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The application of the photo-Fenton process to the
treatment of saline wastewater contaminated with
hydrocarbons is investigated. Aqueous saline solutions
containing raw gasoline were used as a model oil-field-
produced water. The dependence on concentrations of the
following reagents has been appropriately evaluated:
hydrogen peroxide (100—200 mM), iron ions (0.5—1 mM),
and sodium chloride (200—2000 ppm). The reactions were
monitored by measurement of the absorption spectra

and total organic carbon (TOC). Experimental results
demonstrate that the photo-Fenton process is feasible for
the treatment of wastewaters containing hydrocarbons,
even in the presence of high concentrations of salt. The
effect of the saltin this process is described through a series
of reactions. A simple feedforward neural network

model was found to correlate well the observed data for
the degradation process.

Introduction

Hydrocarbons derived from petroleum are an important class
of pollutants. Soil contamination from leakage due to
corrosion of reservoirs and pipelines isa common occurrence
in regions where fuel distributors are located. The usual
method of remediation is excavation followed by transfer to
an appropriate contention site or incineration. The former
transfers and concentrates the pollutants without destroying
them, while incineration destroys the original pollutants, but
may produce secondary pollution during combustion. One
possible solution of this problem would be the remediation
in situ via a Fenton reaction (1, 2). Another form of pollution
caused by hydrocarbons occurs during extraction of petro-
leum from underground or undersea reservoirs. A consider-
able amount of water is frequently present in these reservoirs.
Wastewaters produced in the extraction and oil production
stages can be reinjected into the reservoir for secondary
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recovery of oil or, alternatively, treated before discharge into
the environment. A typical treatment procedure for oceanic
discharge may include the use of an electrostatic separator
to retain the hydrocarbons, followed by addition of poly-
electrolytes for further reduction of the organic content. In
addition to being relatively inefficient for the reduction of
pollutants to low levels of contamination, a high energetic
cost is associated with pumping the wastewater to the oceanic
discharge site. Although aliphatic hydrocarbons are usually
only very slightly soluble in water, accommodation is known
to be an important phenomenon in the formation of
petroleum fields (3—5). Accommodation corresponds to the
formation of kinetically stable systems that are not true
solutions but that contain an amount of hydrocarbons in
excess of their normal solubility in water. This phenomenon
isinfluenced by several variables, including time, the presence
of other hydrocarbons, and pH and is potentially a com-
plicating factor in the systematic study of petroleum waste-
water degradation.

Conventional physical-chemical and biological methods
of treatment are often inadequate for treating oil-field-
produced water. Furthermore, any process that requires
filtration, flocculation, or adsorption can be expected to
produce more concentrated petroleum residues, which in
turn will require disposal by some other means. In this
context, photocatalytic oxidation processes, usually known
as Advanced Oxidation Processes (AOP), represent a par-
ticularly attractive alternative for treatment or pretreatment
of petroleum wastewaters. AOPs are processes designed to
generate hydroxyl radicals (HO*) as the primary oxidizing
agent. The high oxidation potential of the hydroxyl radical
(2.8 V) makes it much more efficient than other oxidizing
agents such as hydrogen peroxide (1.78 V) or ozone (2.07 V).
Among the various known AOPs, the photo-Fenton reaction
is particularly attractive for the degradation of highly toxic
and/or nonbiodegradable compounds and frequently leads
to complete mineralization of the pollutant (6—8).

The photo-Fenton process utilizes a combination of
hydrogen peroxide (H,O,) and ferrous ions (Fe?") in the
presence of UV radiation. The first step of the process is the
Fenton reaction (9, 10), represented by eq 1.

Fe*" + H,0, — Fe** + OH™ + HO® )

In the presence of UV radiation, the ferric ions (Fe®")
produced in the thermal Fenton reaction are photocatalyti-
cally converted back to ferrous ions (Fe?"), as shown in eq
2, with formation of an additional equivalent of hydroxyl
radical.

Fe* + H,0 = Fe*" + H' + HO' @)

The hydroxyl radicals formed in these two reactions react
with organic species (RH) present in the system, promoting
their oxidation, as indicated in eq 3.

