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Abstractp-Nitroaniline (PNA) is a common contaminant in the wastewater of oil refineries, the petrochemical
industry and from production of pesticides, dyes and glue. The aim of this research was to determine the extent of deg-
radation and removal of PNA from aqueous solutions by a novel semi-fluid Fe/charcoal reactor, process optimization,
determination of the intermediate and final products and the degradation reaction path. The effective factors in the
degradation process were contact time, aeration amount, initial PNA concentration, Fe/charcoal ratio, and initial pH of
the solution. The intermediate products were determined by GC-MS. The kinetics of the degradation reaction also was
determined. PNA removal efficiency in an actual sample from petrochemical industry wastewater was tested under
optimal conditions. The maximum removal efficiency under the optimal conditions (pH: 7; contact time 120 min; aer-
ation rate 10 L/min; Fe/charcoal ratio: 2/1; initial concentration of PNA: 10 mg/L) for the synthetic solution and in
actual wastewater samples were 95% and 89%, respectively. In addition, the system stability was investigated in ten con-
secutive cycles of the electrode reuse. The removal efficiency decreased as low as 5%, which indicates the high stability
of the system. The degradation process was determined to follow pseudo-first kinetics and the Langmuir-Hinshelwood
model. Fe/charcoal micro-electrolysis is a relatively highly efficient system for removing PNA from wastewater and is
suggested for this purpose.
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INTRODUCTION

Increases in contamination by industrial wastewater have caused
rapid degradation of ecological systems and clean water resources.
p-Nitroaniline (PNA), an aniline derivative, is a common contami-
nant in the wastewater of many industries, including oil refineries,
the petrochemical industry and producers of pesticides, dyes and
glue [1,2]. This compound is an important precursor in the syn-
thesis of organic compounds, azo dyes, disinfectants, and medi-
cine, and is used to purify and synthesize drugs. According to the
United States Environmental Protection Agency (UEPA), this mate-
rial is the top contaminant in water because of its toxicity, carcino-
genicity, and mutagenicity. The threshold limit value (TLV) of PNA
is 0.001 kg/m3. Even at trace concentrations, it is very hazardous
for aquatic life and human health and causes serious environmen-
tal problems [1-5].

One of the technologies employed in wastewater treatment is
the advanced oxidation process (AOP), which produces hydroxyl
radicals (OH•); they are the important oxidants in the degradation
of organic compounds. The final products produced by AOP include
H2O, CO2, and other mineral ions, which pose no threat to the envi-
ronment [6-10]. Although AOP shows a high degradation capac-

ity, it has limitations such as low COD removal, low stability, and
the high cost of wastewater treatment in industrial uses of this pro-
cess. Thus, research has been directed to the development of new
water and wastewater treatment methods for degrading organic
compounds and toxic materials from factories [11-13].

Iron-carbon (Fe/C) micro-electrolysis is a developed AOP tech-
nology that is low cost and highly efficient for treating wastewater
from the pharmaceutical, oil, chemical and petrochemical indus-
tries [14,15]. In this system, small iron and carbon pieces are typi-
cally used as electrodes through which a large number of microscopic
galvanic cells are formed [15]. In Fe-C micro-electrolysis systems,
Fe0 acts as the anode, which loses two electrons and produces Fe2+.
The current conductivity of the cathode intensifies the reduction
by receiving electrons and transferring them to the contaminants
or oxygen under aerobic conditions [14,16]. A potential difference
develops between the small iron pieces and carbon, both of which
are porous materials. The cellular reactions of the Fe-C micro-elec-
trolysis system are shown in Eqs. (1)-(4) [14,15,17,18].

Anode: Fe2eFe2+ E0 (Fe2+/Fe)=0.44 V (1)

Cathode: under acidic conditions:
2H++2e2[H]H2 E0 (H+/H2)=0.00 V (2)

Acidic conditions with oxygen:
O2+4H++4e2O•+4[H]2H2 E0 (O2/H2O)=+1.23 V (3)

Neutral to alkaline conditions:
O2+H2O+4e4 OH E0 (O2/OH)=+0.40 V (4)
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The [H] and O• oxidants and radicals produced from electrode
reactions have high chemical activity such that they can degrade
the carbon chains of organic compounds and fully convert them
into CO2, H2O and other mineral compounds. Further, ferric ions
(Fe3+) are formed under the aerobic conditions through oxidation
of ferro iron (Fe2+), which leads to the formation of ferrous hydrox-
ide [Fe(OH)2] and ferric hydroxide [Fe(OH)3], which are suitable
flocculants for removing organic contaminants [14,17].

