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Abstract

Advanced oxidation processes (AOPs) using photo-Fenton treatment was investigated at laboratory scale for the degradation of aqueous solutions
of nitrobenzene (from now on NB). The effects of reactants concentration, temperature and pH on nitrobenzene degradation were monitored. Photo-
Fenton treatment was successfully led to abate the NB in the aqueous solution. At pH 3, and with initial concentrations of 65 mgL~! for H,0,
and 10mg L~! for Fe(II), the photo-Fenton treatment degraded all the nitrobenzene (initial NB concentration of 100 mg L~") in only 30 min. The
effect of initial concentration of Fe(II) catalyst on degradation efficiency and biodegradability was followed. Fe(Il) showed moderate effect in the
degradation of NB and small effect on the biodegradability improvement. Increasing the initial iron ion concentrations from 10 to 50 mgL~! was
led to increase in the degradation efficiency from 75 to 90%, and was led to increase BODs from 13 to 16 mg O, L1 Biodegradability and acute
toxicity of the treated solutions was investigated. Experimental results showed a considerable increase in treated solution biodegradability and
reduction in acute toxicity as a result of the photo-Fenton processes. BODs was increased from 0 for untreated solution up to 34 mg O, L~! at the
point were all NB was eliminated from the solution, meanwhile toxicity unit TU was decreased from 25 to 8 at the same elimination efficiency.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nitroaromatic compounds are commonly used in the manu-
facture of pesticides, dyes and explosives. As a result of its wide
use, these compounds are often detected in industrial effluents,
ambient freshwater, ambient environments and atmosphere [1].
The presence of these nitroaromatics compounds in different
types of water effluent causes a threat to human health and pro-
duces a public concern. Recently, the US EPA have been listed
them among the 130 priority pollutants to be investigated in the
period 2001-2005 [2,3]. One of the main ways of contamina-
tion of superficial wastewaters by nitroaromatic compounds are
the residual industrial effluents. The studies performed by Refs.
[4,5] have reported the presence of nitroaromatics substances
in surface waters and ground waters. The concentrations of
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nitroaromatic compounds in industrials effluents were reported
elsewhere [5].

Among nitroaromatic compounds, nitrobenzene is most
common pollutant. Nitrobenzene is readily soluble in most
organic solvents and is completely miscible with diethyl ether
and benzene [6]. Itis a good solvent for aluminum chloride and is
therefore used as solvent in Friedel-Craft reactions. It is slightly
soluble in water (0.19% at 20 °C; 0.8% at 80 °C). Nitrobenzene
is released into the environment primarily from industrial uses
but it can also be formed in the atmosphere by the nitration
of benzene, a common air pollutant. The largest sources of
nitrobenzene release are from its high use as primary chemical
intermediate in the synthesis of aniline. Smaller amounts are
also released from products in which nitrobenzene is used as a
solvent. Nitrobenzene can also evaporate if exposed to air. Once
evaporated in air, nitrobenzene breaks down to other chemicals.
In USA, the most releases of nitrobenzene to environment are to
underground injection sites. Available information indicates that
nitrobenzene is moderately toxic to aquatic life. Nitrobenzene
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Nomenclature

A frequency factor

BODs 5 days biological oxygen demand [mg Oy L™!]

COD  chemical oxygen demand (mg O, L™1)

[NB] concentration of nitrobenzene at any time
[mgL™']

[NB]; initial concentration of nitrobenzene [mg L

[H20O,]; initial concentration of HyO, [mg L1

[Fe(D)]; initial concentration of Fe(Il) [mg L

[TOC] total organic carbon concentration [mg CL™!]

[TOC]; initial total organic carbon concentration [mg
CL™ 1

% TOC % total organic carbon elimination

ECsy  effective concentration at which 50% reduction
in bacterial light emission during the Microtox®
toxicity bioassay

TU toxicity unit

% NB nitrobenzene degradation efficiency (%)
E activation energy (kJ/mol)

R ideal gas constant (8.314 J/(mol K))

T temperature (K)

may be stored in plants, but it is not expected to accumulate
in fish. Nitrobenzene has high toxicity to human being, it can
provoke serious health problems, e.g. blood dyscrasia, eyes and
skin irritations, and affect the central nervous system [7].

