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a b s t r a c t

This study investigated the effects of inorganic ions including chloride ions, dihydrogen phosphate ions
and nitrate ions on the oxidation of nitrobenzene by the fluidized-bed Fenton process. The nitroben-
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zene degradation decreased with increasing chloride, dihydrogen phosphate and nitrate concentrations.
Dihydrogen phosphate and chloride ions significantly inhibited nitrobenzene degradation. However, the
inhibition caused by chloride ions could be overcome by extending the reaction time if the concentration
of chloride ions was low. Nitrate did not have significant effect on nitrobenzene removal. The inhibition
effect of each inorganic ion on the nitrobenzene degradation was in the order: H2PO4

− � Cl− > NO3
−.

In addition, the results also show that the removal efficiency of nitrobenzene by fluidized-bed Fenton
tradit
luidized-bed Fenton process process was higher than

. Introduction

Nitrobenzene is an organic chemical compound that has been
ategorized as hazardous waste. It is widely used in several indus-
ries such as dye manufacturing, pesticides, rubber chemicals, and
harmaceuticals. However, it is believed to be a human carcinogen
1]. At low nitrobenzene concentration, a bioreactor can be used
uccessfully to remove this contaminant [2], but at high concen-
rations, it is toxic to microorganisms and resistant to oxidation
y biological processes. Therefore, powerful oxidation methods are
eeded for efficient treatment [3].

The Fenton process (or traditional Fenton process) is an
dvanced oxidation process (AOP) that uses hydrogen peroxide and
errous ions to form hydroxyl radicals that can efficiently degrade

any kinds of pollutants into environmentally friendly compounds
4–7]. A Fenton reaction can involve many steps, as shown below:

e(II) + H2O2 → Fe(III) + •OH + OH− (1)

e(III) + H2O2 → Fe(II) + H+ + HOO• (2)

e(III) + HOO• → Fe(II) + H+ + O2 (3)
e(II) + •OH → Fe(III) + OH− (4)

However, its application has been limited due to the genera-
ion of the excess amount of ferric hydroxide sludge that requires
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additional separation processes and disposal [8]. To deal with this
problem, several new Fenton modifications have been developed.
One of these is the use of a fluidized-bed reactor in which the
carriers can initiate the iron precipitation via a crystallization pro-
cess [9]. In a fluidized-bed Fenton reactor (FBR), several important
processes occur simultaneously including: (1) homogeneous chem-
ical oxidation (H2O2/Fe2+), (2) heterogeneous chemical oxidation
(H2O2/iron oxide), (3) fluidized-bed crystallization, and (4) reduc-
tive dissolution of iron oxides.

As Fig. 1 illustrates, the Fenton’s reagent can produce the non-
selective oxidant, OH•, via homogeneous reaction (a). This strong
oxidant attacks the aromatic hydrocarbon to initiate ring opening
in an oxidation reaction (b). Then the intermediate products from
the previous reaction appear, and these lead to further oxidation
(c). Fe3+can be converted by reducing one electron of Fe2+ in Fen-
ton’s reaction (d). Some Fe3+ can also be converted back to Fe2+

and initiate further Fenton reaction as reaction (h). However, in
the presence of a solid carrier, the ferric hydrolysis product of Fen-
ton’s reaction can also crystallize and grow on the surface of the
carrier (reaction (e)), which, decreases the precipitation in puffy
ferric hydroxide forms [10]. At the same time, the synthesized ferric
oxide can also serve as a catalyst for hydrogen peroxide decompo-
sition in a heterogeneous reaction (i). Iron oxide on the surface
carriers can also re-dissolve via reductive dissolution (g) or hetero-

geneous reaction (f) to become Fe2+ form. In an acidic environment,
ferric ions can be reduced to ferrous ions (d). Furthermore, the
Fe(III) hydrolysis product of a Fenton’s reaction can crystallize and
grow on the surface of this carrier to reduce the precipitation of
Fe(OH)3.

dx.doi.org/10.1016/j.molcata.2010.08.007
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Fig. 1. Fluidized-bed Fenton reactions.
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•OH + Cl− ↔ HOCl−• (5)
The concentration of hydroxyl radicals is affected by the back-
round impurities present in the wastewater stream. Scavenging
f hydroxyl radicals by anions is also likely to take place, when
norganic radicals are formed that are less reactive than hydroxyl
adicals. However, in previous research, the effects of inorganic
ons on the degradation of organic compounds have been gener-
lly overlooked, and some studies were conducted on only one
nion. Therefore, this study was undertaken in order to compare
he effects of anions such as chloride, phosphate and nitrate on
he degradation of nitrobenzene. These inorganic ions are very
ommon in most wastewaters [11] and might inhibit the Fen-
on reaction [12]. This study investigated the effect of inorganic
ons on the degradation of nitrobenzene by a fluidized-bed Fenton
rocess.

