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Fenton oxidation is a promising water treatment method to degrade organic pollutants. In
this study, 30 different organic compounds were selected and their reaction rate constants
(k) were determined for the Fenton oxidation process. Gaussian09 and Material Studio
software sets were used to carry out calculations and obtain values of 10 different molecular
descriptors for each studied compound. Ferric-oxyhydroxide coagulation experiments were
conducted to determine the coagulation percentage. Based upon the adsorption capacity,
all of the investigated organic compounds were divided into two groups (Group A and Group
B). The percentage adsorption of organic compounds in Group A was less than 15% (wt./wt.)
and that in the Group B was higher than 15% (wt./wt.). For Group A, removal of the
compounds by oxidation was the dominant process while for Group B, removal by both
oxidation and coagulation (as a synergistic process) took place. Results showed that the
relationship between the rate constants (k values) and the molecular descriptors of Group A
was more pronounced than for Group B compounds. For the oxidation-dominated process,
EHOMO and Fukui indices (f(0)x, f(‐)x, f(+)x) were the most significant factors. The influence of
bond order was more significant for the synergistic process of oxidation and coagulation
than for the oxidation-dominated process. The influences of all other molecular descriptors
on the synergistic process were weaker than on the oxidation-dominated process.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Fenton (1894) reported as early as 1894 that ferrous ions
strongly promote the oxidation of malic acid by hydrogen
peroxide. Subsequent work has shown that the combination of
H2O2 and a ferrous salt, “Fenton's reagent,” is an effective
oxidant for a wide variety of organic substrates, such as
chlorophenols (Barbeni et al., 1987; Potter and Roth, 1993),
chlorobenzene (Sedlak and Andren, 1991), nitrophenols (Kang
.edu.cn (Zhemin Shen).

o-Environmental Science
et al., 1999) and dye pollutants (Kuo, 1992; Solozhenko et al.,
1995). Due to its high oxidation potential and fast reaction
kinetics, the Fenton reaction has gained much attention for its
capability of degrading organics into harmless low molecular
weight compounds. Examples of such compounds (degradation
products) include carbon dioxide, water and organic acids such
as formic acid, acetic and oxalic acid (Muruganandham and
Swaminathan, 2004; Sun et al., 2007). The effectiveness of the
Fenton process is mainly controlled by the generation of
s, Chinese Academy of Sciences. Published by Elsevier B.V.



258 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 4 3 ( 2 0 1 6 ) 2 5 7 – 2 6 4
hydroxyl radicals, but also can be enhanced by other
physico-chemicalmethods (Pignatello et al., 2006). For instance,
Lucas et al. (2007) reported that the decolorization of Reactive
Black 5 could reach 91% by a Fenton process enhanced by an
aerobic biological treatment. Combination with ultrasound
could enhance the decolorization of Acid Orange 7 (Zhang et
al., 2009) and improve the COD removal of Reactive Black 8 from
aqueous solutions by the Fenton process (Torrades et al., 2004).
Yang et al. (2009) presented amicrowave-enhanced Fenton-like
process for the treatment of high concentration pharmaceutical
wastewater, which removedmore than 55%CODand enhanced
the 5-day biochemical oxygen demand (BOD5)/COD ratios.
Besides these chemical treatments, photo-assisted Fenton-like
reactions as a source of hydroxyl radicals have been shown
to be effective in the environmental detoxification and
photo-degradation of non-biodegradable contaminants, includ-
ing textile dyes (Herrera et al., 1999; Nadtochenko and Kiwi,
1998; Ruppert et al., 1993; Sawyer et al., 1996).

Based upon our previous research, the choice of appropriate
quantum-chemical descriptors is of great importance and can
also easily be obtained by computation. Therefore, quantum-
chemical descriptors have been applied to develop quantitative
structure-activity relationship (QSAR) models to study the
relationship between removal and the molecular descriptors
of organic pollutants in Fenton oxidation (Jia et al., 2015).