Studies on the stability of nitrobenzene in water has been
estimated that its half-life varies from 1 day for natural chan-
nels to 3.8 days in aerated lagoons [8,9]. As nitrobenzene in
aqueous form does not bind well to soil, it can move through
the ground and enter ground water. In surface water, nitroben-
zene was detected in only 0.4% of surface water and in 1.8%
of reporting stations on industrial wastewaters. Furthermore, the
presence of nitrobenzene in municipal wastewaters in a concen-
tration between 20 and 100 mg L~! has been detected.

Previous studies have demonstrated that traditional physi-
cal and chemical treatment technologies, such as coagulation,
precipitation and adsorption on activated carbon [10], ultra-
filtration and nano-filtration [11] and activated sludge [12] can
be used efficiently to remove some constituents from wastewa-
ter and/or reduce the effluent toxicity. However, these processes
are considered as non-destructive since they merely transfer
those constituents from the liquid phase to the solid phase.
Consequently, the regeneration of the adsorbent material and
post-treatment of solid wastes, which are expensive operations,
are still needed [13].

In the last decay, different chemical treatment processes was
proposed as efficient treatment option for organic contaminant
removal. One promised treatment is the use of high oxidizing
capacity obtained from different advanced oxidation processes
(AOPs) configurations [14,15]. AOPs are advantageous over
other conventional treatment processes for a number of rea-
sons: (1) they are destructive processes which do not transfer
contaminants from one phase to another; (2) they can oxidize

contaminants in a short period of time; (3) they can be conducted
at ambient temperatures; (4) the primary catalysts (e.g. iron and
titanium) for these AOPs are non-toxic, readily available and
relatively inexpensive [16-19]). Among AOPs, O3, UV/H,03,
UV/Fe(Il), Fenton and photo-Fenton processes are capable of
oxidizing a wide range of contaminants [20-22]. Understand-
ing the chemical oxidation process is very important theme, from
both theoretical and practical point of view, for achieving higher
treatment levels. With the proper operational and kinetic data
effective process control, appropriate design and economical
capital and operational cost can be achieved [23,24].

In this study, the photocatalytic degradation of nitrobenzene
was studied. The objectives was to investigate the effect of
different photo-Fenton operational conditions on the degrada-
tion of aqueous solutions of nitrobenzene, and consequently,
improvement in the treated solution biodegradability, follow the
evolution of treated solution toxicity, tabulate optimum opera-
tion conditions and tabulate kinetic data for high nitrobenzene
removal rate and better biodegradability.

2. Materials and methods
2.1. Installation

The experiments were done in an experimental device, whose
scheme is shown in Fig. 1. The photochemical installation con-
sists of (1) mixing tank at which a NB solution of 100 mgL~!
was prepared with water. The solutions were perfectly mixed to
guarantee that all NB was dissolved, and the required concen-
trations of iron salt FeSO4-7H,0O were added when necessary,
(2) continuous stirred tank (CSTR) water jacket photo-reactor
equipped with black light blue lamp, placed at its center. This
lamp emits radiation basically at 360 nm. The nominal power
of the lamp is 12 W. The solution mixing was performed via
magnetic bar and base agitator. The reaction temperature in the
CST reactor was maintained at a pre-set temperature achieved
by water circulation in thermostatic water bath, and (3) neutral-
ization tank. This tank was used to neutralize the treated solution
if required. Peristaltic pumps were used to transfer the solutions
from one tank to the other.

The light intensity entering to the photo-reactor was mea-
sured periodically (each 100 irradiation hours) by chemical
actinometry. The actinometry is based on the photochemical

Black-Blue lamp

l
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/

feeding pump Cooling water inlet )
Cooling water outlet

Neutralization tank
Stirrer Purge pump

Fig. 1. Photo-chemical installation.
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decomposition of oxalic acid (0.05 M) in the presence of uranyl
nitrate (0.01 M). The reaction mechanism is complicated, and
many products seem to be produced, like CO, CO,, CHOOH,
U** and H,0 [25,26]. Thus, for a pH value in the range of 3 and
7, oxalic acid conversions should be controlled to be lower than
20%. Under these conditions, the main reaction that takes place
is:

U0 + HyCr0, U0 + CO + CO, + HyO (1

The general actinometrical procedure and mathematical treat-
ment for the used photo-reactor is explained in Ref. [27].