HO" + RH — H,0 + R ©)

The pH of the solution has a considerable influence on
the rate of degradation. At pH values higher than four, iron
ions precipitate out of solution in the form of hydroxides.
The optimum pH for photo-Fenton reactions is typically in
the range of pH 3—3.5 (11), where Fe(OH)?" is the predomi-
nant ferric iron species present in solution.

In the present work, aqueous saline (sodium chloride)
solutions containing raw gasoline were used as a model to
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simulate oil-field-produced water. The efficiency of the
photo-Fenton process for the degradation of hydrocarbons
in wastewaters was investigated as a function of reagent
concentrations and salinity.

Modeling via Artificial Neural Networks. The phenom-
enological treatment of a photochemical system is, in general,
quite complex. This is caused by the complexity of solving
the equations that involve the radiant energy balance, the
spatial distribution of the absorbed radiation, mass transport,
and the mechanisms of a photochemical degradation
involving radical species. For these reasons, the modeling of
the degradation process via artificial neural network (ANN)
techniques is quite appropriate (12—15).

Neural networks possess the ability to “learn” what
happens in the process without actually modeling the physical
and chemical laws that govern the system. The success in
obtaining areliable and robust network depends strongly on
the choice of process variables involved as well as the available
set of data and the domain used for training purposes (16).

The neural network employed is the feedforward network
which information propagates in only one direction. It is
useful for stationary state and steady-state kinetic modeling.
In general, the network consists of processing neurons and
channels for information flow between the neurons, usually
denominated interconnects. Each processing neuron receives
the weighted sum of all interconnected signals from the
previous layer plus a bias term and then generates an output
through its sigmoidal activation function. The most widely
used networks are made up of three layers, the input, hidden,
and output layers. According to the literature (17) this network
is a universal approximator.

The algorithm adopted for the learning phase was the
back-propagation algorithm, which is ageneralization of the
steepest descent method. In the traditional gradientapproach
for minimizing the mean square error E with respect to the
weights Wi, one calculates the derivatives dE/dW;; and then
moves in the direction of steepest descendent. This technique
requires the use of all the input—output pairs to determine
the gradient. The back-propagation algorithm also uses
gradient information to change the weights but with only
one input—output pair at a time (18).

Neural networks are characterized by the large number
of parameters involved (weights) due to the high connectivity
among the neurons. Normally the data are split into two
sets. One set is used to train the network and the other to
test the prediction capability. In training a network, the
objective is to find an optimum set of weights. When the
number of weights is greater than the number of available
data, the error in fitting the nontrained data initially decreases
but then increases as the network becomes overtrained. In
contrast, when the number of weights is smaller than the
number of data points, as in the present case, the overfitting
problem is not crucial.

Experimental Methodology

Materials. Ferrous sulfate heptahydrate (FeSO,:7H,0) and
hydrogen peroxide (H,O,; 30%) were used as the source of
hydroxyl radicals. A quenching solution containing potassium
iodide (KI; 0.1 M), sodium sulfite (Na;SOgz; 0.1 M), and sodium
hydroxide (NaOH; 0.1 M) was used to interrupt the reaction
in the samples. The salinity was varied by addition of sodium
chloride (NaCl), and the pH was adjusted by addition of
concentrated sulfuric acid (H.SO,). All chemical compounds
were analytical grade. Raw gasoline, without additives, was
employed as the model pollutant for optimizing the experi-
mental design and analysis. Preliminary photo-Fenton
degradation experiments were also performed using com-
mercial gasoline to check the efficiency of the process.
Preparation of the Aqueous Gasoline Stock Solutions.
To simulate the conditions of real hydrocarbon-containing
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wastewaters, raw gasoline was used to prepare saturated
aqueous stock solutions having satisfactory reproducibility
of the initial total organic carbon concentration (TOC,
typically 120 ppmC). Thus, 200 mL of raw gasoline and 2 L
of distilled water were mixed vigorously during 2 h by
magnetic stirring. The mixture was then left standing until
liquid phases separation had occurred (ca. 30 min), and the
aqueous phase was separated and filtered twice through
quantitative filter paper (2.0 um). This stock solution was
subsequently diluted to the desired initial organic carbon
concentration (80—90 ppmC). It should be noted that, since
raw gasoline is a multicomponent mixture, obtaining stock
solutions of reproducible concentration requires the use of
afixed water—gasoline volume ratio and comparable ambient
temperatures.