Generally, the Fenton process is composed of the following
stages: pH adjustment, oxidation reaction, neutralization,
coagulation and solid–liquid separation (Kang and Hwang,
2000). According to Walling and Kato (1971), the basic mecha-
nism of the Fenton process consists of chemical oxidation and
coagulation of organic compounds. However, for Fenton
precipitation processes, the coagulation step has not yet been
completely understood. Therefore, in the present study, focus
has been given to the coagulation of ferric-oxyhydroxides
formed in the Fenton process. Based upon the adsorption
capacity, 30 organic pollutants have been divided into two
groups. The relationship between the reaction rate constants (k)
of the organic pollutants in both groups and their molecular
descriptors during Fenton oxidation have been studied. In order
to better understand the coagulation of ferric-oxyhydroxides,
coagulation experiments for different compounds were con-
ducted. Finally, considering the removal rate constants of the
compounds, the effect of the molecular descriptors on the
removal rates was discussed.
1. Experiments

1.1. Materials

The 30 organic compounds studied and the hydrogen peroxide
solution (30%,W/W) were supplied by Alfa Aesar Pty. Ltd., USA.
Iron(II) sulfate heptahydrate (FeSO4·7H2O) was obtained from
Sigma-Aldrich Pty. Ltd., USA. Sodium hydroxide and concen-
trated sulfuric acid were purchased from Sinopharm Chemical
Reagent Co. Ltd., China. All the chemicals were of analytical
grade and were used directly without further purification.
Water used for chemical solutions was purified by using a
Milli-Q® Integral system provided by EMD Millipore Pty. Ltd.,
USA.
1.2. Fenton oxidation experiments

The initial concentration of highly soluble organic compounds
was 100 mg/L. The concentration of the insoluble organic
compounds was such that they formed a saturated solution.
Fenton oxidation experiments were carried out at room
temperature (20 ± 2°C) with a H2O2: Fe(II) molar ratio of 10:1.
Since the pH of each compound's solution was different,
before further treatment pH was adjusted for all solutions to a
value of 3.0 by using a 1 mol/L solution of sulfuric acid. While
mixing the reaction mixtures, the solutions were stirred
continuously using a magnetic stirrer. In each experiment,
the ferrous sulfate solution was added to the pH-adjusted
solution. H2O2 (30%) was added to each solution and the
recording of the reaction time was started. 1 mL of 1 mol/L
sodiumhydroxide solutionwas added to terminate the reactions
at 0.25, 1.0, 2.0, 5.0, 10.0, 20.0, 40.0 and 60.0 min respectively
(Pontes et al., 2010). Later, the samples were filtered through
0.45 μm membrane filters to separate the formed precipitates.
The concentrations of organic compounds in the supernatant
were measured at their maximum absorption wavelengths
using a spectrophotometer (HACH DR4000).

1.3. Ferric-oxyhydroxide coagulation experiments

Ferric-oxyhydroxide coagulation experiments were also con-
ducted using the same experimental conditions aswere used for
the Fenton oxidation experiments. The initial concentration for
each organic compound's solution was 100 mg/L, pH was
maintained at 3.0 and the temperature was kept constant at
20 ± 2°C. The concentrations of ferrous ion and sodium hydrox-
ide solutions were also the same as for the Fenton oxidation
experiments. However, in the coagulation experiments, theH2O2

was not added to the reaction systems. Instead, in these
experiments, an equivalent dosage of sodium hydroxide was
added in order to generate in situ flocs of ferric-oxyhydroxides.
Later, the samples were filtered through 0.45 μm membrane
filters to separate the precipitates formed. The concentrations of
organic compounds were determined by using a spectropho-
tometer (DR4000, HACH Company, USA).

1.4. Computational details

The initial geometries of all the investigated compounds were
optimized using density functional theory (DFT) calculations
using the DFT/B3LYP model with the 6–311++G(d,p) basis
set of the GAUSSIAN09W package (Frisch et al., 2009). The
vibrational frequency analysis was done by using HF and B3LYP
methods, which also determined the nature of stationary points
found by the optimization of geometries. Vibrational frequency
analysis revealed that there was no virtual frequency for the
optimized structures that would correspond to the minimum
points on the potential energy surface. This showed that all of
the optimized structures were stable. The energy value for the
highest occupied molecular orbital (EHOMO) and that for the
lowest unoccupied molecular orbital (ELUMO) was obtained from
GAUSSIAN09. The HOMO-LUMO analysis was carried out to
explain the charge transfer within the molecule.

