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The present research work has demonstrated the use of zero valent metallic iron (Feo) in the photo-
Fenton process under the UV illumination as a promising and novel technique. Oxidants like oxone a
peroxymonosulfate (PMS) and ammonium persulfate a peroxydisulfate (PDS) were used in compari-
son with classical hydrogen peroxide (HP). PMS was found to be a better oxidant in comparison with
HP and PDS at higher pH conditions especially in the pH range of 5-7. PMS acts as better oxidant

Keywords: . with dipolar unsymmetrical structure, higher oxidation potential and its lower LUMO energy can eas-
Zero valent metallic iron . . . . .
Oxone ily accept electrons more readily compared to the other two oxidants. The degradation rate for various

oxidation processes at pH 3 shows the following decreasing order: FeO/PMS/UV~ Fe®/HP/UV > Fe®/PDS/
UV >HP/UV >PDS/UV>PMS/UV > Fe%/PMS/dark > Fe® /HP/dark > Fe®/PDS/dark > Fe®/UV > Fe®/dark. At pH
5, PMS/UV and PDS/UV systems show similar efficiencies as Fe?/PMS/UV and Fe®/PDS/UV process, since
most of the Fe® surface is covered by the precipitates of hydroxide and oxyhydroxides. Though recy-
cling capability of iron powder is almost comparable for first to fifth repetitions, Fe? retains its recycling
capability better in the presence of HP for the further runs rather than PDS and PMS.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Water pollution by the presence of toxic and non-biodegradable
organic materials especially in parts per million (ppm) concen-
trations in drinking water brings about serious threat to the
living species. The enormous diversity of pollutants with differ-
ent chemical structure and composition excludes the possibility of
using a universal treatment method and thus requires the devel-
opment of special skilled treatment techniques to address the
problem. Advanced oxidation processes (AOPs) such as UV/H,0,,
ozonation, photo Fenton, y-radiolysis, sonolysis, electrochemical
oxidation and semiconductor-mediated photocatalysis is exten-
sively explored to mitigate a great variety of pollutants present
in various environmental media. The advantage of these AOPs is
that, it works at ambient temperature and pressure for the water
treatment process which involves the generation of highly reactive
free radicals in sufficient quantity for effective water purification
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[1,2]. Among the various AOP technologies, oxidation with the Fen-
ton’s reagent is proved as an effective and promising method for
the destruction of a wide range of contaminants in wastewater as
described in several research reviews [3-9].

The origin of Fenton process reported in 1894 shows the utility
of ferrous ions as catalyst along with hydrogen peroxide for the oxi-
dation of tartaric acid [10]. However, the positive role of hydroxyl
free radicals in the Fenton oxidation reaction was confirmed much
later [11,12]. The mechanism and kinetics of the Fenton reactions
have been explored and studied by many researchers till date. The
brief mechanism of classic homogeneous Fenton process involves
the formation of hydroxyl and hydroperoxyl radicals as shown in
Egs. (1)-(5).

Fe?* + H,0, — Fe* + OH*+ OH (1)
Fe** + H,0, — Fe** + °O,H + HY (2)
Fe’t + OH° — Fe3* + OH (3)
OH° +H,0; — *O;H+H,0 (4)
*0,H+ O,H — H,0,+0, (5)
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Fig. 1. X-Ray diffraction pattern of Fe®.
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Fig. 2. FTIR spectra of Fe®.

However, there are some drawbacks and limitations in the clas-
sical homogeneous Fenton system like; (i) the excess ferric ions
remaining in the treated wastewater requires an additional sep-
aration step for its removal, this complicates the overall process
efficiency which makes it laborious and uneconomical. (ii) Clas-
sic Fenton’s reagent work well only in pH range of 3-4, but at
higher pH, iron precipitates as hydroxide in the aqueous reaction
medium. (iii) The cost of hydrogen peroxide (HP) is comparatively
high for its application in wastewater treatment engineering and
its long-term stability in the aqueous reaction medium is of fur-
ther concern. Therefore, researchers have been actively involved
in overcoming these problems. One of the efforts made in this
regard is to use solid phase catalyst particles, which is termed
as heterogeneous Fenton process with wide working pH range of
3-7.The second effort is to develop Fenton process in combination
with other AOP technologies such as photo-Fenton process, sono-
Fenton process, electro-Fenton and electro-photo Fenton process
to enhance the rate of generation of hydroxyl radicals and thus
reduce the excess consumption of oxidants like HP [13,14]. Among
these AOP’s the present research work mainly focuses on Hetero-
geneous photo-Fenton process [15-19]. To overcome the problem
of removal of Fe?*/Fe3* ions from the sludge, use of zero-valent iron
(Fe%) was largely proposed in recent years and the method has been
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Fig. 3. UV-vis absorbance spectra of Fe?.