Apparatus. The laboratory unit consisted of an annular
photochemical reactor (net volume of 1.0 L) connected to a
jacketed glass recirculation tank (volume of 1.5 L) fitted with
a mechanical stirrer. The temperature of the solution was
controlled by means of a thermostatic bath at 30 °C. The
solution was recirculated through the reactor at a flow rate
of about 1.5 L/min by means of a centrifugal pump. Aqueous
hydrogen peroxide solution was added to the system at the
desired flow rate by a peristaltic pump. A scheme of the
photochemical reactor is shown in Figure 1. A Hannovia
450-W medium-pressure mercury vapor lamp in a water-
cooled borosilicate glass immersion well was used as the
light source.

Experimental Procedure. After determination of total
organic carbon (TOC), the stock solution of gasoline in water
was diluted to obtain 2.2 L of solution with a concentration
of organics of 80—90 ppmC. The pH of this solution was
adjusted to 3.0 by adding small amounts of concentrated
sulfuric acid (H2SO,4) and the salinity adjusted to the desired
final value by addition of NaCl. This solution was charged
into the recirculation tank and circulated with the lamp on
until the temperature of the tank had stabilized at 30 °C. The
photo-Fenton reaction was then initiated by addition of 100
mL of an aqueous solution of FeSO,-7H.0, followed by the
gradual addition of H,O, over the first 2 h of reaction (100
mL total, at a rate of 0.83 mL/min).

Duplicate samples (5 mL each) were withdrawn for
analysis at appropriate time intervals during the course of
the reaction (4.5 h overall, typically 9 sampling intervals).
Quenching solution (2 mL) was added to one of the two
samples to interrupt the reaction, which was then filtered
(0.22 um Millipore Durapore membrane) to remove pre-
cipitated iron-containing species and analyzed for remaining
total organic carbon (Shimadzu TOC-5000A TOC analyzer).
The absorption spectrum of the other sample was determined
on a Varian Cary 50 UV—visible spectrophotometer.

Results and Discussion

The initial exploratory experiments were carried out with
commercial gasoline, which, in Brazil, contains 22—24% ethyl
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FIGURE 2. Influence of UV radiation, sodium chloride concentration,
and Fenton reagents on the commercial gasoline photocatalyzed
degradation in water at 30 °C; [Fe?*] = 1 mM and [H,0,] = 100 mM:
@ photo-Fenton process (with 1000 ppm of NaCl); O photo-Fenton
process (without NaCl); a thermal Fenton reaction, and @ photolysis
(without Fe?* and H,0;).

TABLE 1. FactqriaI.Exe\;arimental Design for Raw Gasoline
Photodegradation in Water

absolute level

coded H,0, Fe?t Nacl
level (mmol/L reaction)? (mM) (mM)
-1 100 0.50 200
0 150 0.75 1100
+1 200 1.00 2000

2 Total number of millimoles of H,O, added to the recirculation tank
per liter of reaction mixture.

alcohol as well as other additives. In the absence of added
salt (NaCl), commercial gasoline—water mixtures could be
completely mineralized. In contrast, under the same condi-
tions (30 °C; [H20;] = 100 mM; [Fe?*] = 1 mM) but in the
presence of salt (1000 ppm of NaCl), the mineralization of
organic compounds was incomplete, reflecting an inhibition
of the photo-Fenton process (19). These preliminary experi-
ments also confirmed the photocatalytic nature of the
process. In the absence of NaCl, the corresponding percent-
ages of degradation were 15% for the thermal Fenton reaction
without UV radiation, 3% for UV radiation in the absence of
the Fenton reagents (photolysis alone), and 99% for the
combined action of H,0,/Fe?*/UV radiation (photo-Fenton
system). These observations are summarized in Figure 2.
Raw gasoline (gasoline without any additives) was chosen
as the starting material for the preparation of the model
hydrocarbon wastewater employed in the remaining experi-
ments. In all cases, the model effluent solutions were colorless
prior to irradiation or to addition of the Fenton reagents.
During the initial exposure to UV radiation, the solution
turned slightly brown. Upon addition of ferrous ions and
hydrogen peroxide, i.e., upon initiation of the photo-Fenton
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FIGURE 3. Influence of [Fe?"] on raw gasoline photocatalyzed
degradation in water at 30 °C; [H.0,] = 200 mM and [NaCl] = 2000
ppm: O [Fe?'] = 1 mM; A [Fe*'] = 0.5 mM.

degradation, the solution remained yellow up to ca. 10 min,
before gradually fading over the subsequent 20 min. After 1
h of reaction, the solution was practically colorless and slightly
cloudy, remaining so until the end of the reaction. These
changes could be monitored via the absorption spectra of
samples collected during the degradation, which also show
the gradual loss of the bands below 265 nm, indicative of
degradation of aromatic compounds, which absorb in this
wavelength range.

