order
with respect to ozone.

Finally, in order to compare the effectiveness of the photolysis and ozonation
oxidation processes, Fig. 7 shows the p-hydroxybenzoic acid conversion curves for
several experiments carried out at 20°C and at different pHSs. It is clear that ozonation is
always more effective than the photodegradation decomposition at the same pH. In
addition, the positive effect of the increase in the pH for both processes, is also clear.

(29)

5. Conclusions

From the results obtained it can be concluded that the photodecomposition of
p-hydroxybenzoic acid by a polychromatic UV radiation provides significant conver-
sions higher than 50% at only 30 min of reaction at pH = 5 or higher, with increasing
removal values when the temperature is increased. At lower pH like pH =2, the
conversion decreases, while at pH =9, similar conversions are obtained to those at
pH = 7. From a rate equation of the photodecomposition process, and with the help of
an emission model which provides the radiation flow rate absorbed by the reacting
medium, the quantum yields are evaluated and correlated as a function of the tempera-
ture and pH, with values in the range from 8.62 to 81.43 | /einstein.

On the other hand, p-hydroxybenzoic ozonation presents a direct influence of the
operating variables, temperature, pH and ozone partial pressure, with increasing conver-
sions when these variables are increased. A model based on the film theory was applied
to the experimental results. This shows that the absorption process develops in the fast
and pseudo-first-order kinetic regime and is accompanied by a second-order reaction
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between ozone and phenolic acid. The rate constants for the reaction were evaluated and
ranged between 0.18 X 10° and 29.9 X 10° | /moal s, depending on the temperature and
pH. A modified Arrhenius correlation is proposed which reproduces satisfactorily the
experimental results.

For the same pH, ozonation is aways more effective than photodegradation. For both
oxidation processes, conversion increased with pH.

Nomenclature

a Specific interfacial area (m™1)

B General organic compound, p-hydroxybenzoic acid in this study
Cx Ozone equilibrium concentration (mol /1)

Cg p-Hydroxybenzoic acid concentration (mol /1)

D, Ozone diffusivity in liquid phase (m?/s)

Dg p-Hydroxybenzoic acid diffusivity in liquid phase (m?/s)

E Reaction factor

E I nstantaneous reaction factor

Ha Hatta number

I Radiation intensity (einsteins/m? s)

k Rate constant for the direct ozone—acid reaction (I /mol s)

K Kinetic constant defined by Eq. (28) (mol%%/105s)

k. Liquid phase mass transfer coefficient (m/s)

k, a Volumetric mass transfer coefficient in liquid phase (s 1)

k, Rate constant for reaction (2)

k, Kinetic rate constant for reaction (3)

m Reaction order for ozone

n Reaction order for p-hydroxybenzoic acid

N,a Gas absorption rate of ozone in liquid phase (mol /1 s)

P Radiation fraction defined by Eq. (15)

pO, Ozone partia pressure (kPa)

s Reaction rate for the p-hydroxybenzoic acid photodecomposition (mol /1 s)
T Temperature (°C)

t Reaction time (s)

\Y Volume of reactor (I)

W, Radiation flow rate absorbed (einsteins/s)

W, Radiation flow rate emitted by the lamp (einsteins/s)

X p-Hydroxybenzoic acid conversion (%)

z Stoichiometric ratio for the direct ozone—p-hydroxybenzoic acid reaction
Greek letters

£ Molar absorption coefficient (mol /I m)

n Absorbance of the solution (m~1)

g Quantum yield for the photodecomposition reaction (I /einsteins)
Subscript

i Each wavelength of the polychromatic radiation
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