extensively applied and studied for its excellent ability to degrade
the organic pollutants [20-27]. The standard reduction potential
of elemental iron (Fe®) to the dissolved ionic iron (Fe?/Fe2*) is
around —0.440V and this redox couple is actively involved in the
in-situ remediation of contaminated groundwater [21,22]. Hence,
the use of Fe® nano powder as a source of Fe2* ions for the cat-
alytic decomposition of HP to produce reactive hydroxyl radicals is
an alternative technique. Further addition of ammonium persulfate
and oxone as oxidants instead of HP to generate sulfate free radicals
in addition to hydroxyl radicals seems to be technique that is more
advantageous. More precisely hydroxyl free radical based AOP in
classical Fenton process is replaced by the generation of both sulfate
and hydroxyl free radical based advanced/modified photo-Fenton
AOP [28-32]. Persulfate salts are easy to store and transport, since it
occurs as solid at ambient temperature and shows moderate stabil-
ity in the subsurface environment, posses high water solubility and
relatively low cost compared to HP [33,34]. The added advantage of
using persulfate as an oxidizing agent is, it reacts less readily with
natural organic matters (NOMs) [35]. Oxone is a triple potassium
salt containing 2KHSO5~ KHSO4~ K;,SO4 components in which per-
oxymonosulfate (HSO~5) ion is most active species. In recent years,
peroxymonosulfate has been widely launched as an environmen-
tal friendly and adaptable oxidant in water treatment process [36].
Ammonium per sulfate containing peroxydisulfate (PDS)and oxone
containing peroxymonosulfate (PMS) is used in this research study,
which can produce simultaneously both hydroxyl and sulfate free
radicals under UV irradiation. As reported in the literature, homo-
geneous Fenton process of the type UV/PMS/Fe2* and UV/PDS/Fe2*
technologies are highly attractive because of their low operational
costs and high organic pollutant removal efficiency [37-39]. The
main aim of this study was to improve the above process and eval-
uate the effectiveness of sulfate free radical based AOPs mainly
focusing on the metallic iron in Fe?/PMS/UV and Fe®/PDS/UV het-
erogeneous process in comparison with Fe?/HP/UV process for the
degradation of a model pollutant Methyl Violet (MV). Low concen-
tration of iron was used in order to avoid the formation of iron
oxide sludge thereby preventing the post treatment cost. Various
reaction conditions like initial oxidant concentration, dosage of Fe?
catalyst and initial concentration of MV at different pH conditions
were studied in detail.
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Fig. 4. SEM image of Fe®.

2. Experimental
2.1. Materials and reagents

Zero valent metallic Iron powder (Fe®), 30% w/v hydrogen per-
oxide (HP) and ammonium per sulfate (PDS) [(NH4),S;0g] were
supplied from Nice chemicals. The Methyl Violet (MV) dye was
obtained from Sigma Aldrich. Oxone (2KHSO%~ KHSO*~ K,S0,4) was
obtained by Avra synthesis Pvt. Ltd. Sodium hydroxide (NaOH) and
hydrochloric acid (HCl) were from Sisco-chemical industries. All
chemicals were analytic grade reagents and used without further
purification. Double distilled water was used in all the experiments.
The pH meter (Orion 920A pH meter) was calibrated with standard
buffer solution before every measurement. The pH adjustments
were done by either using 0.1 N NaOH or 0.1 N HCI solutions. The
photo-Fenton processes were conducted at different pH conditions
like 1,3, 5,7 and 9.