For a wavelength of 360nm, the system quantum yield
was equal to 0.51 mol Einstein~!. Through the actinometry,
the radiation fluxes entering the reactor, at the beginning
and end of photo-Fenton experiments, were 4.5+0.5 and
3.9 +£0.5 pEinstein s~ !, respectively.

2.2. Procedure

All the experiments were carried out in batch mode and a
starting solution pH in the range of 3—11. In each experiment,
a NB and iron solution were prepared with water. After that,
the photo-reactor was filled with the solution and was mixed for
5 min. A 30% aqueous hydrogen peroxide solution was injected
into the reactor at different initial concentrations and the UV-
light was switched on at the same time. During the experiments,
samples were withdrawn from the reactor at several time inter-
vals (0, 5, 10, 20 and 30 min), tested for H, O, consumption with
Quantofix test sticks and quenched with sodium hydrogen sul-
phite to avoid further reactions. The withdrawn samples were
used later for TOC analysis. The reaction final solutions was
used for the biological oxygen demand test (BOD) after being
neutralized and part of it was used as formed for chemical oxy-
gen demand test (COD).

2.3. Reagent

Nitrobenzene (>98%, Merck), HyO, (30%, Merck), iron sul-
phate 7-hydrate FeSO4-7H,0 (98 %, Panreac), sodium hydrogen
sulphite solution (40%, w/v, Panreac), potassium permanganate
(99%, Probus), acetonitrile (99.8%, isocratic grade for HPLC,
Merck), phosphoric acid (85.5%, Probus), potassium dichro-
mate (99%, Probus), mercury sulfate (98%, Probus), silver sul-
fate (98%, Probus) and sulfuric acid (95-98%, Fluka).

2.4. Analytical methods

Nitrobenzene concentration was determined by reverse-
phase high performance liquid chromatography (HPLC). HPLC
analysis was performed with a Shimadzu liquid chromatograph
(Shimadzu Scientific Instruments) equipped with Shimadzu
pumps (model LC-10 AT) and a Shimadzu UV-vis detector
(model SPD-10A). The reverse-phase column used was a Cyg
Bondapak, (3.9 mm i.d. x 300 mm length, Waters). The mobile
phase was a mixture of water and acetonitrile (65:35%) isocrat-
ically delivered by a pump at a flow rate of 1 mL min~". For the

UV-vis detector, the wavelength of the UV absorbance was set
at 277 nm. Under these conditions, the retention time for NB was
13 min. To assure reasonable measurements, the standard solu-
tion and the tested concentration measurements was repeated for
five times, obtained results were averaged, tested and gave as a
maximum 5% standard deviation of the mean value.

The dissolved organic carbon was measured using a TOC
analyzer, provided with an auto-sampler and using potassium
phthalate solution as the calibration standard. For data repro-
ducibility, each sample was tested three times and averaged, the
average value was used in preparing the figures. Thus, it was
observed that the precision in TOC measurements were in the
range of £1mg CL™!.

BOD was measured according to the procedures explained in
Standard Methods [28] (1985) section 5210D. An Oxitop system
(VELP Scientifica) was used. The bacteria used in this test were
obtained from the activated sludge system, operating at munic-
ipal wastewater treatment plant. The precision in BOD test was
in the range of +1.5mg O, L™!. It is known that bio-oxidation
is a slow process and theoretically takes long time to go to com-
pletion [7]. Within 21-day period 99% complete, and in 5-day
period used for the BOD test. Oxidation ranges from 60 to 70%.
However, during this study, BOD,; was tested periodically; no
significant increment was noticed between BODo and BOD3;.
Hence, it was decided to present only the data related to BOD1g
and BODs.

Chemical oxygen demand (COD) was carried out via a pho-
tometer (LF 2400, windaws labortechnik) using dichromate
solution as oxidant, in strong acid media [28] section 5220D.
The precision in COD test was in the range of +1.5mg O, L.