. Materials and methods

Nitrobenzene (C6H5NO2), ferrous sulfate hepta-hydrate
FeSO4·7H2O) and 35% hydrogen peroxide (H2O2) were purchased
rom the Merck Company. Sodium chloride was obtained from the
howa Company. The other reagents used were at least of reagent
rade. Al2O3, which is the main carrier in the FBR, was white
nd round with average particle diameter of 2.50 mm. A 1.35 l
uidized-bed reactor (FBR) was used in all experiments. The FBR
as a cylindrical glass vessel having outlet, inlet and recalculating

ections.
Nitrobenzene stock solution and inorganic ions (chloride ion,

ihydrogen phosphate and nitrate) solutions were prepared with
ure water at room temperature and poured into a circulating
uidized-bed reactor. The recycling pump was turned on to mix
he solution at the desired bed expansions. Then the desire pH
as adjusted by 1:4 H2SO4, which took approximately 10 min

efore the pH reading was stable. Pre-calculated ferrous ion solu-
ion was added at the 5th minute after the recycling pump was
witched on. The solution was rechecked again before adding
2O2 solution to start the reaction. At selected time intervals of
, 2, 5, 10, 20, 30 and 60 min, samples were taken from the FBR
nd analyzed immediately. The Fenton’s reaction was stopped
nstantly by adding NaOH to the reaction mixture after sampling.
he samples were then filtered on cellulose acetate membranes
ith 0.45 �m pore size to remove precipitates. Nitrobenzene was

nalyzed using an HP 4980II gas chromatograph with a flame ion-
zation detector and an HP-5 column (0.53 mm inside diameter,
5 m long).

For traditional Fenton process (or conventional Fenton process),

he same procedure was conducted, however, without applying
arrier (Al2O3) into the reactor.
Fig. 2. Comparison between traditional Fenton and fluidized-bed Fenton process
on the degradation of nitrobenzene. [NB] = 10 mM, [H2O2] = 50 mM, [Fe2+] = 1 mM,
Al2O3 = 100 g/l, and pHi = 2.8.

3. Results and discussion

3.1. Comparison between traditional Fenton and fluidized-bed
Fenton processes

This part of the study evaluated the performance of traditional
Fenton and fluidized-bed Fenton processes on the oxidation of
nitrobenzene when using 10 mM of nitrobenzene, 50 mM of H2O2,
1 mM of Fe2+ and 100 g of Al2O3 at pH 2.8. Effects of fluidized-
bed Fenton and traditional Fenton processes on the nitrobenzene
degradation are compared in Fig. 2.

Within the first 2 min, the nitrobenzene oxidation was quite
similar in both processes. However, the degradation of nitroben-
zene in Fenton and fluidized-bed Fenton processes began to differ
after 2 min. The nitrobenzene rapidly disappeared in the first 5 min
with the fluidized-bed Fenton process. Nitrobenzene removal effi-
ciency of the fluidized-bed Fenton process was higher than the
traditional Fenton process. The removal efficiencies were 88% and
94% in the Fenton and the fluidized-bed Fenton processes, respec-
tively.

The higher removal efficiency of nitrobenzene by fluidized-bed
Fenton process is probably because (a) hydroxyl radicals produced
from the Fenton’s reagent in Eq. (1) can oxidize nitrobenzene; (b)
some Fe3+ can convert back to Fe2+ and the ferrous ions can then
react with hydrogen peroxide to further produce hydroxyl radicals;
(c) in the presence of a solid carrier, the ferric ion can also crystallize
and grow on the surface of the carriers, reducing the precipitation
of Fe(OH)3, and at the same time, the synthesized ferric oxide can
serve as a catalyst in a heterogeneous reaction [9].

3.2. Effect of chloride ions on the fluidized-bed Fenton process

The Fenton reaction is extremely sensitive to chloride ions (Cl−)
remaining in the solution and this inhibition may be due to the
complexation and radical scavenging. As shown in Eqs. (5) and (6),
chloride ions create competition between hydroxyl radicals and
organics, inhibiting the oxidation. This may result in a complex
reaction with ferric ions. In addition, chloride ions interact with
hydroxyl radicals, competing with organic compounds and slow
down the oxidation [11,13]:
HOCl−• + H+ → Cl• + H2O (6)
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ig. 3. Effect of (a) chloride ion, (b) dihydrogen phosphate and (c) nitrate on the deg
Fe2+] = 1 mM, Al2O3 = 100 g/l, and pHi = 2.8.