2.2. Characterization techniques

The powder X-ray diffraction (PXRD) patterns were obtained for
the samples using Philips powder diffractrometer PW/1050/70/76.
The diffraction patterns were recorded at room temperature using
Cu Ka radiation with Ni filter in 26 range 20°—80° at a scan rate of
2¢ per min. To study the light absorption characteristics of the pre-
pared photocatalyst, the absorption spectra were recorded using
Shimadzu-UV 3101 PC UV-VIS-NIR UV-vis spectrophotometer in
the range of 200-800 nm. The baseline correction was done using
analytical grade BaSO,. FTIR spectra were obtained using NICOLLET
IMPACT 400 D FTIR spectrometer. Surface morphology was ana-
lysed by SEM analysis using JSM840 microscope operating at 25 kV
on specimen upon which thin layer of gold has been evaporated.
The X-ray photoelectron spectroscopy (XPS) measurements were
carried out using AXIS ULTRA from AXIS 165, integrated with Kratos
patented Magnetic immersion lens along with the charge neutral-
ization system and spherical mirror analyzer. The XPS experiments

were calibrated accordingto the binding energy of C 15 (284.6eV).
The specific surface area and pore volume of the powders were
measured by Nova Quanta Chrome Corporation single point BET
Digisorb 2006 instrument system in which N, gas was adsorbed at
77 K.

2.3. Photochemical reactor and reaction conditions

Experiments were carried out at room temperature using a cir-
cular glass reactor whose surface area is 176.6 cm?2. 125 W medium
pressure mercury vapor lamp is used as the UV light source. The
photon flux of the light source was found to be 6.95mW/cm? as
determined by ferrioxalate actinometry whose emission wave-
length was in the range of 350-400 nm with the N pax around
370nm. The irradiation was carried out by focusing the light
directly into the reaction mixture in the open air condition at a
distance of 29 cm. The reaction mixture was continuously stirred.

The aqueous reaction test samples were withdrawn from the
reaction mixture at definite time intervals during the reaction pro-
cess and were centrifuged/filtered through 0.45 mm Millipore filter
paper to separate the catalyst particles. 0.5 ml of phosphate buffer
solution (sodium dihydogenphosphate and disodium hydrogen-
phosphate pH="7.2) was added to the reaction mixture filtrate to
quench the photo-Fenton reaction. The filtrates were analysed by
double beam UV-vis spectroscopic technique (P G instruments
Model T80). A typical experiment involves dispersion of 20 mg of
FeO catalyst in 250 ml MV dye solution (20 ppm) under the specified
pH condition. The experiments were repeated three times under
identical conditions to get the concordant values.

3. Results and discussion
3.1. Characterization of the catalyst

The X-ray powder diffraction patterns of Fe9 (Fig. 1) show peaks
at 20 values of 44.5° (101) and 64.97° (200). The numbers in the
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parenthesis represents hkl values. This pattern matches well with
the standard phase of body centred cubic (BCC) structure of Fe?
(JCPDS Standard 87-722) [40]. The average crystallite size of the
FeO catalyst is calculated by using Scherrer’s equation:

kA
D= B cos O

Where \ is wavelength of Cu Ka source used, (3 is full width at
half maximum (FWHM) of high intense diffraction angle, k is a
shape factor (0.94) and 0 is angle of diffraction. The calculated
crystallite size of Fe9 from Scherrer’s equation was found to be
17.22 nm. FTIR spectra of metallic Fe® sample recorded in the fre-
quency range of 400-4000cm~" is represented in Fig. 2. The first
peak at 3437 cm~!corresponds to OH stretching vibration and sec-
ond peak at 1643 cm~! corresponds to OH bending vibration of
surface adsorbed moisture from atmosphere. This probably indi-
cates the formation of a thin layer of ferrioxyhydroxide (Fe-OOH) on
the surface of Fe® nanoparticle [41]. The absorption spectrum of Fe?
particles (Fig. 3) shows a broad intense absorption band in the vis-
ible region around 400-600 nm, which could probably be assigned
to spin allowed d-d transitions due to the formation of ferrioxyhy-
droxide (FeOOH) layer on the surface of Fe® nanoparticles by the
adsorption of moisture. Fig. 4 shows the SEM image of Fe? particles
with average particle size of 40-50 wm and the micrograph also
indicates the absence of agglomeration.