Zhou et al. used active granulated Fe-C micro-electrolysis sys-
tems to detect the degradation products of ionic liquids [19]. Lai et
al. used them for degradation of 2, 3-iminobis-propanenitrile [20].
Deng et al. employed them to absorb phosphorus from aqueous
solutions [21] and Lin et al. used these systems to treat wastewa-
ter-containing dinitrodiazophenol [11].

Studies using fixed-bed micro-electrolysis systems have experi-
enced problems, including deactivation and blockage of the elec-
trode materials [14]. In these micro-electrolysis systems, active
granulated carbon was used as the cathode electrode. To improve
their performance, achieve a higher extent of degradation, and over-
come the problems of existing micro-electrolysis systems, a semi-
fluid reactor was designed.

During adsorption, mineralization of organic compounds does
not occur and the contaminants lose their liquid phase and enter a
solid phase for which the problem of the presence of the contami-
nant still exists [22]. To minimize the effect of interference in the
adsorption process in the oxidation reaction, the present study used
cretacolor compressed charcoal instead of active granulated car-
bon. Furthermore, the extent of adsorption of PNA onto the char-
coal and scrap iron was investigated. The aim of this research was
to investigate the extent of degradation and removal of PNA from
aqueous solutions by a Fe/charcoal semi-fluidized micro-electroly-
sis reactor. Process optimization and determination of the inter-
mediate and final products and the degradation reaction path were
carried out to this end. This system has a high potential for degra-
dation of many organic and toxic contaminants and can be used
extensively to decontaminate water and wastewater.

MATERIALS AND METHODS

This experimental study was conducted in the Environmental
Health Engineering Research Center of Kerman University of Medi-
cal Sciences.
1. Materials

Iron chips were obtained from iron waste that had been discarded
by metalsmithing workshops. The chips, which were used as the
anode electrode, were separated from the surrounding trash using
a magnet and were screened (iron size was 3 to 6mm). Cretacolor
compressed charcoal with a size of 3-6 mm was used as the cath-
ode electrode. Initially, the iron chips were washed with a diluted
hydroxide solution for several seconds to remove fats. Then, they
were put in a diluted solution of HNO3 for several seconds to acti-
vate the surface oxidation of iron; eventually, the electrode mate-
rial was washed with distilled water several times before use in the
reactor. PNA with a purity of 99.8% and ethyl acetate were pur-
chased from Merck (Germany). The ethyl acetate solvent under-
went distillation twice before use in GC-MS analysis. All of the

synthetic solutions were prepared using double-distilled water.
2. Fabrication and Operation of the Reactor

An air pump, rubber pipes, air bubble disperser and a Plexiglas
cylinder with an approximate volume of 350 ml were used to cre-
ate the Fe/charcoal micro-electrolysis reactor. The reactor was then
filled with a specific volume of the electrode material (iron chips
and charcoal). A schematic of the reactor is shown in Fig. 1.

First, the synthetic PNA solutions were prepared to the speci-
fied concentrations. Thereafter, 250 ml of the solution of interest
was used. The pH of the solution was adjusted by sulfuric, acid and
sodium hydroxide 0.1 N solution as needed and then poured into
the reactor. The reactor contents were kept half-floating by the air
pump. After the reaction for a specified duration, a specific volume
of the solution was taken from the reactor and filtered through a
polytetrafluoroethylene (PTFE) 0.45m syringe filter. The initial
and final concentrations of PNA in the synthetic solutions were
measured with an ultraviolet spectrophotometer (Shimadzu 1800)
at a wavelength of 381 nm. All of the experiments were performed
at room temperature.

