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The objective of this paper is to develop and validate a mechanistic model for the degradation of phenol
by the Fenton process. Experiments were performed in semi-batch operation, in which phenol, catechol
and hydroquinone concentrations were measured. Using the methodology described in Pontes and Pinto
[R.E.E. Pontes, J.M. Pinto, Analysis of integrated kinetic and flow models for anaerobic digesters, Chem-
ical Engineering Journal 122 (1-2) (2006) 65-80], a stoichiometric model was first developed, with 53
reactions and 26 compounds, followed by the corresponding kinetic model. Sensitivity analysis was per-
formed to determine the most influential kinetic parameters of the model that were estimated with the
obtained experimental results. The adjusted model was used to analyze the impact of the initial concen-
tration and flow rate of reactants on the efficiency of the Fenton process to degrade phenol. Moreover,
the model was applied to evaluate the treatment cost of wastewater contaminated with phenol in order
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to meet environmental standards.
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1. Introduction

Biological processes are frequently used for the treatment of
wastewaters containing organic compounds, but their application
is not always viable. The presence of toxic compounds, such as
phenol and benzene among other aromatic compounds that are
present in many industrial effluents, may undermine the opera-
tion of the biological process. Therefore, there is a growing urge for
studying and implementing alternative treatments for industrial
wastewaters containing highly toxic compounds.

Advanced oxidation processes (AOPs) have appeared in recent
decades as a viable alternative for the treatment of effluents con-
taining very toxic organic compounds. Esplugas et al. [5] define
AOPs as processes whose oxidation aqueous phase is based on
intermediate reactions in which the hydroxyl radical (HO®) is
present. These processes are able to degrade a large number of
organic compounds by reduction-oxidation and free-radical reac-
tions to carbon dioxide (CO,) and water (H;0). Legrini et al. [1],
Gogate and Pandit [2], Pera-Titus et al. [3], Machulek et al. [4] cite
among the AOPs the ones that use ozone (0O3), ultra-violet radia-
tion (UV), ozone combined with UV, ozone with hydrogen peroxide
(H,0,), hydrogen peroxide with UV, ozone and hydrogen peroxide
with UV, as well as Fenton and photo-Fenton processes.
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The main disadvantage of AOPs is the high cost of reactants, such
as ozone and hydrogen peroxide, and even the operation and main-
tenance of special light sources such as ultra-violet lamps ([3,5,6]),
in the case of photochemical AOPs.

The main advantage of the Fenton process over other AOPs is
the reduced use of oxidizing agents, such as hydrogen peroxide.
However, Rios-Enriquez et al. [7] mention that the presence of Fe2*
and Fe3* requires catalyst recovery, which increases the operating
costs and generate inorganic pollutants in the treated effluent.

For industrial applications, it is very important to obtain a con-
sistent mathematical model that predicts process performance.
Unfortunately, this is very challenging in the case of AOPs, because
the process encompasses several chemical reactions, which would
require the determination of the respective reaction rates in a
mechanistic model. As a simplifying alternative to this problem,
previous works have presented empirical mathematical modeling
techniques, such as artificial neural networks and response sur-
face techniques ([8-10]). In spite of the success obtained, these
methodologies are very limited in comparison with phenomeno-
logical modeling, mainly for extrapolation purposes such as design
and process optimization as well as scale-up studies.

In the case of the Fenton process, there are a few works that
use specific phenomenological models for the degradation of a
given compound. However, as expected, there are common reac-
tion pathways for different contaminating compounds. Kang et
al. [11] describe the degradation of chlorophenols by the Fenton
process and use the same model structure for the degradation of
phenol. Kusic et al. [12] describe a model for the degradation of
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phenol by the photo-Fenton process. Andreozzi et al. [13] describe
the degradation of benzothiazole by the photo-Fenton process.

The objective of this paper is to develop and validate a phe-
nomenological model that describes the reactions involved in the
degradation of phenol by the Fenton process and how fast these
reactions occur. The methodology presented in Pontes and Pinto
[14] is applied to the current work. First, a stoichiometric model is
developed to describe the reactions involved in the phenol degrada-
tion by the Fenton process, and then the kinetic model is developed
to determine how fast these reactions take place. Kinetic parameter
estimation is made to adjust the simulated results to the experi-
mental data.

The structure of this paper is as follows. In Section 2, the
experimental part is described and the experimental results are
presented. In Section 3, a detailed study of the phenol degradation
by the Fenton process is presented along with the stoichiomet-
ric model, which yields a kinetic model. In Section 4, the kinetic
model is simulated and the results are compared with exper-
imental data. A parameter sensitivity analysis is performed to
determine the most influential reactions on the model. In Section
5, a kinetic parameter optimization, based on the results of the
sensitivity analysis, is done to best fit the model to the experimen-
tal data. An analysis of the impact of the reactants concentration
on the efficiency of phenol degradation by Fenton process as well
as the treatment cost to meet environmental standards are done
in Section 6. Finally, Section 7 presents the conclusions of the
work.

2. Experimental work
2.1. Materials

In order to perform all experiments, the following chemical
reactants were used: heptahydrated iron (II) sulfate - Merck (98%);
hydrogen peroxide — Merck (30%); sulfuric acid - Synth (98%);
sodium hydroxide - Sigma Aldrich (99%); phenol - Sigma Aldrich
(99%); catechol - Sigma Aldrich (99%); hydroquinone - Sigma
Aldrich (99%); resorcinol - Sigma Aldrich (99%) and pyrogallol -
Sigma Aldrich (99%). The phenol solutions were prepared by direct
dissolution of the desired phenol amount in water.