XPS technique is a highly surface selective process used to
explore the surface composition and local chemical environ-
ments.The XPS spectra of zero valent metallic iron (Fig. 5) shows Fe
2p binding energy peaks at 706.7 eV and 713.9 eV, which indicates
the presence of iron in metallic and +2 oxidation states respec-
tively. The peak at 713.9 eV corresponding to the +2 oxidation state
is probably due to the formation of a thin layer of ferrioxyhy-
droxide (Fe-OOH) on the surface of Fe9 nanoparticle. The specific

% Degradation

10 20

1255 Fe 2p
1250 4 706.7 eV
1245

1240

12354 713.9eV

1230

Intensity

1225

T - T T T T T T T l1 T ll
706 708 710 712 714 718
Binding Energy (eV)

Fig. 5. XPS spectra of Fe®

surface area of Fe® sample from BET measurements is found to be
7.0364 m?/g.

3.2. Photocatalytic activity

The application of classical photo-Fenton process is limited by
the concentration of ferrous ions in presence of HP to generate the
hydroxyl free radicals and more precisely on the ability of the sys-
tem to regenerate ferrous ions continuously [42,43]. The present
research focuses on the process of generation of reactive free radi-
cals that differs from classical photo-Fenton process by taking zero
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Fig. 6. Percentage degradation versus MV dye concentrations in presence of HP (10 ppm),PMS (30 ppm), PDS(30 ppm) under UV illumination for the experimental conditions

Fe® (20 mg), pH-3 for 40 min.
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Fig. 7. Percentage degradation versus time plots for the various Fe® dosages from
10 to 50 mg per 250 ml of MV (20 ppm) solutions under UV illumination at pH-3, (A)
HP (10 ppm), (B) PDS (30 ppm), (C) PMS (30 ppm).

valent metallic iron (Fe®) nano particles instead of Fe2* ions as the
iron source along with different oxidants like HP/PDS/PMS and the
process is referred to as advanced photo-Fenton process (APFP).
Metallic Fe0 surface generates Fe2* ions in the acidic medium by los-
ing two electrons as shown in Eq. (6). These two liberated electrons
are taken up by the H,O, molecule, which is an electron acceptor
leading to the formation of two hydroxide ions as shown in Eq. (7)
and gives rise to highly potent Fenton type reactions. The gener-

ated Fe2* jons are further oxidized to Fe3* state in the presence of
oxidizing agents as shown in Eq. (1). The back reduction reaction of
Fe3* ion to Fe2* state is faster at the Fe? surface in APFP compared to
the homogeneous Fenton process (Eq. (2)). This faster back reduc-
tion reaction gives an added advantage in the APFP and makes it a
potential technique for the abatement of hazardous pollutants [23].

Fe — 1 Fe?*+2e- (6)
H,0,+2e —» 20H 7)

3.3. Effect of initial dye concentration

In the photo Fenton process, change in the initial dye con-
centration influences the rate of degradation process significantly.
Therefore experiments were performed to find the optimum dye
concentration for efficient degradation. Initial dye concentrations
were varied from 10 to 50 ppm by maintaining the optimum reac-
tion parameters. The optimum dye concentration was found to be
20 ppm as shown in Fig. 6. The degradation efficiency decreases for
higher initial dye concentration (50 ppm). This can be accounted
to the fact that, as the dye concentration is increased, the num-
ber of hydroxyl radicals are not increased proportionally. Further
higher dye concentration leads to a situation where penetration of
UV light into the depth of the solution is hindered thereby decreas-
ing the rate of generation of hydroxyl radicals [23]. Further at high
dye concentrations, all the active centres on the iron surface will be
occupied by the dye molecules which prevents the occupation of
oxidant molecules. At high dye concentrations, the dye molecules
are capable of reducing the catalyst surface itself. This corrosion
process further decreases the concentration of active free radicals
which are most essential for sustaining cyclic photo-Fenton process
[44,12].

3.4. Effect of Fe® dosage

Concentration of the reactive catalyst (Fe?) is a very important
parameter in the photo-Fenton process as it influences the extent
of generation of highly reactive free radicals. Logically by increas-
ing the Fe® dosage, higher reaction rates are expected. However,
it was noticed that degradation efficiency was high only for low
Fe® concentration (20 mg) and it also leads to complete mineral-
ization of MV. Degradation efficiency was similar for all the three
oxidants when used individually (Fig. 7). On further increase of Fe?
dosage (above 20 mg) degradation rate decreases drastically. The
deleterious effect observed for high amounts of Fe® catalyst can
be attributed to the formation of turbidity in the aqueous reac-
tion suspension. This turbidity would cause a relevant fraction of
the incident radiation to be lost via scattering thereby decreasing
the rate of absorption. Photo-Fenton process is hindered by the
turbidity to a maximum extent, however minimal Fenton process
can still sustain to some extent in such reaction conditions. Similar
results are also reported in the literature [45]. The excess iron in
the solution precipitates as iron hydroxide and it gets deposited on
the FeOsurface leading to the decrease in the degradation rate. This
clearly indicates that higher dosage of Fe? catalyst is undesirable
for efficient photodegradation.