2.5. Toxicity analysis

Toxicity bioassays were performed on the treated solutions
to evaluate the effect of pre-treatment process toxicity of treated
solutions. The tests were carried out using Microtox® bioassays,
which involves the use of a marine bacterium Photobacterium
phosphoreum as an indication of sample toxicity. During the
test, the bacterium emits light as a result of normal metabolic
processes, and the light was measured with a Model 500 pho-
todetection analyser. Toxicity was measured by the decrease in
light intensity, which was directly linked to the presence of sub-
stances that interfere with metabolic activities of the bacterium.
The effect of light reduction was evaluated for various sample
dilutions, and linear regression of the results allowed for the
determination of the ECs of the sample. ECsy is the concentra-
tion of test sample at which there is a 50% reduction in bacterial
light production. Thus, ECsg values were inversely proportional
to toxicity, lower ECsq value relates to a more toxic sample. In
order to eliminate dealing with inverse relationships, ECs( val-
ues were converted to toxicity units (TU) using the following
equation:

100
TU = —— 2)
ECsg
where TU is the toxicity unit and ECsq is the concentration of
test sample at a 50 % reduction in bacterial light production.
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Sample toxicity was evaluated at 5 and 15 min from the
time of mixing at various dilutions with the bacterium. Pro-
cedures followed standard Microtox protocol and data analysis
was achieved using the Microtox ™™ Omni Software (SDI, 2002).

3. Result and discussion
3.1. Photo-Fenton degradation of NB solution

The degradation efficiency of photo-Fenton on aqueous solu-
tion of nitrobenzene was studied. Four different set of experi-
ments were performed; in each set of experiments, one operating
parameter was varied, meanwhile the other parameters were kept
the same. For example, photo-Fenton reaction was performed
under different initial concentrations of HyO,, while the ini-
tial Fe(II) concentration, solution pH and reaction time were
unvaried.

Fig. 2 relates the evolution of NB concentration as a function
of reaction time at different initial hydrogen peroxide concentra-
tion. At initial hydrogen peroxide concentration of 10mgL ™!,
the concentration of NB in the solution was decreased, during
the 30 min irradiation time, from 100 to 68 mg L~!. Higher ini-
tial hydrogen peroxide led to more NB oxidation. Total NB
elimination was obtained when the initial hydrogen peroxide
concentration of 65mgL~! was used. The Fe(Il) initial con-
centration and irradiation time were 10 mg L~! and 30 min,
respectively.

Fig. 3 shows the degradation efficiency and organic carbon
elimination of NB solution, obtained during different experi-
ments, treated with different initial HyO, concentration. Points
in Fig. 3 represent the average of several experiments (at least
two) carried out in the same operational conditions. As before,
increasing the initial concentration of H,O; was led to increase
in the degradation efficiency of NB. As initial concentration of
hydrogen peroxide increase from 10 to 55mgL~!, NB degra-
dation efficiency was increased, during the 30 min irradiation
time, from 48 to 95%. The solution pH was 3 and initial concen-
tration of Fe(I) was 10mgL~!. It was expected during photo-
Fenton reaction, increasing the initial hydrogen peroxide will
increase the degradation efficiency to point where the reaction
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Fig. 2. Evolution of NB concentration as a function of reaction time at dif-
ferent initial hydrogen peroxide concentrations. [Fe(II)]; =10 mg L~!, 30 min
irradiation time and pH 3.
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Fig. 3. NB degradation efficiency and total organic carbon elimination as func-
tion of initial H,O; concentration. [Fe(II)]; = 10 mg L~ ! 30 min irradiation time
and pH 3.

efficiency level off (hydrogen peroxide might act as hydroxyl
radicals scavenger). This tendency would be used to determine
the optimum hydrogen peroxide concentration. Nonetheless, in
our experiments, this effect was not seen. Increasing the initial
H»O; concentration more than 55 mg L~ ! wasled to increase the
degradation efficiency. Thus, it was decided to stop the photo-
Fenton reaction at the point where 100% elimination of the
contaminant (NB in this case) occurs. The corresponding ini-
tial H»O» concentration for total NB removal was 65 mg L1

It is known that H,O, has a maximum absorbance at
210-230nm and NB takes maximum absorbance at 277 nm,
these wavelengths fall a way of the wavelength of the used UV
lamp (360 nm). This type of lamps was used, in this work, to the
following reasons:

1. HyO; proteolysis can take place to a small limit at wave-
length~ 360 nm (Pignatello et al., 1999). This was also
noticed in the present work.