Bond order (BO) and Fukui indices (f(+), f(−) and f(0)) (Famini
et al., 1992; Parr and Yang, 1984) were specifically analyzed by
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using Accelry Material Studio 6.1. All of the calculations and
the localized double numerical basis set with polarization
(DNP) were adopted as implemented in DMol3 code in Material
Studio 6.1. The self-consistent field procedure having a
convergence criterion of 10−6 a.u was carried out for both
energy and electron densities. Density mixing was set at 0.2
charge and 0.5 spin. The smearing of the electronic occupa-
tions was set to 0.005 Ha. Bond order (BO) was defined as the
number of chemical bonds formed between pairs of atoms
and gave information about the stability of the bonds. Within a
BO value of four, the molecules of all the studied compounds
tend to be more stable if their BO is increased. In the present
study, BOn refers to the minimum while BOx refers to the
maximumvalue of the carbon–carbon bond order in amolecule.
Similarly, f(+)x, f(−)x and f(0) x stand for the maximum values of
nucleophilic, electrophilic and UOH attacks respectively. f(+)n,
f(−)n and f(0)n represent their corresponding minimum values
for the main-chain carbon atom.
2. Results and discussion

The degradation of 30 different organic pollutants was
investigated during the Fenton process. Degradation kinetic
comparison was performed using an initial rate technique to
eliminate any interferences from competition by intermediate
products. The initial reaction rate constants of the organic
compounds (k) were determined and presented in Table 1.
Fenton oxidation is a pseudo first-order reaction with respect
to the concentration of organic substrate (Huang et al., 1993;
Sedlak and Andren, 1991). According to the pseudo first-order
kinetic model, the k values of the studied organic compounds
were calculated from the linear regression of ln(C0/Ct) versus
the reaction time. These values for the rate constants ranged
between 0.031 min-1 (for bis(2-methoxyethyl) phthalate) and
2.934 min-1 (for Malachite Green) with a mean value of
0.636 min-1. All these k values are shown in Fig. 1, and the
degradation curves obtained versus reaction time suggest that a
first-order kinetics model approaches the real kinetics of this
Fenton oxidation process. Degradation of different kinds of
organic pollutants by the Fenton process, sono-Fenton process,
electro-Fenton process, photo-Fenton process, etc. has been
studied previously (Alshamsi et al., 2007; Lucas et al., 2007;
Pignatello et al., 2006; Torrades et al., 2004; Yang et al., 2009;
Zhang et al., 2009). Zhang et al. (2009) investigated the degrada-
tion of Acid Orange 7 (AO7) by the Fenton process in combination
with ultrasonic irradiation (Zhang et al., 2009). The results
showed that the rate constant of AO7 was determined to be
0.71 min-1 under these conditions (AO7 = 200 mg/L, Fe = 0.5 g/L,
H2O2 = 5 mmol/L, pH = 2). Alshamsi et al. (2007)conducted a
study on the degradation of Crystal Violet (CV) using UV/
hydrogen peroxide and Fenton's reagent (Alshamsi et al., 2007).
The results showed that the rate constant of CV was 0.54 min-1

under these experimental conditions (CV = 0.027 mmol/L, Fe =
0.333 mmol/L, H2O2 = 0.333 mmol/L, pH = 2). Under the experi-
mental conditions of the current study, AO7 and CV were also
degraded, and the corresponding rate constants were found to be
0.787 min-1 and 0.446 min-1, which are in agreement with those
reported in the above study.
Previous studies have mentioned that the chemical struc-
ture of the molecules (pollutants) has a significant influence
on the removal rate of these molecules. Different structural
units would result in different removal rates. Fig. 1 shows that
the largest reaction rate constant among the studied com-
pounds is almost 95 times greater than that of the smallest.
This difference in rate constant values ensures that the
chosen compounds actually represent a wide range of
structures. This also highlights the importance of analyzing
the relationship between the removal of organic compounds
and the molecular descriptors of the organic compounds.
Theoretical molecular descriptors relating to the structural,
electronic and thermodynamic parameters were selected to
describe the organic compounds. These descriptors play an
important role in Fenton oxidation. The organic compounds
chosen for the present study and their corresponding 10
molecular descriptors are listed in Table 1.