2.2. Experimental setup

Three experiments in fed-batch operation were performed in
order to monitor phenol degradation by the Fenton process during
2 h. Table 1 presents the initial concentrations of iron (II) sulfate
(Sre,,.0), Phenol (Sphenolo0), feed flow rates of hydrogen peroxide
(Fu,0,) and operating conditions for each performed experiment.
Note that the amount of H,0, used varies in each experiment.

The following equipment was used:

e Varian Spectrophotometer. The samples were placed in quartz
cells with optical path equal to 1.00 cm.

e HPLC-UFLC/Prominence from Shimadzu with
(190-700 nm) detector.

UV-vis

Table 1
Experimental conditions.

Parameter Experiment A Experiment B Experiment C

Skey, .0 1.0x 102 molL-!  1.0x103molL~! 1.0x 10~ molL"!
Fi,0, 0.075mol/30min  0.150mol/30min  0.300 mol/30 min
Sphenol,0 12.1x 103 molL-! 12.1x 102 molL~! 12.1 x 10~ molL-!
Temperature 30°C

pH 3.0

Reactor volume 3L

Mechanical Agitator

Thermometer / pHmeter

Dosing Pump

Sampling Connection
H,O, Storage
Reactor

Fig. 1. Experimental setup for phenol degradation by the Fenton process.

The reactor used in the experiments was made of borosilicate
glass equipped with mechanical agitator. Fig. 1 shows the setup
used for the Fenton process phenol degradation experiments.

2.3. Experimental procedure

The solution temperature was controlled at 30+2°C using
thermostatic bath. The pH of the synthetic solution was initially
adjusted to 3.0 and maintained at that value during the experiments
by the addition of concentrated sulfuric acid (H,SO4) and/or sodium
hydroxide solution (NaOH). The Fenton reaction was then initi-
ated by the addition of a 100 mL aqueous solution of FeSO4-7H,0
0.001 mol L1, followed by the addition of a determined quantity of
a H,0, 6 mol L~ solution, as shown in Table 1, for 30 min.

Duplicate samples, a solution of 5 mL each, were taken, in appro-
priate time intervals, for analysis during the reaction time. NaOH
10mol L1 (2 drops) was added to all samples to interrupt the reac-
tion. Later, the samples were filtered (0.22 wm Millipore Durapore
membrane) to remove the precipitated iron species, diluted and
immediately analyzed by high performance liquid chromatography
(HPLC).

Phenol, catechol and hydroquinone were identified and
quantified by high performance liquid chromatography (UFLC
chromatographer, Shimadzu) using standard compounds for
comparison. A reverse phase C18 Shim-pack column (5pwm;
4.6 x 150 mm) with detection in 254 nm was used to determine the
intermediate aromatic compounds, along with a Shimadzu UV-vis
detector.

2.4. Experimental results

Table 2 presents the concentrations of phenol, catechol and
hydroquinone at different time points for Experiments A to C.

3. Stoichiometric and kinetic models of the Fenton process

Following the methodology presented by Pontes and Pinto [14],
the first step is to determine the stoichiometric model for the degra-
dation of the contaminants present in the effluent. This model
describes the chemical reactions that the contaminants undergo
in the treatment. Thereafter, the kinetic model is developed that
determines how fast the reactions occur and consequently how
fast the compounds involved in the process are formed and
consumed.
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Table 2

Phenol, catechol and hydroquinone concentrations in Experiments A to C (concentrations in mmolL~").

Time (min) Experiment A Experiment B Experiment C
Sphenol Scatechol Shydroquinone Sphenol Scatechol Shydroquinone Sphenol Scatechol Shydroquinone

0 12.1 0.00 0.00 121 0.00 0.00 12.1 0.00 0.00
5 8.86 1.40 0.59 6.81 1.16 0.82 2.71 2.50 1.95
10 6.04 1.93 1.16 3.01 1.50 NS 0.60 0.82 6.39
20 3.55 2.34 2.26 0.70 0.65 5.67 0.00 0.00 4.19
30 1.12 1.73 3.92 0.00 0.00 5.00 0.00 0.00 3.33
45 0.754 1.58 3.87 0.00 0.00 4.46 0.00 0.00 0.85
60 0.766 1.65 4.48 0.00 0.00 4.44 0.00 0.00 0.74
75 0.774 1.67 4.38 0.00 0.00 4.34 0.00 0.00 0.70
90 0.767 1.66 4.27 0.00 0.00 4.14 0.00 0.00 0.63
120 0.772 1.68 4.25 0.00 0.00 4.09 0.00 0.00 0.57

3.1. Notation

The process is modeled as a system of j compounds that undergo
a set of n chemical reactions.

The phenol degradation by Fenton process model contains the
following variables and parameters:

Vin stoichiometric coefficient for compound j in reaction n
(dimensionless)

Cir treatment cost (US$/1000 m3 of wastewater)

Fy,o0, hydrogen peroxide stream flow rate (mol min=1)

kn kinetic parameter for reaction n (Lmol-1s~1, except
where otherwise indicated)

n rate of reaction n (molL-1s-1)

R; compound j consumption/production rate (molL-1s-1)

S; molar concentration for compound j (molL~1)

Sio initial molar concentration for compound j (molL~1)

Sif final molar concentration for compound j (molL~1)

Sifb final molar concentration for compoundj(mol L-1) for the

simulation with kinetic parameters from the literature

3.2. Stoichiometric model

The stoichiometric model describes which reactions take place
in the Fenton process. Note that a simplistic stoichiometry may
not describe accurately the Fenton process, whereas one that is too
complex may result in a large number of kinetic parameters that
would not be obtainable.