2. The spectrum of NB shows maximum absorbance at 277 nm.
But, it is has a significant absorbance up to 360 nm. This can
bereason for its effective degradation efficiency in the present
work.

3. Iron photo-redox is known to take place under high wave-
length UV-light ~ 360 nm.

4. From economical point of view, the use of cheap black blue
lamp, compared with the expensive high pressure mercury
lamp (254 nm), enhance the treatment feasibility.

The total organic carbon (TOC) elimination was also fol-
lowed during NB degradation. Experimental results showed that
increasing NB elimination efficiency led to increase the TOC %
elimination, at the point where all NB was eliminated a 14% of
TOC elimination was achieved.

The pre-treated solutions, 5 and 10 days biological oxygen
demand (BODs, BOD/() was followed. Fig. 4 illustrates BOD5
and BODj as function of initial H>O; used in photo-Fenton
reactions. Both values were increased substantially (from zero
value), for pure NB solution, by increasing the initial concentra-
tion of H,O,. Being 34 and 39 mg O, L™! for BODs and BOD ),
respectively, at H>O» initial concentration of 65 mg Lt (con-
centration needed to eliminate all NB). An increase in the BODs
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Fig. 4. The effect of initial H»O, concentration on BODs/COD and BOD5/TOC
ratios. [Fe(II)]; =10 mg L~!, 30 min irradiation time and pH 3.

of asample due to the pre-treatment would indicate enhancement
of biodegradation capability. At the light of the experimental
results, it can be concluded that in terms of biodegradability,
photo-Fenton is a proper pre-treatment process.

Other important parameter in photo-Fenton process is the
concentration of Fe(II). Fig. 5 presents the influence of different
Fe(Il) initial concentration on NB degradation efficiency and
organic carbon elimination. Experiments were conducted with
fixed HyO; initial concentration of 35 mg L.~ L pH of 3 and reac-
tion time of 30 min. Although, in the previous section, maximum
NB degradation efficiency was obtained at initial hydrogen per-
oxide concentration of 65 mg L~!. In this section, it was decided
to use initial H,O» concentration of 35 mg L~!. The reasons
behind that were: (1) initial HyO; concentration of 65 mg L-!
may consider as high oxidation reagent concentration which
affects the feasibility of the process negatively. (2) The study
aims to optimize the initial concentrations of chemical reagents
(H>07 and Fe(Il)) and to increase the NB degradation efficiency.
Thus, lower initial reagents concentration is recommended. (3)
If in this section, 65 mg L~ of initial HyO, concentration was
used, it will be difficult to follow the contaminant concentra-
tion (NB) throughout the oxidation process (at 65 mg L™ initial
H, 0, concentration and only 10 mg L~! Fe(II) NB degradation
efficiency was 100%). Fig. 5 shows that increasing Fe(II) initial
concentration was led to degrade more NB until it reach to point
at which no effect of added Fe(II) amount observed. This fact
may attribute to two reasons: (1) high initial Fe(I) concentra-
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Fig. 5. Effect of initial concentration of Fe(II) on the degradation efficiency of
NB. [H202]; =35mg L~! 30 min reaction time and free pH evolution.
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Fig. 6. Evolution of BOD5 and BOD as function of initial Fe(II) concentra-
tions. [H202]; =30 mg L~!, 30 min reaction time and initial pH 3.

tion produced brown turbidity in reaction solution that causes
the recombination of hydroxyl radicals [29] and (2) iron ion
Fe(II) can react with the present hydroxyl radical as a scavenger
[30,31].

With respect to total organic carbon elimination, Fig. 5 shows
that under all initial Fe(II) concentrations, % TOC was in the
same order of magnitude, being the maximum 11%. The low
total organic carbon elimination behaviour could be explained
by the same hypothesis as that used to account for NB degrada-
tion efficiency (recombination of hydroxyl radicals and iron ion
scavenging).