In this study, sodium hydroxide solution was used as a
quenching agent to terminate the reaction. Subsequently
flocs of ferric-oxyhydroxides were generated and the color of
the aqueous solution changed to yellow-brown at the end of
the experiments. The in situ formed ferric-oxyhydroxides,
having large surface area and adsorption capacity, adsorbed
the organic compounds, as has already been reported in the
literature (Julien et al., 1994).

There are two possible routes for the removal of organic
pollutants during the Fenton process. They can either be
adsorbed on the ferric-oxyhydroxides or can be degraded by
the oxidation process. In order to determine the coagulation
percentage of organic compounds on ferric-oxyhydroxides,
the coagulation experiments were performed for all chosen
organic compounds, and the adsorption percentages (AP) are
summarized in Table 1. The results showed that 14 (out of 30)
organic compounds were significantly adsorbed on
ferric-oxyhydroxides and had AP values of more than 15%.
However, AP values for the remaining 16 organic compounds
were less than 15% (wt./wt.). Based on AP values, all organic
compounds were divided into two groups. The organic
compounds having AP values less than 15% were placed in
Group A while compounds having AP values higher than 15%
were placed in Group B. For Group A, the adsorption was
negligible and therefore the removal of pollutants was
dominated by the oxidation process. However, for Group B
compounds, both coagulation and oxidation proceeded side
by side. Therefore, for this group both the coagulation and
oxidation were responsible for the removal of the organic
compounds. Due to the significant contribution of both
coagulation and oxidation processes to the removal of the
organic pollutants, it is reasonable to say that the removal
mechanism of Group B organic substances is more compli-
cated than that of the Group A compounds.

Analysis of the correlation between k values and the
molecular descriptors of the organic compounds shows that
the EHOMO variable is positively correlated to k values and the
correlation coefficient (r) is 0.528 (Table 2). A closer look at the
correlation coefficient (r) values presented in Table 2 also
reveal that these (r values) decreased significantly for the
Group B compounds. However, such a decreasing trend
was not observed for BOn and BOx values for the Group B
compounds. Maximum values for the correlation coefficient
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Fig. 1 – Reaction rate constants of studied organic compounds for the Fenton process.
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(r) for BOn and BOx in Group B were observed to be 0.355 and
0.213 respectively. On the contrary, for Group A compounds,
the ‘r’ values for EHOMO, f (+)x, f (−)x and f(0)x increased for all
compounds, while no significant change was observed for
other descriptors. These results highlight the difference in ‘r’
values for compounds present in both the groups.

For Group A compounds, the values of correlation coeffi-
cients between the rate constant values and values of various
other descriptors were found to be in the following order: EHOMO

(0.625) > f(0)x (−0.557) > f (−)x (−0.524) > f (+)x (−0.504). Similarly,
for Group B compounds, the correlation coefficient values
between rate constant values and two other descriptors were
foundvary in the followingorder: EHOMO (0.443) > BOn (0.355). It is
evident from the results that EHOMO has the highest correlation
coefficient values among all the compounds present in Group A
and Group B. Furthermore, absolute r values of five of the
descriptors are higher than 0.5 in Group A, while the largest
absolute r value in Group B is 0.443. It can be concluded that the
Table 2 – Values of correlation coefficient (r) between k values o

Group ELUMO EHOMO BOn BOx f (+)x

Overall a −0.026 0.528 0.102 0.093 −0.40
Group A 0.089 0.625 0.194 0.101 −0.50
Group B −0.056 0.443 0.355 0.213 −0.28

a Representing complete set of studied organic compounds.
relationship between k values and molecular descriptors of
Group A ismore apparent than that of Group B. According to the
correlation analysis, EHOMO plays a key role in both Group A and
Group B. The standout results of BOn in Group B can possibly be
attributed to its close association with the adsorption. Since the
compounds in Group A are difficult to adsorb, the effects of BO
are not so obvious for this group. However, the effects of Fukui
indices, especially f(0)x, are quite obvious in Group A. Therefore,
for the synergistic process of oxidation and coagulation (Group
B), the influence of BO is more obvious than that for the
oxidation-dominated process (Group A). The influences of all
other molecular descriptors are weaker in the oxidation-
dominated process. In general, molecular orbital energy, bond
order (BO) and Fukui indices (f(+), f(−) and f(0)) are three
descriptors that have showed the largest influence on the
removal rates of the studied organic compounds.