The effect of the variables of pH (3, 5, 7, 9 and 11), initial con-
centration of PNA (10, 15, 20 and 25 ppm), air flow rate (0, 5, 10
and 20 L/min), Fe/charcoal ratio (0/1, 1/0, 2/1, 1/1 and 1/2) and
contact time (10, 15, 30, 45, 60, 75, 90, 105, 115 and 120 min) on
the extent of degradation and removal of PNA was evaluated and
the optimal level of each variable was determined. To enhance the
confidence coefficient and accuracy, the experiments were repli-
cated three times. Gas chromatography-mass spectrometry (GC-
MS; 7890A/7693 series, Agilent; USA) was used to investigate the
extent of PNA degradation in the real wastewater sample from the
petrochemical industry (under optimal conditions).
3. Characterization

After the reaction, some of the effluent of the reactor (without
electrode materials) was withdrawn. This effluent was turbid and
contained colloidal and suspended solids, which became station-
ary after 60 min, during which the flocs resulting from the electro-
chemical processes precipitated. The flocs precipitated as a solid or
sludge and were then dried in an oven at 70 oC for 24 h. To deter-

Fig. 1. Fe/charcoal micro-electrolysis reactor.
1. Solution input 5. Float electrode material
2. Sampling point 6. Flowmeter
3. Lattice plate 7. Valve
4. Air bubble 8. Air pump
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mine the chemical characteristics of the sludge, Fourier transform
infrared spectroscopy (FTIR; 6300 Japan) was employed.
4. GC-MS Analyze

GC-MS was used to determine the degradation reaction path-
ways of the PNA and its intermediate and final byproducts. The
characteristics of the GC-MS are as follows: Agilent HP-5MS col-
umn (L: 30 m; ID: 250m; FT: 0.25m), He carrier gas (flow 0.8
mL/min), 1L splitless injection at 250 oC; initial oven tempera-
ture of 40 oC held for 3 min and then increased to 250 oC (at 5 oC/
min) with a final hold for 10 min. The ion source and quadrupole
of the MS were set at 230 and 150 oC, respectively, and the mass
range was 35 to 540 amu. GC-MS was carried out in the total ion
chromatogram (TIC) and extracted ion chromatogram (EIC) modes.
MSD chemstation software and the NIST (library version 08),
respectively, were used to monitor the instrument and establish the
structure of the byproducts [23,24].
4-1. Preparation of Samples

Synthetic PNA solution (10 ppm, 250 mL) and real wastewater
sample were treated with Fe/charcoal micro-electrolysis reactor
under optimum conditions. Aliquots of 1 mL of the effluent were
taken at intevals of 0, 5, 10, 15, 30, 60, 75, 120, and 180 min and
kept at 20 oC until analysis was performed by GC-MS. A volume
of 1 mL ethylacetate was added to each thawed sample; then, the
mixtrue was vortexed and centrifuged at 4,000rpm for 5min. 300L
of supernatant was then dried under jentle stream of N2 and reconsti-
tuted with 150L of the solvent and finally analyzed by GC-MS
method. To determine the intermediate products, the blank reac-
tor, as control, was also assembled, while 250 mL demineralized
PNA-free water was added into the reactor instead of the sample
[24].
5. Investigation of Secondary Pollution of Iron Ions

A Shimadzu 670 (Japan) flame atomic absorption spectrome-
ter was used to determine the secondary pollution of iron ions in
the effluent of reactor discharge. The wavelength was set at 248.3
nm for Fe determination. 20 mL of the reactor effluent was kept in
a stationary state for 2 hours to deposit chemical sludge resulted
from electrochemical reactions. The supernatant was then filtered
and analyzed using the instrument.
6. Stability of the System

In this study, the experiments were done in a batch system; thus
stability of the system was investigated in ten consecutive cycles.
Each cycle was performed under optimum conditions (Fe/char-
coal: 2/1; pH: 7; time: 120 min; PNA: 10 mg/L; O2: 10 L/min). After
the end of each cycle, the electrode material was washed with dis-
tilled water and re-used in the reactor; the PNA removal efficiency
was then investigated in each cycle.

Experiments and sampling were performed based on the tech-
niques set forth in the Standard Method book (20th Ed.) [25]; the
kinetics of the degradation reaction then were determined. Data
analysis was performed using SPSS-16 software.

RESULTS AND DISCUSSION

1. Effect of Fe/Charcoal Ratio on PNA Removal Efficiency
When iron chips and charcoal are mixed and half-floated in the

reactor, microscopic galvanic cells are formed among them. The

number of cells is affected by the amount of contact between the
iron chips and charcoal [14]. 60 g/L of iron and charcoal was stud-
ied at mass ratios (Fe/charcoal) of 2/1, 1/2, 1/1, 1/0 and 0/1 for its
effect on PNA degradation efficiency. The results are compared in
Fig. 2.