The effect of Fe(Il) initial concentration on biological oxy-
gen demand of the treated solution was also investigated. Fig. 6
presents the evolution of 5 and 10 days biological oxygen
demand as function of initial concentrations of Fe(II) used.
Unlike the H> O3, increasing the Fe(I) initial concentration does
not lead to considerable increase in biodegradability. As initial
concentrations of Fe(Il) increased from 10 to 50 mg L1, BODs
increased from 13 to 15 mg O, L™!, respectively.

Table 1 illustrates the effect of operational temperature on
degradation efficiency of NB and solution BOD. It can be noted
from these data, at all experimental conditions studied, there
was a modest trend indicating a significant increase in the degra-
dation efficiency with increasing operational temperature. The
degradation efficiency increased from 75 to 90% by increasing
the temperature from 25 to 45 °C. This was in agreement with
what one might speculate, since it stands to reason that a higher
temperature would increase the chemical oxidation rate.

Table 1 also presents the effect of oxidation reaction tem-
perature on treated solution BOD. Experimental data illus-
trates that increasing reaction temperature was led to con-
siderable enhancement on the solution biodegradability. As

Table 1
Results for the degradation of NB at different temperatures

T(C) %NB %TOC BODs(mgO,L"!) BOD;y(mgO,L})
25 75 10 18 21
35 83 12,5 25 29
45 90 13 34 38

[H20,]; =35 mg L~!; [FeID}; = 10 mg L~!; 30 min irradiation time; pH 3.
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the temperature increased from 25 to 35 °C, BODj increased
from 18 to 34. Similar tendency was observed in BODjg
values.

The previous experiments were performed with initial solu-
tion pH of 3. For practical treatment operation, it is interesting
to obtain data on the effect of initial treated solution pH vari-
ation on both degradation efficiency and BOD. Fig. 7 presents
the NB degradation efficiency and total organic carbon elimi-
nation as a function of initial solution pH. Results indicate that
the degradation efficiency is related to the initial solution pH,
increasing the initial solution pH was led to decrease in both
degradation efficiency and total organic carbon elimination. As
the initial solution pH increased from 3 to 11, degradation effi-
ciency was decreased from 70 to 49%. The final solution of
photo-Fenton reaction pH was measured for these experiments;
it was found that no matter of the initial starting pH, the final solu-
tion pH was decrease to a value of 3. This finding may explain
the observed tendency, which means that photo-Fenton reaction
does not start in forming hydroxyl radicals before the solu-
tion pH reach acidic condition. Moreover, it was noticed with
experiments carried out at alkaline pH (pH > 8) that the aqueous
solution colour change as the reaction proceeds to completion.
This fact can be attributed to the dissolution of iron hydroxide
as the solution pH decrease. This fact was clear for experi-
ments carried out at high initial iron concentration >30mg L~
However, no significant iron precipitation was noticed due to
low initial Fe(II) concentration used and fast oxidation reac-
tion kinetic which decrease the treated solution pH to acidic
conditions.

The same effect was observed on solution BOD; increas-
ing the initial solution pH was led to small enhancement in the
treated solution BOD (result not shown).

If organic matter oxidation in photo-Fenton process were held
in a highly oxidative environment, all the contained organic mat-
ter can be mineralized to CO; and water. Photo-Fenton process
was tested to mineralize 100 mg L~! NB solutions. The miner-
alization was followed by measuring the total organic carbon
reduction in the treated solution. As photo-Fenton degradation
efficiency affects by different conditions (e.g. reactants concen-
tration, reaction time, temperature and pH) and based on the
previous results, it was decided to perform the experiments at
initial solution pH of 3, room temperature (25 °C), for prac-
tical purpose and extend the reaction time to 240 min. Fig. 8

1204 m [1,0,]=200 mg L, [Fe(11)];=10 mg L"
A [H,0,]=500 mg L', [Fe(I1)] =10 mg L'
100 W V [H,0,];=200 mg L", [Fe(11)] ;=30 mg L
Am o [H,0,)=500 mg L, [Fe(I1)] =30 mg L

TOC/TOC; %

>
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time (min)

Fig. 8. TOC reduction as function of reaction time for 100 mg L~! NB. Initial
solution pH 3 and temperature =25 °C.

presents the TOC reduction as function of reaction time at dif-
ferent initial concentrations of H,O, and Fe(II). Photo-Fenton
reaction could be used effectively for total NB mineralization.
A hydrogen peroxide initial concentration of 500mgL~" and
initial concentration of Fe(Il) of 30mgL~! was sufficient to
eliminate all the contained organic matter.