To evaluate the dependences on the pertinent variables
and generate a database for the process, a series of experi-
ments was carried out in random sequence in accord with
a two-level factorial design (23). Table 1 presents the coded
and absolute values of the parameters used in the factorial
experimental design. The experimental data for total organic
carbon as a function of reaction time for all gasoline
photodegradation experiments in aqueous medium are listed
in Table 2. Based on three repetitions at the central point,
the experimental error in the TOC measurements was
estimated to be +3.6 ppmC.

As shown in Figure 3, the initial concentration of ferric
ion (Fe?™) had a significant influence in the beginning on the
degradation process. Thus, at the maximum amounts of
hydrogen peroxide (200 mM) and sodium chloride (2000
ppm), the percent degradation at 1 h decreased from 62%
to 46% upon reducing the Fe?* concentration from 1.0t0 0.5
mM. In contrast, over the range studied (100—200 mM), the
amount of hydrogen peroxide did not significantly influence
the photodegradation performance, as shown in Figure 4.
The influence of salinity was much more significant and
adversely affected the photodegradation of hydrocarbons.
Figure 5 presents a comparison between experiments
performed with the minimum amounts of H,O, and Fe?" at
two very different sodium chloride concentrations. At 200
ppm of NaCl, degradation reached 78% after 1 h of reaction
and 90% at the end of the experiment. At 2000 ppm Nacl,
the degradation was 50% after 1 h and 83% at the end of the
experiment.

TABLE 2. Kinetic Data for the Photodegradation of Gasoline in Water at 30 °C

TOC (ppmC)@
time (min) - — = + -+ - —+ 000 +++ -+ - 000 -+ + + - - 000 ++ -
0 84.83 84.93 82.69 87.77 80.75 85.65 87.76 92.41 86.26 85.05 79.68
2 78.65 83.79 76.52 88.09 76.85 82.12 80.81 80.92 81.20 76.79 74.10
5 73.77 79.32 74.72 79.32 69.93 75.12 79.59 76.19 78.78 73.85 73.05
10 71.90 79.18 69.59 78.75 64.46 72.84 75.89 78.26 66.85 74.41 62.69
30 35.95 54.11 59.93 44.17 28.43 52.11 50.54 66.57 21.74 46.77 31.78
60 18.24 36.81 41.31 28.62 16.39 34.30 33.38 49.57 16.38 25.98 17.40
120 10.86 23.73 18.34 20.31 10.64 14.04 14.22 25.51 6.83 15.72 5.50
180 12.03 26.80 22.51 12.63 9.06 7.22 15.83 16.55 6.12 14.34 4.27
270 8.67 13.52 14.11 9.09 4,92 6.83 13.83 11.42 3.79 16.37 6.26

2The symbols —, +, and 0 correspond to the code levels in Table 1, in the order of concentration of Fe?*, H,0,, and NaCl; for example, — —
— refers to 0.50 mM Fe?*, 100 mM H,0,, and 200 mM NaCl, and 0 refers to the central point experimental condition.
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FIGURE 4. Influence of [H,0,] on raw gasoline photocatalyzed degradation in water at 30 °C; [Fe?"] = 1 mM and [NaCl] = 2000 ppm: O

[HzOQ] =200 mM; A [HzOz] = 100 mM.
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FIGURE 5. Influence of [NaCl] on raw gasoline photocatalyzed

degradation in water at 30 °C; [Fe?*] = 0.5 mM and [H,0,] = 200
ppm: O [NaCl] = 2000 ppm; a [NaCl] = 200 ppm.