The original Fenton reaction was developed by H. Fenton. In the
presence of an iron (II) salt, hydrogen peroxide is dissociated, yield-
ing the hydroxyl radical. Andreozzi et al. [13], Hislop and Bolton
[15], and Pignatello et al. [16] describe the Fenton reaction by:

Fe2* 4+ H,0, — Fe3* + HO® + OH™

[2]and Kim and Vogelpohl [17] proposed a structure for the photo-
Fenton process that can be simplified to the structure to the Fenton
process presented in Fig. 2.

In the absence of UV radiation, such as the Fenton process, the
reduction for Fe3* reaction - and the velocity limiting reaction of
the Fenton process - is ([11,16,18]):

Fe3* + H,0, — Fe2* + H* + HO,*

The stoichiometric model used in this paper is based on the
one described by Kang et al. [11]. However, it takes into account
the formation of ortho and para isomers in the oxidation of phe-
nol. The oxidation of phenol in the meta position was neglected,
since according to Alnaizy and Akgerman [19], the formation of
resorcinol is about 1000 lower than the formation of catechol
(ortho-oxidation) and hydroquinone (para-oxidation). These reac-
tions are given in Table 3 along with their rate constants.

With respect to Fig. 2, reactions 1 through 3 represent stage
1, reaction 4 represents stage 2, reactions 5 through 21 represent
stage 4, and reactions 22 through 48 represent stage 3. More specif-
ically, reactions 39 to 48 represent the degradation of the aliphatic
compounds.

The following hypotheses were made:

all the reactions are irreversible except for R10, R28, R29, R32 and

R33’, as established by Kang et al. [11].;

- all the kinetic constants listed in Table 3 are based on a solution
with pH 3.0;

- the pH of the reaction medium remains constant during the

experiments;

constant volume of reaction because of the low concentration of

reactants and products;

isothermal reaction medium.

The stoichiometric model for the phenol degradation by Fen-
ton process has 53 reactions and 26 compounds. Phenol, 1,2 and
4-DHCDe¢, Catechol, Hydroquinone, THB, 1,2 and 4-Semiquinone®,
1,2 and 4-Benzoquinone and THCD® are the aromatic compounds,
whereas muconic, maleic and oxalic acid, as well as their radicals,
are the aliphatic compounds. Hence, the following concentration
variables are defined:

Sarom = Z Sj (1 )
}

Jj € {aromatic

dYoos 2)

j e {aliphatic}

Saliph =

Stage 1
Fe(IT) ions generation

lFe(ll)

Stage 2
Fenton reaction

Fe(IIT) + H,0,

Fe(IlT)

Stage 4
HO® »| Radicals recombination
A 4
Stage 3
Organic compounds
oxidation

Fig. 2. Structure of the phenol degradation by the Fenton process.
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Table 3
Stoichiometric model for the phenol degradation by the Fenton process.

Reaction kr Ref Reaction kr Ref
(R1) Fe3* +H,0, — Fe?* + H* + HO,* 1.0x 1072 (a) (R25) 1,4-DHCD* + Fe?* — Fe2* + Hydroquinone 7.0 x 10° (a)
(R2) Fe3* + HO,* — Fe* +H* + 0, 3.3 x10° (b) (R26) 1,2-DHCD* + HO* — THB 2.0x 1010 (a)
(R3) Fe3* + 05~ — Fe2* + 0, 5.0 x 107 (a,b) (R27) 1,4-DHCD* + HO* — THB 2.0x 1010 (a)
(R4) Fe?* +H,0, — Fe3* + HO®* — OH~ 6.3 x 10! (a,b) (R28) Catechol +Fe?* = 1,2-Semiquinone® + Fe2* + H* 1.0 x 10° (a)

2.4 %101 (a)
(R5) HO®* +H;0, — HO,* +H,0 3.3 x 107 (b) (R29) Hydroquinone + Fe3* = 1,4-Semiquinone® + Fe?* + H* 1.0 x 10° (a)

2.4 % 10! (a)
(R6) HO,* + H,0, — HO* +H,0+0, 50x10"! () (R30) Catechol + HO®* — THCD* 1.1x 1010 (d)
(R7) 2HO2* — H,0, + 0, 8.3 x10° (a-c) (R31) Hydroquinone + HO* — THCD* 5.2 x10° (d)
(R8) HO,* +HO* — H,0+0; 1.0 x 1010 (a,b) (R32) 1,2-Semiquinone* + Fe2* + H* = 1,2-Benzoquinone + Fe3* 1.0x 103 (a)

1.1x 10! (a)
(R9) Fe?* + HO® — Fe3* + OH~ 3.2x 108 (a,b) (R33) 1,4-Semiquinone* + Fe?* + H* = 1,4-Benzoquinone + Fe3* 1.0x 10° (a)

1.1 x 10! (a)
(R10) HOp*<H* +0,°~ 1.6x10°s! (a,b) (R34) THCD® +Fe** — THB + Fe?* + H* 7.0 x 10° (a)

1.0 x 1010 (a,b)