3.2. Toxicity analysis

Raw and pre-treated samples were tested using Microtox®
bioassays. The effect of treated sample on acute toxicity was
assessed by evaluating the correlation between residual toxicity
and the fraction of NB degraded. Fig. 9 illustrates the relation-
ship between the fraction of NB reduced and the residual toxicity.
It was noticed that the pre-treatment of NB produced by-products
with lower toxicity compared to that of untreated sample. There
was a direct relation between the degradation efficiency of NB
and the toxicity value. At maximum NB degradation efficiency
(100%), the TU was reduced from 25 for untreated NB sam-
ple to 8 for the treated sample. Similar tendency was observed
in experiments carried out at different operational conditions in
terms of reduce on the toxicity as function of NB degradation
efficiency.
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Fig. 9. Decrease in toxicity of NB solution as a function of degradation effi-
ciency. [Hy05];=35mgL ™!, [Fe(Il)]; = 10mg L™, pH 3 and 30 min reaction
time.
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3.3. Kinetic perspectives

For theoretical and practical application, it is important to
understand the oxidation kinetics of the treatment process. Rea-
sonable kinetic data can produce optimum reactor design, effi-
cient treatment process with good control, economical capital
investment and operational cost. Fig. 2 presents some of kinetic
data related to NB oxidation, the decay in NB concentration
throughout the oxidation experiment is an indication of oxida-
tion kinetic. As the main oxidant in photo-Fenton reaction is the
hydroxyl radical, the oxidation reaction can be represented by
Eq. (3)

MBI _ ingrerrony? )
dr

where: [NB]=concentration of NB at time “f’ (mgL™!),

[*OH] = concentration of hydroxyl radical at time “/” (mgL™"),

o =the reaction order with respect to NB, B =the reaction order

with respect to hydroxyl radical and k=overall oxidation rate

constant.

Hydroxyl radical produces, in photo-Fenton process, via
three ways: (1) the photolysis of hydrogen peroxide to produce
one hydroxyl radical (Eq. (4)); (2) the oxidation—reduction reac-
tion between iron solution and hydrogen peroxide (Eq. (5)); (3)
the oxidation—reduction of iron solution by means of UV-light
(Eq. (6))

H,0, % 20H* )
Fe(IT) + Hy0, — Fe(IIT) + OH® 4+ OH™ (5)
Fe(Ill) + HyO-% Fe(Il) + OH® + H* 6)

However, it is difficult to measure, at specific time, the steady

state concentration of hydroxyl radical in aqueous solution.

Thus, it is concentration, at specific time, that can be consid-

ered constant. Eq. (3) can be rewritten in the form:

d[NB]

——— = ko[NB]* 7
” o[NB] (7N

where k, = pseudo first-order NB degradation rate constant, i.e.

apparent rate constant (min~!). Comparing Eq. (3) with Eq.

(7) indicates that k, and k are related through the following
equation:

ko = k[*OH]? (8

Previous works showed that the oxidation kinetic of photo-
Fenton reaction can be modelled as a second order, with first
order in each concentration of hydroxyl radical and pollutant
[32]. Accordingly, Eq. (7) can be reduced to:
d[NB]

——— = ko[NB] )]
dr

If Eq. (4) is integrated with initial condition [NB]=[NB]; for

t=0, results

([NB]i)
In = kot (10)
[NB]