The inhibitory effect of added NaCl can be understood
in terms of the complexation of Fe3* by CI~ to form FeCI?*

Fe*" + CI” = FeCl* )

for which the equilibrium constant is 5.3 M~ (20, 21). Using
this equilibrium constant and a pK, of 2.7 for Fe(H,0)s*" (20,
21)

Fe* + H,0 = Fe(OH)*" + H" (5)

the ratio of Fe(OH)?" to Fe®* should be approximately 2:1
under our experimental conditions (pH 3 and 2000 ppm or
0.034 M NacCl), with ca. 6—7% of the total added iron in the
form of FeCI>*. The molar absorbance of FeClI?* is higher
than that of Fe(OH)?* at 366 nm, it undergoes photolysis to
Fe?* with a higher quantum yield (0.5 vs 0.2), and the other

product is a chlorine atom rather than the hydroxyl radical
(20, 21):

FeCl** + hv — Fe?" + CI’ (6)

Since chlorine atoms react at the diffusion controlled rate
with CI~ to form Cl;*~ (22)

Cl'+cCl”—cCl,~ @

this latter is the predominant chlorine species formed under
our conditions (2000 ppm added CI~). Although Cly*~ might
potentially abstract hydrogen and/or react with some of the
components of gasoline (e.g., toluene or xylenes) at a finite
rate, its reduction potential (2.09 V vs NHE), and hence its
reactivity in general, is substantially lower than that of the
hydroxyl radical (20) for most of the components of gasoline.
Thus, the observed decrease in the overall rate of degradation
at the higher CI~ concentration reflects the fact that part of
the absorbed light is channeled into a pathway leading to
Cly*~ rather than the more reactive hydroxyl radical.
Neural Network Modeling. In previous work, we have
demonstrated the applicability and utility of neural network
modeling methodology for the correlation of pollutant
degradation data in the photo-Fenton process. In the present
work, the input variables to the feedforward neural network
were as follows: the reaction time (t); the initial total organic
carbon (TOC,) and the total concentrations of ferrous ions;
hydrogen peroxide and sodium chloride. The total organic
carbon, as a function of reaction time, was chosen as the
experimental response or output variable. About 20% of the
experimental data were selected randomly as the test set
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FIGURE 6. Comparison of the experimental results with those calculated via neural network modeling for the learning and test sets.
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TABLE 3. Estimated Weights (Parameters) of the Neural
Network for the Photodegradation Process of the Water
Contaminated with Gasoline

hidden layer
variable first neuron second neuron exit layer
time 11.948 —0.50062 first neuron
TOCq —1.0919 0.13793 —8.3368
[Fe2™] —0.46242 —0.26719 second neuron
[H20-] —0.25479 0.05757 9.8391
[NacCl] 0.17809 0.19678 bias
bias 0.51706 0.87187 0.4729

(TS), and the remaining data, or learning set (LS), were used
to train the network and estimate the neural network
parameters or weights. A neural network with 2 neurons in
the hidden layer was used with 1000 iterations, providing
the weights listed in Table 3.

Figure 6 shows that the performance of the final neural
network is quite satisfactory for the photooxidation process
of hydrocarbons. Tests were performed with more neurons
in the hidden layer, but the improvement of the representa-
tion did not justify the use of more parameters. The absolute
deviations for all the experimental data are symmetrically
distributed around zero, as expected for a normal distribution
of the error, indicating that the neural network adequately
reproduces the photo-Fenton degradation process in our
system. In particular, since sodium chloride concentration
is one of the input variables, the neural network model is
capable of reproducing the salinity effect without explicit
consideration of details of the reaction mechanism.

Final Comments

The photo-Fenton reaction has been demonstrated to be an
efficient process for the degradation of hydrocarbons in
aqueous solution. After 4.5 h of reaction, the minimum
percentage of degradation for the series of experiments was
81%. Under optimized conditions, the photodegradation
reached 96%, or near total mineralization. The promising
results obtained with a medium-pressure mercury lamp in
a borosilicate glass photochemical reactor suggest that it
should also be possible to employ solar radiation as the source
of photons in the treatment of hydrocarbon-containing
wastewaters. Future studies include the scale-up of this
wastewater treatment, with direct monitoring of the hydrogen
peroxide concentration levels, comparison of different solar
reactor designs, an evaluation of the economic feasibility of
the process, and identification and analysis of the principal
organic intermediates produced during the photodegradation
process.
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