The extent of PNA degradation increased from 78% to 95% with
an increase in the Fe/charcoal ratio from 1/2 to 2/1. In Fe/charcoal
micro-electrolysis systems, iron particles liberate electrodes as the
anode metal, while charcoal acts as the cathode and microscopic
galvanic cells form between them. An increase in iron particles
increases the number of microscopic galvanic cells and the radical
production reactions in the micro-electrolysis system. These radi-
cals increase the rate of PNA degradation. Furthermore, with an
increase in the Fe/charcoal ratio, the number of Fe2+ ions and, in
turn, ferro hydroxide, and ferric hydroxide ions increase, increas-
ing precipitation [15,20].

In the study by Liu et al. for pretreatment of Lead 2, 4, 6-trinit-
roresorcinol wastewater by Fe-C internal electrolysis process, the
COD removal efficiency increased with increasing iron amount,
whereas it decreased in Fe-C ratio greater than 1/2. Liu et al. explained
that these changes were due to the production of more micro pri-
mary cells, [H], Fe2+ and Fe3+ following the increase in iron amount.
For Fe-C volume ratio greater than 1/2, the excess iron filings could
cause an imbalance between iron and carbon electrodes, which
reduced COD removal efficiency [16]. These findings are consis-
tent with the results of the current study.

To investigate the extent of PNA adsorption by the iron electrode
and charcoal in the Fe/charcoal micro-electrolysis system, two
control experiments were performed: (1) application of the system
with charcoal alone (Fe/charcoal=0/1); (2) application of the sys-
tem with iron alone (Fe/charcoal=1/0). The maximum PNA ad-
sorption by charcoal in the first and second systems was 2.5% and
1.6%, respectively (Fig. 2) which is negligible. It can be concluded
that the adsorption process did not interfere with the electrochem-
ical reactions of the Fe/charcoal micro-electrolysis system.

Yang et al. degraded sunset yellow (SY) dye using a Fe-C micro-
electrolysis system; the total dosage of cast-iron scrap and granu-
lar activated carbon was fixed at 500 g/L; to reduce or remove the

Fig. 2. Effect of Fe/charcoal on PNA removal efficiency under opti-
mal conditions (pH: 7; time: 120 min; PNA: 10 mg/L; O2: 10
L/min).
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effect of adsorption, the activated carbon was immersed in a dye-
containing solution for 36 h until the carbon surface was saturated
[14]. In the present study, by replacing the active carbon with com-
pressed charcoal, the interference of the adsorption process in the
electrochemical reaction was controlled. Furthermore, due to the
high potential of the system to produce degrading radicals, fewer
electrodes were consumed (almost eight-times less).
2. Effect of pH on PNA Removal Efficiency

The effect of the initial pH of the solution on PNA removal effi-
ciency is shown in Fig. 3.

The redox potential and amount of [H] and O• radicals pro-
duced during micro-electrolysis are heavily affected by the initial
pH of the solution. Furthermore, the pH of the solution alters the
chemical status of the reactor contents. As shown in Eqs. (2) and
(3), under acidic conditions, a high concentration of hydrogen ions
[H+] results in increased production of [H] and O• radicals [15];
however, the precipitation of the ferro and produced ferric ions
becomes more difficult. The hydrogen produced under acidic con-
ditions deactivates the iron and the Fe2+ interferes with PNA detec-
tion due to a reduction and color-rendering properties [14,15]. Under
aerobic conditions, ferro ions convert to ferric ions, increasing the
alkalinity of the solution. Iron hydroxides such as Fe(OH)2+, Fe(OH)6

3+

and Fe(OH)2 form and cause precipitation of the sludge flocs. The
intermediate products of the reaction are trapped in the flocs, pre-
cipitate during enmeshment, and are removed from the solution
[14].

At high pH (alkaline conditions), the efficiency of Fe2+ ions de-
clined significantly, thereby reducing PNA removal efficiency. The
greatest extent of removal and precipitation of intermediate com-
pounds occurred at neutral pH.