To study various mechanisms of organic compounds, such
as pharmacological activities, toxicity and degradability, the
f organic compounds and their molecular descriptors.

f(+)n f (−)x f (−)n f (0)x f (0)n

0 −0.316 −0.331 −0.225 −0.363 −0.283
4 −0.369 −0.524 −0.253 −0.557 −0.283
7 −0.251 −0.065 −0.169 −0.131 −0.268
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electronic energy of the highest occupied molecular orbital
(EHOMO) has widely been used in developing QSAR models
(Güsten, 1999; Gramatica et al., 2004; Isayev et al., 2006;
Rasulev et al., 2007; Turabekova et al., 2008). It is well-known
that the EHOMO parameter determines the nucleophilic ability
of a compound and hence can determine the possibility of a
reaction due to the attack of a strong electrophile such as the
UOH radical. EHOMO governs many chemical reactions and
characterizes the susceptibility of a molecule towards an
attack by an electrophile (Karelson et al., 1996). It is shown in
Table 1 that the average value for EHOMO is −0.224 eV. The
smallest and largest values for EHOMO were observed to be
−0.311 eV (basic fuchsin) and −0.036 eV (Methyl Blue) respec-
tively. It is also worth mentioning here that basic fuchsin
has comparatively slower kinetics (k value of 0.089 min-1)
while Methyl Blue shows faster kinetics (k value of
2.09 min-1). UOH is an electrophilic radical. The ability of a
molecule to lose an electron increases as its EHOMO value
increases. This in turn leads to an increase in susceptibility
to UOH attack and consequently results in a higher k value
for the compound. Thus, the descriptor EHOMO is positively
correlated with the k values of the compounds present in
both the groups. This correlation is in accordance with the
chemical reactivity rules and explains why Methyl Blue has
faster kinetics than basic fuchsin. According to the frontier
molecular orbital theory, a higher value of EHOMO facilitates
the oxidation and hence increases the degradation rate of
the chemicals. Furthermore, the analysis of the structure–
activity relationship of the representative compounds also
confirmed the correlation of degradation rate with chemical
reactivity rules.

Bond order (BO) is one of the electron density-based
descriptors, which satisfies the need of structural chemistry
for a compact characteristic of electron distribution in
molecules. This intuitive property is described by the popular
quantum chemical index called the Mayer bond order (Mayer,
1986; Mayer 2003). Bond order carries complementary infor-
mation about the electronic structure and is able to indicate
the presence or absence of electron delocalization between a
pair of the atoms. Obviously, the absence of electron
delocalization (very small bond order) makes electron flow
improbable, which reflects the strongly ionic character of
these interactions. Table 1 shows that BOn and BOx have the
average values of 1.058 and 1.493 respectively for Group B
compounds. The maximum values for BOn and BOx are
observed to be 1.318 (for P-chlorophenol) and 1.949 (for
2,4-dichlorophenoxyacetic acid) respectively. The minimum
values for BOn and BOx were observed to be 0.878 (for isatin)
and 1.344 (for 3,5-dichlorophenol) respectively. Table 2 also
shows that for Group B, both BOn and BOx are positively
correlated to k values. This means the higher the values of
BOn and BOx, the faster the reaction rate would be. For
example, basic fuchsin, Eriochrome Black T and Malachite
Green all have high values for BOn and BOx and also exhibit
fast reaction rates (k values of 2.090, 2.133 and 2.934
respectively). It is also observed that the influence of BO in
Group B is more obvious than that in Group A. The
coagulation and adsorption on ferric-oxyhydroxides may be
associated with BO and may belong to the category of static
electronic adsorption.
Fukui indices are one of the key concepts to portray the
decomposition sequence of organic structures in Fenton
oxidation. Fukui indices are defined as the derivatives of
the electron density with respect to the number of electrons
at constant molecular geometry (De Proft et al., 2002; Parr
and Yang, 1984). Eqs. (3)–(5) represent three important
concepts of nucleophilic attack, electrophilic attack and
radical attack.