3.5. Effect of pH on the degradation rate

The pH of the aqueous reaction medium is a crucial operat-
ing parameter in photo Fenton reactions. pH directly affects the
catalytic performance of Fe? and it also effects the extent of iron
leaching. There is a general agreement in the literature about the
optimal pH being close to 3 and itis the highly reported typical value
for the homogeneous photo-Fenton process [46]. However, in the
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(30 ppm) for 40 min.

present case the photo-Fenton reaction systems were examined at
five different pH values (1.0, 3.0, 5.0 7.0 and 9.0) by maintaining the
experimental conditions of optimized Fe® dosage and oxidant con-
centration. Higher efficiency was found at pH 3.0 for all the three
oxidants (Fig. 8). It was probably due to the maximum activity of
iron at acidic pH conditions.

The extent of iron activation by H,0, is highly pH dependent
and the most ideal pH for this reaction was found to be in the range
of 3.0- 4.0. The prominent decrease in the degradation rate at lower
pH conditions(~1) is due to the presence of excess H* ions in the
solution which acts as hydroxyl radical scavengers according to Eq.
(8)[47].

H* + OH*+e——— 5H,0 (8)

At pH 3, the concentration of Fe3* jons and [Fe(OH)]?* ions are
equal in proportion to one another which is the most favourable
condition in a photo-Fenton reaction. These ions are dominant
photoactive species and hence the degradation reaction rate is
maximum at this pH condition [48]. Further increase in the pH leads
to the decrease in degradation efficiency for the following reasons:
(i) Iron precipitates as oxyhydroxides, (ii) The ratio of concentra-
tion of Fe3* ions to [Fe(OH)]?* ions gets disproportionate, which
prevents the efficient generation of hydroxyl radicals (iii) The pres-
ence of deposited oxyhydroxide on Fe? surface blocks the electron
transfer process between the catalyst and the oxidant, (iv) The oxi-
dation potential of hydroxyl radical is also influenced by the pH
and it is expected to decrease with the increase in pH, (v) Coagu-
lation of excess Fe3* ions takes place at higher pH conditions and
(vi) This coagulated Fe3* jons inhibit the formation/regeneration of
Fe2* ions which are required for sustaining the cyclic photo-Fenton
reaction [39].

Fe®/HP/UV process was highly efficient compared to Fe?/PDS/UV
and Fe®/PMS/UV systems. 90% of the degradation is completed
within 10 min in the case of HP and 20 min in the case of PMS. But
such efficiency was not observed in the case of PDS where complete
degradation takes place around 70 min.

The Fe9/PMS/UV and Fe®/PDS/UV photo-Fenton reactions at pH
5 are more remarkable as compared to Fe9/HP/UV system. Fur-
ther interesting results were observed for the reactions of the type
PMS/UV and PDS/UV systems which show almost similar efficiency
as Fe0/PMS/UV and Fe®/PDS/UV process. More precisely the role of
FeO is insignificant at this pH, since most of the Fe® surface is cov-
ered by the hydroxide and oxyhydroxides. PMS in PMS/UV system is
activated to form PDS at pH 5 under UV irradiation and this reaction
process can be compared to PDS/UV system. On the other hand PDS
under UV illumination generates SO, free radicals which are more
prominent in the degradation reactions (as shown in Egs. (9)-(12)).

PMS can only exist as highly reactive monoanion form (HSO5™)
in the acidic pH range from 3 to 7. However at higher pH values
(above 7) PMS exists as less reactive dianion form (SO52~). The effi-
cient generation of SO4~* takes place only from monoanion form
(HSOs5™) and its generation is almost insignificant from dianion
form (SO52-). Decrease in efficiency at higher pH values (> pH 7)
was attributed to dominant process of self-decomposition of PMS
[49,39].