The study by Sun et al. for the decomposition of PNA with a
solar photo-Fenton advanced oxidation process showed that the deg-
radation efficiency of PNA was decreased from 99.92 to 3.83%
within 60 min reaction when the pH of the solutions was increased
from 3.0 to 6.0 [26]. They explained that the ferrous ion catalyst
was deactivated and the oxidation potential of OH decreased in
conditions of pH>4.0, resulting in a drastic decrease in removal
efficiency of PNA [26]. Since pH of most water and wastewater flows
range from 6 to 9, lower and higher pH values than this range

would increase the cost of the process.
Yang et al. degraded SY dye using a Fe-C micro-electrolysis sys-

tem in which the greatest dye removal efficiency was achieved under
acidic conditions [14]. However, the iron hydroxides quickly pre-
cipitated in neutral environments and the intermediate products of
the process were removed quickly. In addition, to reduce the costs
associated with wastewater pH adjustment, neutral environment
was chosen as optimal [14].
3. Effect of Aeration on PNA Removal Efficiency

As shown in Eqs. (5)-(7), aeration plays an important role in
micro-electrolysis systems [6,14,15,27].

Fe2eFe2+ (5)

Fe2+eFe3+ (6)

O2+2H++2eH2O2 (7)

The results of aeration on PNA removal efficiency are shown in
Fig. 4.

In this study, an increase in the aeration level from 0 to 10 L/
min increased the removal efficiency from 20% to 95%. With the
further increase in aeration to 20 L/min, the removal efficiency
reached 96.2%; however, as further aeration was not economical,
10 L/min was chosen as the optimal aeration rate.

Aeration in micro-electrolysis systems is performed for two pur-
poses. In the presence of oxygen in the cathode, hydrogen perox-
ide radicals are formed. With the oxidation of iron and its con-
version to Fe2+, Fenton reactions occur in the anodes. The radi-
cals produced in response to the Fenton reactions increase the effi-
ciency of the PNA and intermediate product degradation [14,15].
In addition to providing the oxygen required for redox reactions,
aeration also supplies the force required to keep the reactor con-
tents floating. This increases the contact between the charcoal and
iron, increasing the number of microscopic galvanic cells and fur-
ther enhancing the degradation efficiency [14]. With a further in-
crease in aeration, no significant change was observed in the removal
efficiency in the present study. On the other hand, further aeration
increased costs and was not economical.

In micro-electrolysis systems, in the absence of oxygen, active
species such as Fe2+ and [H], can participate in PNA degradation.
However, the mineralization process is not complete, because the

Fig. 3. Effect of initial pH of solution on PNA removal efficiency
under optimal conditions (Fe/charcoal: 2/1; time: 120 min;
PNA: 10 mg/L; O2: 10 L/min).

Fig. 4. Effect of O2 on PNA removal efficiency under optimal condi-
tions (Fe/charcoal: 2/1; time: 120 min; PNA: 10 mg/L; pH: 7).
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intermediate formed products are not easily degraded [15].
4. Effect of PNA Initial Concentration on Removal Efficiency

The results obtained from the effect of initial PNA concentra-
tion on the removal efficiency are shown in Fig. 5.

The maximum PNA removal occurred at 10 ppm. The PNA
residual concentration in effluent of the reactor decreased to 0.5
mg/L after 120 min, which is lower than the TLV. An increase in
the PNA concentration from 10 to 20 mg/L decreased the removal
efficiency from 95 to 80%. The iron complexes produced in all solu-
tions were the same, so the amount of flocs formed in the solu-
tions was also the same. With a further increase in the PNA con-
centration, the flocs produced in the solution were not sufficient to
absorb the intermediate compounds of the reaction and the PNA
molecules. In addition, at low concentrations, more radicals were
available for degrading the PNA molecules and reducing the inter-
mediate compounds [28]. It is evident that, under the same opera-
tional conditions, a further elevation in the contaminant concen-
tration could not produce a sufficient number of radicals in the
electrochemical processes of the system to degrade the PNA mole-
cules and the intermediate compounds. Thus, the extent of degra-
dation was higher at lower concentrations [15].

Wu et al. carried out micro-electrolysis of Cr (VI) using zero-
valent iron coupled with active carbon [29]. With an elevation of
the chromium concentration from 10 to 200 mg/L due to satura-
tion of the active carbon surfaces and insufficiency of the degrad-
ing radicals, the removal efficiency decreased from 99% to 48%,
which is in line with the results of the present study.
5. Effect of Contact Time on PNA Removal Efficiency

The results obtained from the effect of contact time of the reac-
tion on PNA removal efficiency are shown in Fig. 6.