f þð Þ¼ρNþ1 rð Þ‐ρN rð Þ ð3Þ

f ‐ð Þ¼ρN rð Þ‐ρN‐1 rð Þ ð4Þ

f 0ð Þ¼1=2 ρNþ1 rð Þ‐ρN‐1 rð Þ½ � ð5Þ

where, ρN + 1(r), ρN(r) and ρN − 1(r) are the electron densities
of the N + 1, N, and N − 1 electron systems respectively.

The average values of parameters f(+)x, f(−)x and f(0)x are 0.075
e, 0.057 e and 0.061 e respectively, while those of f(+)n, f(−)n and
f(0)n are 0.009 e, 0.010 e and 0.015 e respectively. The variation of
each Fukui Index was highly significant. The largest values for
f(+)x, f(−)x and f(0)xwere observed to be 0.143 e, 0.110 e, and0.119 e
respectivelywhile the smallest values for f(+)x, f(−)x and f(0)xwere
0.017 e, 0.018 e and 0.019 e respectively. Similarly, the largest
values for f(+)n, f(−)n and f(0)n were 0.052 e, 0.060 e and 0.066 e
respectively, while the smallest values for f(+)n, f(−)n and
f(0)n were −0.024 e, −0.027 e and −0.024 e respectively. The r
values changed in Group A in the order: f(0)x (−0.557) > f(−)x
(−0.524) > f(+)x (−0.504) > f(+)n (−0.369) > f(0)n (−0.283) > f(−)n
(−0.253). Among these, the largest absolute value for r is
observed for f(0)x, which is approximately equal to 0.6. Moreover,
after EHOMO, f(0)x is the second most significant molecular
descriptor which had the most influence on the removal of the
organic compounds in Group A. Table 2 shows that increasing
the values of Fukui indices leads to a drop in the values of the
rate constant k in Group A. However, no such significant
correlation was observed for compounds in Group B. Therefore,
it can safely be proposed that the compounds in Group A,
which have low f(0)x values, have stronger susceptibility to UOH
radical attack. For example, Methyl Blue shows a low f(0)x value
(0.024) and hence, leads to a faster reaction rate (k = 2.09 min-1).
Similarly, 4-Bromobenzaldehyde has a higher f(0)x value (of
0.119), however it shows very slow kinetics (k value of
0.450 min-1). Therefore, for compounds that areweakly adsorbed
on the ferric oxyhydroxides, a higher value of Fukui indices
results in slower removal kinetics and vice versa.
3. Conclusions

In this work, focus has been given to the coagulation of
ferric-oxyhydroxides formed in the Fenton process. Based upon
the adsorption capacity, the investigated organic compounds
were divided into two groups (Group A and Group B). The
percentage adsorption of organic compounds in Group A was
less than 15%while in Group B the valuewas higher than 15%. In
Group A, removal by oxidation plays a dominant role during the
Fenton process. For Group B, in addition to the removal by
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oxidation, removal by coagulation also plays a significant role.
Based upon the analysis of the correlation coefficient between
the k values and the molecular descriptors of the compounds
present in the two groups, it is concluded that the molecular
orbital energy (EHOMO) plays an important role in the removal of
the organic compounds. In addition, Fukui indices (f(0)x, f(−)x and
f(+) x) and bond order (BOn) are of significance for removing
organic compounds. For the oxidation-dominated process,
EHOMO and Fukui indices (f(0)x, f(−)x, f(+)x) have amore significant
effect on k values. Meanwhile, for the synergistic process of
oxidation and coagulation, the influence of bond order is more
pronounced than that in the oxidation-dominated process. The
influences of the other molecular descriptors are weaker for the
synergistic process than the oxidation-dominated process.
Therefore, the grouping of organic compounds is of great
importance in studying the relationship between k values of
organic compounds and their molecular descriptors during
Fenton oxidation and in situ formed ferric-oxyhydroxides.
Meanwhile, it also helps to better understand degradation of
organic compounds during the Fenton process.
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