(R11) Fe?* +HO,* + H* — Fe¥* + H,0, 1.2 x 108 (a,b) (R35) Fe3* + THB — Fe3* + AML 1.0 x 10! (a)
(R12) Fe2* +2H* +0,°~ — Fe3* +H,0, 1.0 x 107 (a,b) (R36) 1,2-Benzoquinone + HO®* — MA*® 1.2 x10° (a)
(R13) 2HO® — H,0, 42 x10° (a) (R37) 1,4-Benzoquinone + HO®* — MA*® 1.2 x10° (a)
(R14) HO® +0,*~ — OH~ +0, 1.0 x 1010 (a,b) (R38) THB + HO* — AML 4.0x 1010 (a)
(R15) HO2* + 02~ +H* > H,0,+ 0, 9.7 x 107 (a) (R39) MA +HO* - MA® 5.0 x 108 (a)
(R16) SO42~ +HO® + H* — H,0+S0,°~ 1.2 x 108 (a) (R40) AML+HO* — AML* 6.0 x 10° (d)
(R17) SO4°~ + OH~ — SO42~ +HO* 1.0 x 107 (e) (R41) AOX +HO* — AOX* 1.4 x 108 (d)
(R18) S04~ +Hy0, — H* + HO,* + 50,2~ 3.0 x 108 (e) (R42) Fe* + MA* — Fe?* + MA 1.0 x 10! (a)
(R19) SO4*~ +HO»* — H* + 0, + S04~ 6.6 x 102 (e) (R43) Fe3* + AML* — Fe?* + AML 1.0 x 10! (a)
(R20) SO4°~ +Fe?* s Fe¥* +S0,2 5.0 x 108 (e) (R44) Fe3* + AOX® — Fe* + AOX 1.0 x 10! (a)
(R21) SO4°~ +Hp0 — H* + HO® + 5042 6.0 x 10° (e) (R45) MA +HO* — AML+CO, 5.0 x 108 (a)
(R22) HO* +Phenol — 1,2-DHCD* 3.3 x10° (a) (R46) AML+HO* — AOX +CO, 6.0 x 10° (d)
(R23) HO* + Phenol — 1,4-DHCD* 33 x10° (a) (R47) AOX +HO* — CO, 1.4 x 106 (d)
(R24) 1,2-DHCD* +Fe3* — Fe2* + Catechol 7.0 x 103 (a) (R48) Fe* + AOX — Fe(lll)-organocomplexes 1.0 x 10° (a)

DHCD =di-hydroxy-cyclohexa-di-enyl radical; THB = tri-hydroxy-benzene; THCD = di-hydroxy-cyclohexa-di-enyl radical; MA =muconic acid; AML=fumaric/maleic acid;

AOX = oxalic acid.

(a)Kangetal.[11]; (b) Andreozzi et al. [13]; (c) Alnaizy and Akgerman [19]; (d) Notre Dame Radiation Laboratory Radiation Chemistry Data Center (http://www.rcdc.nd.edu/)

[20]; (e) de Laat et al. [21].

3.3. Fenton process kinetic model

The kinetic model determines how fast the reactions in the
stoichiometric model take place; hence it determines the produc-
tion/consumption rate R; for each compound.

The reaction rates r, for the reactions involved in the stoichio-
metric model are given by:

m= kn.HSij vn (3)
J

where §; is the molar concentration of compound j and vj, is its

stoichiometric coefficient in reaction n.

Reactions (R10), (R28), (R29), (R32) and (R33) are the only
reversible reactions in the model, as defined in Ref. [11], for which
the reverse kinetic constants are significant. Therefore, it is neces-
sary to also calculate the reverse reaction rates.

Therefore, for the Fenton process the production/consumption
rate R; for each compound j are:

Rj = Zvj,n.rn (4)
n

Previous papers suchas[11,13,19] used the pseudo-steady state
hypothesis for the simulation of the concentrations of inorganic
radicals such as hydroxyl, peroxyl and oxyl. However, this paper
does not rely on this simplification and therefore simulates their
concentrations in transient state.

For batch operation, the mass balance for compound j is given

by:

ds;
=R (5)

For semi-batch operation, where only reactant j, such as hydro-
gen peroxide, is added into the reactor by a feed stream, the mass
balance is given by:

dSH o 1

% = Ru,0, + VFH202 (6)
The kinetic model for the phenol degradation by a batch Fenton

process has 79 algebraic and 26 differential equations, 53 kinetic

parameters, 105 variables which are:

- 26 concentrations for the compounds in the reactor;
- 53 reaction rates;
- 26 compounds production/consumption rates.

In the case of semi-batch operation, the following 27 parameters
have to be defined:

- 26 concentrations for the compounds in the feed stream
- 1 flow rate.

For the dynamic simulation of this model, the following defini-
tions are needed:

¢ Values for the 53 kinetic parameters (k;);

e Initial values for the 26 concentrations of the j compounds (S;);

e Values for the 26 concentrations for the compounds in the feed
stream (S;F)

* H,0; feed stream flow rate (Fy,0, ).


http://www.rcdc.nd.edu/

406 R.FF. Pontes et al. / Journal of Hazardous Materials 176 (2010) 402-413

4. Simulation of the Fenton process model

4.1. Comparison between experimental data and simulated
results

The simulation of the kinetic model was done using MATLAB
V7.0 with the ODE23T integrator ([22]) that solves systems of mod-
erately stiff DAEs (differential algebraic equations). The three sets
of experiments previously described were simulated, whose initial
conditions are given in Table 1. The set of parameters relies on the
literature values provided in Table 3.

Fig. 3 shows the experimental data and the simulation of the
proposed model for experiments A, B and C, respectively. Moreover,
the experimental data is presented in Table 2.

Although the simulation results in a relatively accurate phenol
prediction, the catechol and hydroquinone predicted concentra-
tions do not agree with the experimental data. The correlation
coefficients for the simulation of the literature and estimated
parameters are presented in Section 5.