According to Eq. (10), a plot of In ((NB];/[NB]) versus time
must lead to a straight lines. Table 2 presents the kinetic data
obtained during the oxidation of NB solution (presented data
are the average of five experiments performed at the same condi-
tions). A good correlation of the experimental points to a straight
line (R?>0.90) confirms the validity of the proposed model.
Table 2 provides the kg values and half-life time for experi-
ments performed at different initial concentrations of HyO» and
different initial concentration of Fe(Il), different pH and dif-
ferent operational temperature. As it can be noticed, the effect
of H,O» on the kinetic constants are higher than Fe(Il) effect.
As the initial concentration of H>O; was increased from 10 to
35mg L~!, initial Fe(II) concentration was fixed to 10 mg LL,
the pseudo first-order rate constant was increased from 0.0184
t0 0.1228 min~—!. As mentioned previously, initial concentration
of Fe(Il) has a minor effect on NB degradation. This tendency
was also observed on the obtained kinetic data; increasing the
initial Fe(Il) concentration from 10 to 50 mg L~!, at the same
initial HyO», was led to no improvement on kinetic constants; the
pseudo first-order rate constant was A 0.0524 min~! at both ini-
tial Fe(Il) concentrations. Similar tendency was observed with
respect to half-life time.

Table 2 also presents the effect of temperature and pH on
the NB rate degradation. Trends show that increasing the opera-
tional temperature was led to increase on pseudo first-order rate

Table 2

Kinetic data obtained during the oxidation of NB solution by Fenton reaction

Run [H0,]; (mgL~") [FeI)]; (mgL~") T (°C) pH ko (min~!) (# of samples) R* 1172 (min)
Al 65 10 25 3 0.1228 (5) 97 3
A2 35 10 25 3 0.0524 (5) 95 11
A3 10 10 25 3 0.0184 (5) 98 -
Bl 35 20 25 3 0.0540 (4) 96 10
B2 35 30 25 3 0.0563 (4) 96 9.5
B3 35 40 25 3 0.0525 (4) 95 10
B4 35 50 25 3 0.0525 (4) 97 11
C1 35 10 35 3 0.0580 (3) 96 9.5
Cc2 35 10 45 3 0.060 (5) 96 9
D1 35 10 25 7 0.049 (4) 89 15
D2 35 10 25 9 0.042 (4) 90 22
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constant. As the temperature increased from 25 to 45 °C the first-
order rate constant, under some other operational temperature,
was increased from 0.0524 to 0.060 min~!. The rate of a reac-
tion is a function of temperature (through the rate constant) and
concentration. k,, the specific reaction rate constant, is given by
Arrhenius Eq. (11)

ko = Ae”HIKT (11

where FE=activation energy (J/mol), R=gas constant
(J/(mol K)), T'=temperature (K) and A =frequency factor.

Experimental results were tested. Eq. (11) was plotted in the

form

E
Inkg =In A RT (12)
A good fit to straight line (R>=93) showed that NB oxidation
reaction follows Arrhenius equation with E/R value of 644.5
(E=5.36kJ/mol) and frequency factor of 0.46.

Results in Table 2 also show the significant effect in per-
forming photo-Fenton reaction at acidic condition; at the same
operational condition, increasing the solution pH from 3 to 9 was
led to decrease in pseudo first-order rate constant from 0.0524
to 0.0420 min .

4. Conclusions

The photo-Fenton process shows efficient rule in the degra-
dation and biodegradability improvement of 100mgL~! NB
solution. Results show that hydrogen peroxide has a good effect
in the degradation rate and the bio-compatibility of the organic
by-products, 65mgL~! of H,O, and 10mgL~" Fe(Il) during
30 min irradiation time provide 100% NB removal and increase
in biodegradability (BODs) from 0 up to 34 mg O, L~L. Fe(1D)
catalyst concentration showed small effect in the degradation
of NB and the biodegradability improvement. Increasing the
initial Fe(I) concentration did not show significant augment
in biodegradability (BOD). Increasing the initial iron ion con-
centrations from 10 to 50mgL~" was led to increase in the
degradation efficiency and biodegradability from 75 to 90%, for
degradation efficiency, and from 13 to 16 for BODs. Also, it
was noticed that the degradation efficiency and biodegradability
increase till they reach a maximum value and then stay stable.
Temperature was showed a good effect in NB removal rate and
biodegradability enhancement. The treated solutions’ acute tox-
icity was followed, and a considerable reduction of the acute
toxicity was observed by photo-Fenton process.
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