In the micro-electrolysis system, in the presence of oxygen, as
the electrodes mixed together, microscopic galvanic cells formed
quickly [14]. The reaction rate was high in the primary stages, such
that in the first five minutes of the reaction, 32% of the PNA was
removed. As the reaction progressed, degradation continued and
the radicals produced in the micro-electrolysis system gradually
degraded the PNA molecules, such that after a contact time of
120 min, the PNA removal efficiency reached 95%. The UV/vis
spectrum in Fig. 6 demonstrates the trend of degradation of PNA
molecules at a maximum wavelength of 381 nm for Fe/charcoal
micro-electrolysis over time.
6. GC-MS Analysis of PNA Degradation Products and Pro-
posed Process Pathway

Identification of the intermediate products in a degradation pro-
cedure provides valuable information to determine the degrada-
tion pathways of the analyte. A series of GC-MS analyses were
performed to evaluate the possible mechanisms of PNA degrada-
tion by Fe/charcoal micro-electrolysis at 0, 5, 10, 15, 30, 60, 75, 90,
120, and 180 min to determine the structures of the intermediate
compounds under the optimal conditions in the reactor. The struc-
tures of the main identified intermediates are shown in Table 1.

In comparison with the blank solution, a few peaks were ob-
served in the chromatogram of the synthetic solution at retention
times (tR) of less than 27 min (tR(PNA)). The structures of some of
these chromatographic bands were determined by evaluating their
respective mass spectra. Two peaks with tR values of 16.2 and 19.2
min were identified as maleic acid (116 m/z) and benzoquinone
(108 m/z), respectively, and were the major products of PNA de-
composition. After evaluation and interpretation of the mass spec-
tra of the products, the pathway shown in Fig. 7 was proposed for
the PNA decomposition.

As shown in the proposed decomposition pathway (Fig. 7), fol-
lowing removal of the PNA functional groups and subsequent oxi-
dation, the intermediate compounds decompose and are broken
down into simpler molecules, which ultimately precipitate. In this

Fig. 5. Effect of primary PNA on removal efficiency under optimal
conditions (Fe/charcoal: 2/1; time: 120 min; pH: 7; O2: 10 L/
min).

Fig. 6. Effect of contact time on PNA removal efficiency under opti-
mal conditions (Fe/charcoal: 2/1; pH: 7; PNA: 10 mg/L; O2:
10 L/min).

Table 1. Main intermediates of PNA degradation during Fe/charcoal
micro-electrolysis as identified by GC-MS (Fe/charcoal: 2/1;
pH: 7; PNA: 10 mg/L; O2: 10 L/min)

Intermediate product Chemical structure tR m/z
Maleic acid 16.2 116

Benzoquinone 19.2 108
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postulated oxidation pathway, with the loss of amine and nitro
groups and the continuation of radical hydroxyl and oxygen attacks,
the PNA converts to either hydroquinone (m/z 110) or benzene
epoxide and benzene dioxetane (m/z 110) intermediates. Hydro-
quinone can be oxidized to benzoquinone, which in turn is oxidized
and fragmented to maleic acid (a ring-opened product) under radi-
cal attack and oxidation. Furthermore, the carboxylic moieties of
the maleic acid can lose neutral CO and are oxidized to oxalic acid.
Next, oxalic acid is converted to inorganic compounds as reac-
tions in the reactor are continued. In another postulated pathway,
benzene epoxide and benzene dioxetane intermediates can arise
via oxygen attack on the benzene ring, which can be subsequently
broken to a ring-opened product as cis, cis-muconic acid. This
intermediate similar to maleic acid can be fragmented more and
broken down to oxalic acid following oxidation and the loss of
CO.

A few studies have been carried out on the identification of the
intermediates of PNA degradation [5,30,31]. The results of the pres-
ent study differ from those of the previous ones, because the deg-
radation method is quite different and results in different inter-
mediate products on different decomposition pathways.

The decrease in the area under the curve (AUC) of the PNA peak
over time in the reactor (0-180 min) was analyzed by GC-MS and
is shown in Fig. 8.