4.2. Sensitivity analysis

Besides comparing the experimental results and those of the
proposed model, sensitivity analysis for all the kinetic parameters
used in the model was performed. The established range for all the
rates was the following:

kn,min = 0.5ky < kn < 1.5kn = kn,max (7)

Fig. 4 shows the results of the sensitivity analysis of the most
influential parameters on the phenol, catechol and hydroquinone
concentration ratios (S;¢/S; 1, ), respectively, for Experiment A at the
end of the simulation (t=120min).

As expected, the phenol oxidation kinetic parameters, ky, and
ko3, are the most influential in the final concentration results,
mainly for phenol. For a 50% decrease in the k,; and ky3 values,
there was approximately a 60% and 30% increase in the phenol final

Experiment A
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concentration, respectively. These parameters are also influential
for catechol and hydroquinone, since the same decrease in the val-
ues of ky; and kj3 resulted in the decrease of about 30% in the final
concentration values for catechol and hydroquinone, respectively.
As expected, the higher the k,; value with respect to k3, the higher
the catechol-to-hydroquinone ratio, and vice-versa.

The Fenton reaction rate, ry4, is at least 50 times larger than the
phenol oxidation by hydroxyl radical reaction rates, r5; and r»3, and,
therefore, is not the limiting step in the rate of the phenol degrada-
tion. The Fenton reaction kinetic constant, k4, has a small influence
on the phenol concentration, mainly during the initial phase of
the degradation process. A value of 31.5 for k4 (50% decrease in
the original value) yields an increase in 10% in the phenol con-
centration at t=5min, but at t=120min this difference becomes
negligible.

The kinetic parameters for the catechol and hydroquinone oxi-
dation by the hydroxyl radical reactions, k3p and ks3q, are also
significantly influential. A 50% decrease in the k3 value yields an
approximate 80% increase in the catechol concentration, whereas
a 50% decrease in the k37 value yields an approximate 40% increase
in the hydroquinone concentration.

For the kinetic parameters ksg, k49 and k46, related to the THB
and maleic acid oxidation by hydroxyl radical reactions, there was
an impact of approximately 5% in the phenol, catechol and hydro-
quinone concentration for 50% changes in their values. Variations
in the values of the DHCD radical and benzoquinones oxidation
by hydroxyl radical reaction rates yielded changes in these final
concentrations lower than 5%.

The oxidation of organic compounds by the iron (III) reactions
displayed a lower influence, once variations of 50% in the values of
kzg, kzg, k32, k33, k34, k35, k42, k43 and k44 yielded 1-2% variations
in the final concentrations of the three studied compounds.

Theoretically, the oxalic acid complexation reaction rate, kg,
influences the phenol final concentration, since it strips the iron
from the reaction mean, but this effect was not detected by the
analysis.

Experiment C

1.4E-02
1.2E-02
1.0E-02 \
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\ X
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A Catechol - Experimental
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b3 Hydroquinone - Experimental
# « « « Hydroquinone - Literature parameters

Fig. 3. Simulation of the proposed model with the parameters from Table 3 and experimental data for Experiments A, B and C.
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Fig. 4. Phenol, catechol and hydroquinone concentration sensitivity analysis for Experiment A at t=120 min.

The remaining kinetic parameters did not have significant
influence on the phenol, catechol and hydroquinone concentra-
tions.

5. Kinetic parameter estimation

In order to find a better fit for the simulated results with the
experimental data of Experiments A to C, the kinetic parameters
were estimated. This adjustment was done using MATLAB V7.0 with
the sub-routine LSQCURVEFIT (|23]), which solves nonlinear curve-
fitting problems in the least-squares sense.

The adjusted kinetic parameters were those that according to
the sensitivity analysis mostly influenced the simulated results and
these are listed in Table 4, as well as their variation with regard to
the original value.

Table 4
Adjustment of the kinetic parameters.

Parameter Original value Adjusted value Variation (%)
(Lmol-"s-1) (Lmol-"'s-1)
k2o 3.3 x10° 1.0x 10'° 212
ka3 33x10° 7.7 x 10° 133
kaa 7.0 x 10 7.0 x 10° 0
kas 7.0 x 10° 42 x10° -40
ka6 2.0 x 1010 2.1x 10 3
ka7 2.0 x 10 2.3 x10'° 15
kag 1.0 x 10° 4.4 x107! -56
k29 1.0 x 10° 8.0x 102 -99
kagr 2.4 % 10! 4.6 x 10! 93
kaor 2.4 x 10! 7.3 x10° -70
k3o 1.1 x 1010 2.1 x101° 93
k31 52 x10° 1.5 x 10° -71
ks 7.0 x 10° 3.8x 103 —46
k3s 1.0 x 10! 4.0 x 10° -60
k36 1.2 x10° 42 %108 -65
k37 1.2x10° 1.0 x 10° -14
ks 4.0x10'° 5.8 x 1010 46
kao/kag 6.0 x 10° 8.7 x 10° 44
k42/k43/k44 1.0 x 10! 3.7 x 10! 268
kag 1.0 x 10° 2.6 x 10° 157

The performed adjustment estimated a larger value for param-
eter ko, than the one estimated for k,3, which results in a higher
formation rate of catechol than of hydroquinone. The sum of these
two estimated parameters results in faster phenol degradation.
Some of the estimated parameters underwent considerable vari-
ations, such as the oxidation by iron (III) of hydroquinone, kg,
muconic, maleic and oxalic acids, k4 to ka4, as well as the com-
plexation of iron (III) oxalate, kyg.