According to the effect of complexation, Cl− ions may undergo
complex reaction with ferrous and ferric ions, which hinders the

eaction causing hydroxyl radicals production. The complex reac-
ions are shown in Eqs. (7)–(11) [14]:

e2+ + Cl− → FeCl+ (7)

eCl+ + Cl− → FeCl20 (8)

e3+ + Cl− → FeCl2+ (9)

eCl2+ + Cl− → FeCl2+ (10)

eCl2+ + Cl− → FeCl30 (11)

Based on the reactions above, the Fenton reaction has been
nhibited because the ferrous and ferric complexes cannot catalyze
ydrogen peroxide to produce hydroxyl radicals as efficiently as
heir free types.
This part examines the effect of chloride ion on nitrobenzene
egradation by fluidized-bed Fenton process, where the chloride

on concentration was set at 0, 1.5, 20 and 200 mM. Fig. 3(a) shows
hat the oxidation of nitrobenzene decreased with increasing chlo-
ide ion concentration, indicating that the degradation efficiency of

able 1
seudo-second order rate constant of nitrobenzene under different inorganic ion
oncentrations by fluidized-bed Fenton process. [NB] = 10 mM, [H2O2] = 50 mM,
Fe2+] = 1 mM, Al2O3 = 100 g/l, and pHi = 2.8.

Inorganic ions (mM) Rate constant (M−1 min−1)

H2PO4
− Cl− NO3

−

0 0.49 0.49 0.49
1.5 0.03 0.42 0.46

20 0.02 0.38 0.37
200 0.02 0.25 0.36
on of nitrobenzene by fluidized-bed Fenton process. [NB] = 10 mM, [H2O2] = 50 mM,

nitrobenzene decreases as the Cl− ion concentration increases. The
removal efficiencies of nitrobenzene in the presence of 0, 1.5, 20 and
200 mM of chloride ion were 93.70%, 92.40%, 93.00% and 91.80%,
respectively. The pseudo-second-order rate constants are shown in
Table 1. Good fit of the linear model to the data was obtained with
R > 0.95 in all cases. The inhibition effect of chloride ion was slightly
increased with increasing chloride ion concentration. This is due to
the competition between chloride ions and organic compounds in
the reaction with hydroxyl radicals, leading to the inhibition of the
oxidation. Chloride ions can also react with ferrous ions and ferric
ions, as described in Eqs. (7) and (9). In addition, chloride ions can
also interact with hydroxyl radicals, and slowing down the oxida-
tion rate. However, there was almost no difference in the amount
of nitrobenzene remaining after 60 min of reaction time when the
chloride ion concentrations were in the range of 0–1.5 mM. This
reveals that the inhibition can be overcome by extending the reac-
tion time if the concentration of chloride ions is less than 20 mM as
also shown in Fig. 3(a).

3.3. Effect of dihydrogen phosphate on fluidized-bed Fenton
process

In this experiment, the effect of dihydrogen phosphate on a
fluidized-bed Fenton process was investigated. The Fenton reaction
is extremely sensitive to inorganic anions present in the solution,
and in the case of dihydrogen phosphate ions, oxidation is clearly
inhibited. The dihydrogen phosphate ion concentration was oper-
ated at 0, 1.5, 20 and 200 mM. Fig. 3(b) shows that the nitrobenzene
removal increased with decreasing dihydrogen phosphate ion con-

centration.

When dihydrogen phosphate was introduced into the reactor,
the nitrobenzene degradation efficiency fell from 93.7% to 50.1%.
The removal efficiencies of nitrobenzene in the presence of 0, 1.5,
20 and 200 mM of dihydrogen phosphate were 93.7%, 50.1%, 46.5%
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ig. 4. Comparison between inorganic ions on the removal of nitrobenzene
y fluidized-bed Fenton process. [NB] = 10 mM, [H2O2] = 50 mM, [Fe2+] = 1 mM,
l2O3 = 100 g/l, and pHi = 2.8.

nd 44.9%, respectively, indicating that nitrobenzene degradation
as slow in the presence of dihydrogen phosphate. The complex-

tion reactions with ferrous ion could be occurring here, which
an affect the distribution of iron species and their reactivity with
ydrogen peroxide in the reaction solution. The presence of dihy-
rogen phosphate ions leads to competition between the organics
nd the hydroxyl radicals, which retards the degradation of
itrobenzene.