The results of 3h of monitoring of PNA degradation in the syn-
thetic solution by GC-MS at 0, 5, 10, 15, 30, 60, 75, 90, 120, and
180 min show that the AUC(PNA) decreased significantly and the
PNA level decreased up to 97% over time.
7. FTIR Analysis

FTIR spectroscopy of the sediment sludge was carried out at
500-4,000 cm1. The results are shown in Fig. 9.

In the FTIR spectrum of the sludge, symmetric and asymmet-
ric stretching peaks of nitro (NO2), which usually appear at about
1,350 and 1,550 cm1, were not observed. A lack of twin peaks for

Fig. 7. Possible pathway for PNA degradation reaction.

Fig. 8. Decrease in AUC(PNA) in reaction medium over time as iden-
tified by GC-MS (I: time zero; II: 180 min).

Fig. 9. FTIR spectrum of sludge from electrochemical processes of Fe/charcoal micro-electrolysis.
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the NH2 functional group can be indicative of the removal of these
two moieties from the PNA molecule. A wide peak from about
2,400 to 3,600 cm1 usually indicates O-H in the carboxylic acid
moiety, which overlaps and covers the C-H stretching peak at about
3,000 cm1. The peak at wave number (1,631 cm1) is related to
the C=O stretching bands which have shifted to a lower wave
number due to probable conjugation. The strength of this peak is
not usual and might be due to the low concentration of products.
The peak observed at 1,020 cm1 is representative of the C-O band
and the carboxylic acid group. The peak at 742cm1 can be a deter-
minant of an out-of-plate C-H bending vibration, and the peak at
466 cm1 can be attributed to iron hydroxides [32]. Overall, the
absence of NO2 and NH2 groups and the presence of the carbox-
ylic in the reactor sludge is indicative of PNA oxidation followed
by the breakdown of its aromatic ring on the path of degradation.
8. Secondary Pollution of Fe Ions

The atomic absorption spectrometry results of the investigation
of secondary pollution of iron ions in the reaction solution of the
reactor are shown in Table 2.

The results revealed that no iron ions were detectable by the
atomic absorption spectrometer, which means that there could not
be secondary pollution related to iron ions in the effluent of the
reactor, and the iron ions were precipitated during the process as
iron hydroxides in the sludge. Emerged peak at 466 cm1 in FTIR
spectrum of the sludge resulting from chemical reaction (Fig. 9) can
be attributed to iron hydroxides [32], which confirms iron ions are
deposited in sludge and are separated from the reactor’s effluent.
9. Real Wastewater Sample

Table 3 presents the results of quality analysis of the real waste-
water sample of the petrochemical industry and PNA removal effi-
ciency under optimal conditions of the system.

The radicals produced in the micro-electrolysis system degraded
the organic compounds non-selectively. In real wastewater, the pres-
ence of soluble organic compounds, suspended organic compounds,
lipids, minerals and other soluble chemical compounds means that
the radicals produced in the micro-electrolysis system were not
sufficient. Furthermore, the iron hydroxide flocs were not suffi-
cient for the adsorption and precipitation of these compounds.
Therefore, the PNA removal efficiency declined from 95% in the
synthetic solution to 89% in the real wastewater solution. Despite
the presence of interfering compounds in the real wastewater sam-

ple, the PNA was largely removed. This large percentage of removal
confirms the system efficiency.
10. Degradation Kinetics

To investigate the PNA degradation kinetics in the micro-elec-
trolysis system, a pseudo-first order kinetic model as well as the
Langmuir-Hinshelwood (L-H) kinetic model were used. The linear
form of the pseudo-first order kinetics is shown in Eq. (8) [19,33].

Ln (Ct/C0)=Kobs t (8)

The correlation coefficient was obtained by plotting Ln C/C0

versus time at different PNA concentrations. The L-H model is
shown in Eq. (9).

(9)

Kobs (min1) represents the first-order degradation rate constant,
C0 (mg L1) shows the initial PNA concentration, KC (mg L1

min1) denotes the superficial reaction rate constant and KL-H (L
mg1) is associated with the adsorption equilibrium constant of the
L-H model. To obtain the equilibrium constant of the L-H model
and the superficial reaction rate, the 1/Kobs linear curve is plotted
against the initial concentration [16].