With the estimated parameters, new simulations for Exper-
iments A to C were made. Figs. 4-6 present the results of the
simulations with the adjusted parameters, those with the literature
values and the experimental ones.

The adjustment for the hydroquinone concentration in Experi-
ment C noticeably produced the most discrepant result with respect
to the experimental data, partially due to the high hydroquinone
peak at t=10min.

It is important to note that any relative deviation from the
experimental to the simulated concentrations is more amplified
for benzodiols than for phenol. For instance, in Experiment A, at
t=5min, there is a relative deviation of —2.2% from the experimen-
tal to the simulated phenol concentrations, while for the catechol
and hydroquinone concentrations, the relative deviations at the
same time are 14.2% and 142.9%, respectively. However, in abso-
lute terms the deviation for phenol is 0.19 mmolL-!, while the
absolute deviations for catechol and hydroquinone are 0.20 and
0.84mmol L. Therefore, the absolute variations are small com-
pared to the initial phenol concentration of 12 mmol L1,

The estimated values for ky, and k;3 may seem large with
respect to the initial values, but they are still within the bounds of
the wide range of the kinetic constants found in the literature for
phenol oxidation by the hydroxyl radical reaction. Note that Kang et
al. [11] cite a value of 6.6 x 10° Lmol~! s~ for the kinetic constant
for the oxidation of phenol by hydroxyl radical reaction whereas
the Notre Dame Radiation Chemistry Data Center (NDRCDC) [20]
lists a value of 1.8 x 10'°Lmol~' s, In the proposed model, the
summation of ky; and ky3 yields a value of 1.77 x 1019 LMol -1 s1
thatrepresents the overall kinetic constant for the oxidation of phe-
nol by the hydroxyl radical (in both ortho and para positions). The
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Fig. 5. Concentration profile for phenol in Experiments A, B and C.

kinetic parameters from Ref. [20] were found for pH values in the
6-7 range; hence, a large adjustment should be expected for a pH
value of 3.0 as used in the experiments.

Our experimental results consistently show a larger formation
of product from the ortho- (catechol) than from the para- (hydro-
quinone) oxidation. Similar results were reported by Alnaizy and
Akgerman [19] and Lipczynska-Kochany [24]. These are paral-
lel reactions that compete for the same reactants and therefore
a higher rate constant is expected for the reaction that gener-
ates more products. The initial values for the rate constants were
adjusted and a higher value was obtained for ky,, related to
the ortho-oxidation of phenol, than for ky3, related to the para-
oxidation reaction.

The analysis of the simulated results and the experimental data
reveals that for Experiment A (Fig. 5) the reactant concentrations
are not enough for the complete oxidation of the organic com-
pounds, since there is some unreacted phenol (6% of the initial
concentration). The lack of reactants yields insufficient produc-
tion of the hydroxyl radical, which in turn results in relatively high
residual concentrations of catechol and hydroquinone. Initially, as
phenol degrades, the production rates of these two compounds are
high and therefore their concentrations increase. As H,0O, addi-
tion ends at t=30 min, the hydroxyl radical formation reactions is

3.0E-03

drastically reduced, in particular the Fenton reaction. Hence, the
concentrations of aromatic compounds practically stabilize. There
is asmall increase in the catechol and hydroquinone concentrations
after this interruption, once the oxidation of 1,2 and 1,4-DHCD* by
iron (III) goes on until most of the iron in the reaction medium is
reduced to iron (II).

For Experiments B (Fig. 6) and C (Fig. 7), the H,0, concentra-
tion is sufficient for the degradation of phenol and catechol, and
for Experiment C, as well as for the degradation of hydroquinone.
It can be noticed that even after all H,O, was added, hydroxyl
radical is still generated in the reaction medium. Moreover, the
catechol degradation occurs first because the catechol oxidation by
hydroxylradical parameter, k3, is larger than that of hydroquinone,
k31.

The calculated correlation coefficients for the simulation of the
three experimental sets with literature and estimated parameters
are given in Table 5.

The constants with the highest values are the ones related to
the reactions involving the hydroxyl, peroxyl and oxyl radicals,
whereas the constants with the lowest values are the ones involving
the oxidation-reduction reactions of iron and organic compounds.
Therefore, the difference in these values is due to the existence of
several types of reactions in the Fenton process.
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Fig. 6. Concentration profile for catechol in Experiments A, B and C.
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Fig. 7. Concentration profile for hydroquinone in Experiments A, B and C.

Table 5
Correlation coefficients for the simulation with literature and estimated parameters.

Experiment Correlation coefficient (R?)
Simulation with Simulation with
literature parameters estimated parameters
A 0.8326 0.9606
B 0.5595 0.9531
C 0.7457 0.8874
Global 0.7063 0.9334

Even with large constant values, the reaction rates such as r3g
and r3; are not much larger than the ones involving iron species
such as g and ryg due to the fact that the hydroxyl radical con-
centration is about 10~8 smaller than the iron (Ill) concentration
during the batch operation.

Also, reactions that were not influential in the sensitivity analy-
sis might exert bigger influence under different circumstances than
the ones simulated.

Therefore, whereas some of the constants might be very low in
relation to others, the resulting reaction rates are not necessarily
negligible. Hence, the model takes into account all the reactions
listed.