The rate constant of nitrobenzene degradation followed the
ame trend as nitrobenzene removal efficiency. The pseudo-
econd-order rate constants obtained under different experimental
onditions are shown in Table 1. The inhibition effect of dihydro-
en phosphate increased with increasing dihydrogen phosphate
oncentration from 0 to 0.2 M. It is obvious that the nitrobenzene
egradation was inhibited in the presence of dihydrogen phos-
hate. The phosphate ions reaction in the solution depended on
he cation species and the pH of the solution. The pH-phosphate
istribution diagram [15] shows that at pH 3, phosphate primar-

ly exists in the form of H2PO4
− which will react with ferrous and

erric ions to form the complex compounds, as shown in Eqs. (12)
nd (13). These complexes retard the reaction and the rate of the
xidation falls [16]:

e2+ + H2PO4
− → FeH2PO4

+ (12)

e3+ + H2PO4
− → FeH2PO4

2+ (13)

Ferrous ions mainly exist in the form of FeH2PO4
+ during the first

tage of a Fenton reaction. It is still possible to oxidize nitrobenzene
n the first stage since FeH2PO4

+ may react with hydrogen peroxide
nd produce radicals. However, in the second stage, nitrobenzene
as hardly decomposed. In the second stage, ferric ions undergo a

omplex reaction with H2PO4
−, becoming (FeH2PO4

2+). This causes
erric ions to lose the ability to catalyze hydrogen peroxide since
eH2PO4

2+ reacts slowly or not at all with hydrogen peroxide [11].
urthermore, the concentration of the free ferric ions remaining
n the solution is too low, so that the decomposition reaction of
itrobenzene cannot be observed. This suggests that in the pres-
nce of dihydrogen phosphate ions the nitrobenzene degradation
ecreased because ferrous ions were inhibited by formation of
nreactive ferric complexes.
.4. Effect of nitrate on fluidized-bed Fenton process

The effect of nitrate on fluidized-bed Fenton process was also
xamined in this study. The nitrate ions were at 0, 1.5, 20 and
00 mM, as shown in Fig. 3(c). The removal efficiency of nitroben-
atalysis A: Chemical 331 (2010) 101–105

zene was between 92.4% and 93.7% when nitrate concentrations
varied from 0 to 200 mM, respectively. The removal efficiency of
nitrobenzene in the presence of nitrate was almost the same in
all experiments. The presence of nitrate ions on the removal effi-
ciency of nitrobenzene using fluidized-bed Fenton process was not
obvious in this study, even when the nitrate concentration was
as high as 200 mM. The degradation rate of nitrobenzene also fol-
lowed a pseudo-second order behavior and the rate constant had
the same trend as nitrobenzene removal efficiency, as illustrated in
Table 1.

These results show that the inhibition effect of nitrate on the
nitrobenzene degradation was not significant in this study. Nitrate
ions are not known to form complexes with either ferrous or ferric
ions. Generally, there are two reasons why NO3

− has less effect
on nitrobenzene degradation than Cl− and H2PO4

−: (1) NO3
− will

not produce a complex reaction with ferric ions, so the reaction
between ferric ions and hydrogen peroxide is not suppressed and
(2) NO3

− will not react with hydroxyl radicals, so the degradation
rate of nitrobenzene is not inhibited [17].

In summary, it appears that all anions affected the degrada-
tion of nitrobenzene, but to a varying degree as shown in Fig. 4.
The effects of inorganic ions on the degradation of nitrobenzene
by fluidized-bed Fenton process showed that chloride ion and
dihydrogen phosphate had a significant effect on the inhibition
of nitrobenzene degradation. However, nitrate had no significant
effect. Their sequence according to the inhibition reaction was
H2PO4

− � Cl− > NO3
−.

4. Conclusion

The degradation of nitrobenzene using a fluidized-bed Fenton
process is extremely sensitive to inorganic anions present in the
reaction solution. In addition to chloride ions, dihydrogen phos-
phate and nitrate ions in the solutions have an adverse effect on the
removal efficiency and degradation rates, but to a varying degree
depending on the ions used. In the case of chloride and dihydrogen
phosphate ions, oxidation is strongly inhibited, while the addition
of nitrate ion had no significant effect. The complexation reactions
with ferrous and ferric ions are postulated to be the main reason
for the inhibition of the degradation efficiency, though the scav-
enging of hydroxyl radicals and the formation of inorganic radicals
may also play an important role. Their order of sequence accord-
ing to the inhibition reaction was H2PO4

− � Cl− > NO3
−. Moreover,

this study revealed that the degradation of nitrobenzene is very fast
for the Fenton process and becomes even faster for fluidized-bed
Fenton process.
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