The results of the pseudo-first order kinetic studies and L-H
model are shown in Fig. 10.

In the investigation of the kinetic models, the correlation coeffi-
cient of the pseudo-first-order kinetics and L-H was 0.98 and 0.97,
respectively. The high correlation coefficients suggest that PNA deg-
radation kinetics can be explained by these models.
11. Stability of the System

Stability of the system was investigated in ten consecutive cycles
under the optimum conditions (Fe/charcoal: 2/1; pH: 7; time: 120
min; PNA: 10 mg/L; O2: 10 L/min). The results are shown in Fig. 11.

The PNA removal efficiency under the optimum conditions was

1
Kobs
---------  

1
KCKL-H
-----------------  

C0

KC
------

Table 2. The amount of iron ions measured in the solution by flame
atomic absorption

Sample Wavelength
(nm)

Concentration of
Fe ions (mg/L)

Blank sample (before the reaction) 248.3 Non detected
Reactor effluent (filtered) 248.3 Non detected

Table 3. Quality analysis of petrochemical wastewater sample and efficiency of PNA removal by Fe/charcoal micro-electrolysis under opti-
mal conditions

Parameters pH COD (mg/L) BOD5 (mg/L) TDS (mg/L) TSS (mg/L) SO4
2 (mg/L) Oil PNAa (%)

Results 8.6 2500 850 2100 500 136 21 89
aRemoval of efficiency by Fe/charcoal micro electrolyze reactor at optimum condition

Fig. 10.Pseudo-first order kinetic and L-H model for different con-
centrations of PNA.
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95% in the first cycle and decreased to 90% in the tenths. Therefore,
these systems do not require replacement of electrodes, and rele-
vant reactions can occur as long as the iron has oxidation capabil-
ity. In fixed-bed micro-electrolysis systems, due to the hardening,
blockage and inactivation of Fe-C, the performance of the systems
decreased sharply with the increasing operation time [15]. But in
the Fe-charcoal reactor, due to electrode materials floating, the prob-
lems such as blocking and inactivation of iron-charcoal were resolved.
In addition, the usage of cretacolor chunky charcoal resulted in
the elevated stability of the system since the compressed carbon
used in the reactor had slower corrosion and destruction resulting
in high stability of the system.
12. Performance of the System Compared to Previous Studies

Some studies that have been carried out to remove PNA from
aqueous solutions were compared with the present study. The results
are shown in Table 4.

In many advanced oxidation processes, chemical oxidizing agents
and other factors such as UV lamp are required to destroy organic
compounds [26,33,34,37,38], which increases the cost in compari-
son with this micro-electrolysis system. In addition, many of these
chemical agents are toxic and harmful to human health, and there

are problems in the adsorption processes [35,36], such as non-
destruction of pollutants and transfer of material from liquid
phase to solid phase and adsorbent saturation.

In this study, iron chips were obtained from iron waste that had
been discarded by metalsmithing workshops and cretacolor chunky
charcoal was used as the cathode electrode. Compared to elec-
trodes of electrolysis systems, these materials are much cheaper,
and the process of organic compounds degradation occurs with-
out the use of chemical oxidant and energy source. Totally, the sys-
tem has a simple low-cost operation procedure with a very high
efficiency.

CONCLUSION

This study demonstrates that PNA can be efficiently degraded in
aqueous solution by Fe/charcoal micro-electrolysis system. Small
iron and compressed charcoal pieces were used as electrodes, and
redox reactions occurred following the contact between these materi-
als. The destructive radicals produced by the electrochemical pro-
cesses could decompose PNA efficiently. During the degradation
process, PNA was converted to ring-opened intermediate acids,
which finally could be mineralized in different pathways in a series
of consecutive reactions. The highest degradation efficiency of PNA
in petrochemical wastewater obtained 89% at pH: 7; contact time
120 min; aeration rate 10 L/min; Fe/charcoal ratio: 2/1; initial con-
centration of PNA: 10 mg/L. The kinetic of PNA degradation fol-
lowed a pseudo-first order kinetic and the Langmuir-Hinshelwood
model. Therefore, the Fe/charcoal semi-fluidized micro-electroly-
sis reactor, as a new method of advanced oxidation, has high effi-
ciency in removing and degrading toxic and resistant compounds
such as PNA from aqueous solutions and is recommended for this
purpose.
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