6. Analysis of the reactant concentrations

This section presents the effect of the concentrations of the
two main reactants, iron (II) and H,O, on phenol degradation by
the Fenton process, by using the adjusted kinetic model. First, the
concentration profiles of these reactants during the three experi-
ments is presented, as well as a study of the H,O,: iron (II) ratio.
Then simulations are made with different reactants ratio and batch
time other than the ones used in the experiments. Finally, the cost
of treating a phenol contaminated wastewater to meet CONAMA
(Brazilian National Environmental Council) standards is evaluated
and analyzed.

6.1. Simulated reactant concentrations profiles for the performed
experiments

Iron (II) and H,0, concentrations were simulated for the dura-
tion of the experiments with the estimated parameter values. Fig. 8
shows the results of the simulations. The H,05: iron (II) molar
ratios, relative to the total quantities used, for Experiments A to
Care 25:1, 50:1 and 100:1. Fig. 9 shows how the ratios change as
the reactants are consumed during these experiments.
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Fig. 8. Calculated concentration of iron (II) and H,0, during the experiments.
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Fig. 9. Calculated H,0;/Iron (II) concentration ratios during the experiments.

It can be noted that in Experiment A there is a shortage of
H,0,, since only 60% of the iron (II) was oxidized, as seen in
t=30min (end of the H,0O, addition to the reaction medium).
Thereafter,iron (II) regenerates by the oxidation of the aromatic and
aliphatic compounds; however the low H, 0, concentration, below
1.0 x 10-3 mol L1, caused the iron (II) to become almost inactive
during the reaction. In Experiments B and C, there is clearly excess
of H,0, in relation to iron (II); the H,O, consumption is limited
by the iron (II) regeneration. It can be also noted that almost all
iron present in these two experiments after t=20 min is in iron (III)
state.

6.2. Impact of the reactant concentrations and batch time on the
Fenton process efficiency

Besides the organic compounds, there are other compounds
present in the reaction medium that react with the hydroxyl rad-
ical. Hydrogen peroxide as well as the iron (II) ion can function
as direct scavengers of the hydroxyl radical or indirect ones by
increasing the rate of formation of the peroxyl and oxyl radicals.
Hence, increasing the reactants concentration does not always yield
a higher organic material degradation in the Fenton process. Simu-
lations of the mathematical model developed by this work can show
this. This model can be also used to predict the optimal feed con-
centrations for hydrogen peroxide and iron (II) sulfate in a Fenton
process reactor in continuous operation.

The simulations made for the analysis of the initial concentra-
tions of the reactants were made using the experimental setup
described in Section 3. The residual aromatic compounds concen-
tration, Sarom, Was evaluated at the end of each simulation, and is
defined by Eqn. (1).

Simulations for different values of initial concentration of FeSOg4
and flow rate of H, O, were performed, hence yielding different final
concentration values for the aromatic compounds. Fig. 10 shows
these concentrations as a function of the initial concentration of
FeSO4 and the H, 0, flow rate, respectively in log scale. The exper-
imental points are marked with “x” in Fig. 10.

Fig. 10 shows that an increase in the H,0, feed stream yields
increased removal of the aromatic compounds in the reaction
medium, as long as there is enough iron (II) to break the hydro-
gen peroxide into hydroxyl radical. However, Fig. 10 also shows
that for FeSQy4, an increase in initial concentration results in an effi-
ciency loss for the Fenton process. This efficiency loss increases

in the case in which the H,0, feed stream is 0.150 mol/30 min
(Experiment B feed stream), once the FeSO4 concentration passes
5.0 x 103 molL~1. For a H,0, feed stream of 0.300 mol/30 min
(Experiment C feed stream), the efficiency loss occurs for an initial
FeSO,4 concentration above 20 mmol L.

Larger batch times may also improve the Fenton process effi-
ciency as long as there is enough H, 0, to maintain the degradation
of the organic compounds. Fig. 11 shows the effect of the batch
time on the degradation of the aromatic compounds using the same
inlet H,O, flow rates and initial iron (II) concentrations used in the
experiments.

As shown in Fig. 8, for an initial iron (II) concentration of
1mmolL-1, a HyO, flow rate of 0.075mol/30min is insuffi-
cient to degrade more than approximately 50% of the aromatic
compounds initially present in the batch operation, which is
12.1 x 10~3 mol L. For the conditions of Experiment C, about 94%
of the aromatic compounds are degraded after 120 min. However,
if the batch time is increased to 150 min, over 99% of these com-
pounds degrade.

6.3. Cost evaluation for phenol contaminated wastewater
treatment in fed-batch operation

The Brazilian Environmental Council - CONAMA ([25]) imposes
a maximum phenol concentration value of 0.5 mg/L in wastew-
aters (Resolution 357/05), which is equivalent to approximately
5.32 x 10~ mol L-!. This value can be used conservatively as an
upper bound to the final concentrations of all aromatic compounds,
Sarom,- For the cost evaluation study, the initial phenol concen-
tration, Sppenolo0, Was set to 12.1x 1073 molL~!, as used in the
experiments, and it is assumed that phenol is the only aromatic
compound initially present in the wastewater.

The cost evaluation developed in this section only considered
reactant costs for the treatment. Table 6 presents orientative prices
for the two main reactants of the Fenton process.

Table 6
Orientative prices for Fenton process reactants.
Reactant Orientative price Source
(US$/mol)
H,0, 0.003 http://www.h202.com/
FeSO4 0.036 http://www.the-innovation-group.com
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Fig. 10. Residual concentration of aromatic compounds as a function of the initial iron (II) sulfate concentration and inlet H,0, flow rate.

The results presented in Fig. 10 provide the values of initial
iron (II) concentrations and H,0, flow rates that yield a residual
aromatic compounds concentration equal to the CONAMA upper
bound.

Six cases are studied for cost evaluation. In Cases I to III, the
initial iron (II) concentration is fixed and the H,O, flow rate
is varied, and for each case the corresponding final aromatic
compound concentration is calculated. Table 7 lists the three
initial iron (II) concentrations (Cases I to III) for each case and
the corresponding stoichiometric H,O, flow rate to reach the

1.2E-02

CONAMA requirement, as well as the respective calculated treat-
ment cost.

Similarly, in Cases IV to VI, the H,0, flow rate is fixed and the
initial iron (II) concentration varies, and for each case the final
aromatic compound concentration is calculated. Table 7 also lists
the three H,0, flow rates (Cases IV to VI) for each case and the
corresponding initial iron (II) concentration to reach the CONAMA
requirement as well as the calculated treatment cost. Note that
the CONAMA requirement is met only in Case VI. The stoichiomet-
ric initial iron (II) concentration for this flow rate needed to reach
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Fig. 11. Residual concentration of aromatic compounds as a function of the batch time.
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Table 7
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Treatment cost for phenol contaminated wastewater as a function of initial iron (II) concentration and H,O; flow rate.

Case Ske,, 0 (mol L) Fh,0, (mol/30 min) Treatment cost (US$/1000 m> of wastewater)
I 0.5x1073 0.678 696

Il 1.0x 1073 0.367 403

I 5.0x 103 0.171 351

1\% - 0.075 Cannot meet CONAMA’s requirement

\% - 0.150 Cannot meet CONAMA’s requirement

VI 1.40 0.300 351

that requirement is 1.4 x 10~3 mol L1, and the corresponding cal-
culated treatment cost is $316/1000 m? of wastewater.

From the results shown in Fig. 10, the treatment cost as a func-
tion of the required residual aromatic compounds concentration,
Sarom 1S calculated. The three curves shown in Fig. 12 represent
different initial iron (II) concentrations. Note that a stricter require-
ment for residual aromatic compounds would significantly increase
operating costs.

For the three cases shown in Fig. 12, an initial iron (II) concentra-
tion of 5.0 x 10-3 mol L~! yielded the lowest cost to meet CONAMA'’s
requirement for phenol.

Fig. 13 presents the treatment cost as a function of differ-
ent initial phenol concentrations, Sphenol0, that meet CONAMA's
requirement for the three initial iron (II) concentrations used in
Fig. 10. Note that the analyzed phenol concentration values are

within the ranges typically found in wastewater streams (Pryia et
al. [26]).

For an initial phenol concentration of 5.0 x 103 molL~!, the
cost for treatments with initial iron (II) concentrations of 0.5 x 10~3
and 1.0 x 1073 mol L~ are basically the same (less than 4% differ-
ence), but as the initial phenol concentration increases, the cost of
the treatment with Sge,, o = 0.5 x 107> molL~" presents a higher
slope than the one with Sge,, 0 = 1.0 x 107> molL~". Similarly to
Fig. 12, the treatment with Sge,, o = 5.0 x 1073 mol L~! has the low-
est cost.

Nevertheless, CONAMA also restricts the overall iron concen-
tration, in both valence states, in the wastewater to a maximum
value of 15.0mg/L (0.27 x 103 mol L-1) that is approximately half
of the one used in Case I, which uses the lowest iron concentration
(note that the initial and the final overall iron concentrations are
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the same). The use of iron then requires additional treatment of
the wastewater to remove it from the effluent. Consequently, the
overall minimum cost would require the integrated analysis of the
two treatment phases.

7. Conclusions

The present paper addressed the mathematical modeling of the
phenol degradation by the Fenton process. First, it develops a sto-
ichiometric model, followed by a kinetic model. The developed
model encompasses 53 reactions and 26 compounds and is able
to predict the oxidation of phenol in the ortho and para positions
resulting in aromatic isomers that are catechol and hydroquinone.

Three experiments were performed to study the degradation of
phenol by the Fenton process in fed-batch operation, monitoring
the phenol, catechol and hydroquinone concentrations during 2 h.

Sensitivity analysis was performed on the kinetic parameters
to determine those that are most influential in the final phe-
nol, catechol and hydroquinone concentrations. As expected, the
most influential parameters are the ones that regulate the oxida-
tion by hydroxyl radical reactions involving these three studied
compounds. Parameter estimation was performed to best fit the
experimental data and the overall correlation coefficient obtained
was 0.93.

Using the estimated kinetic parameters, an initial concentration
analysis of the reactants was performed, showing that excess iron
(I1) in the reaction medium causes an efficiency loss of the Fenton
process due to the competition of the iron (II) ions with the organic
compounds for the hydroxyl radicals in the case of an insufficient
quantity of H,0, added to the reaction medium.

Finally, cost analysis was made for the treatment of the phenol
contaminated wastewater used in the experiments with different
initial iron (II) concentrations and H,0, flow rates. It was shown
that of the three H,0, flow rates used in the experiments, only
the one used in Experiment C (0.300 mol/30 min) was able to meet
the CONAMA standard for maximum concentration of residual aro-
matic compounds. For environmental requirements stricter than
CONAMA'’s and different initial phenol concentrations, the initial
iron (II) concentration used in Case III (5mmolL-!) yields lower
treatment costs than the other two cases.

Further developments include the integrated optimization of
the process consisting of a Fenton reaction and iron purification,
as well as the extension of the model to address photo-Fenton
processes.
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