PMS—"™_.PDS (atpH 5) (9)
S057*+S057° —— > S04 °+ SO47° + 0, (10)
SOs~*+S05~*— PDS+0, (11)
PDS— OH°®+ SO, ° (12)
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Fig. 9. Percentage degradation versus time plots under optimized experimental
conditions of MV (20 ppm), Fe® (20 mg) at pH-3. Effect of various concentration
of: (A) HP, (B) PDS and (C) PMS.

3.6. Effect of oxidants

In a photo-Fenton system, the concentration of the oxidant (HP,
PDS and PMS) is a key factor that can significantly influence the
rate of degradation (Fig. 9). The individual influence of each oxi-
dant was studied by maintaining optimum Fe® dosage at pH 3.

Both HOOH (hydrogen peroxide) and S;0g2~ (peroxy disulfate) are
symmetrical peroxides where as HSO~ 5 (peroxy monosulfate) is an
unsymmetrical peroxide molecule. The UV irradiation activates the
oxidants through homolytic cleavage of the peroxide bond which
results in the formation of hydroxyl and sulfate radicals depend-
ing on the chemical nature of the oxidant as well as the reaction
conditions. Under light induced reaction processes, HP generates
hydroxyl free radicals, PDS generates sulfate radicals and PMS gen-
erates both sulfate and hydroxyl radicals as shownin Egs. (13)-(15).
Sulfate free radicals provide similar degradation reaction pathway
as that of hydroxyl radical generated in the classical Fenton’s chem-
istry [50].

H-0-0-H—" _,OH* +OH* (13)
“S03-0-0—50;— 55047 +50,~* (14)
H-0-0-S0; —~ OH*+50;* (15)

However, Fe catalyst particles activate the oxidants (HP, PDS
and PMS) by the cleavage of peroxo bond under UV light to produce
ferrous ions which later generates various reactive free radicals
through electron transfer mechanism and gets oxidized to Fe3*ions.
The regeneration of Fe2* ions from Fe3*ions is a continuous cyclic
process which takes place until complete consumption of oxidant
(as shown in Egs. (1)-(2) and (16)-(24)) [36].

Fe® + H,0, — Fe?™ + 20H" (16)
Fe3* + *O,H + HT — Fe?* + H,0, (17)
Fe® + 5,052~ — Fe?' 4+ 250,42~ (18)
Fe’™ + S,0g2" — Fe?™ + S042~ + SO, ° (19)
Fe3* 4+ $,0g2~ — Fe?t 4+ 25042~ (20)
Fe® + HSO5~ — Fe?* + 5042~ + OH~ (21)
Fe?t 4+ HSOs~ — Fe3* +S0,~ *+ OH™ (23)
Fe3' + HSO5™ — Fe?' + 5042~ + OH™ (24)
S04~ * 4+ Hy05 — SO42~ +OH® + HT (25)

The Fig. 9A-C shows the plot of C/C, versus time for the photo
Fenton process involving three different oxidants at various con-
centrations as mentioned in the figure. In the case of HP (Fig. 9A)
with increase in concentration from 5 ppm to 25 ppm the degra-
dation efficiency is expected to increase. This is because H,0,
concentration is directly related to the number of hydroxyl radi-
cals generated which actively participate in the photodegradation
reaction. But at high HP dosage, recombination reaction of hydroxyl
radicals dominate (Eqs. (25)-(27)) and hence the rate of degrada-
tion decreases marginally.

H,0, + OH®* - HO,° + H,0 (25)
HO,° + OH* — H,0+ 03 (26)
OH* + OH* — H»0, (27)

Similar results were obtained in the case of PMS and PDS. Beyond
the optimum concentration, the degradation rate remains almost
constant. The excess free radicals generated may undergo recom-
bination or may get involved in the undesired side reactions. The
optimized PMS and PDS concentrations were found to be 30 ppm
respectively. The results from Fig. 10 reveal that the efficiency of
FeO/HP/UV is almost similar to Fe?/PMS/UV system. This suggests
that PMS can be more easily activated by ferrous ion under UV
irradiation at pH 3.
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3.7. Comparative study of HP, PDS and PMS oxidant activity

HP, PDS and PMS have similar structures and they all have
0—O0 bond. It can be analysed that if one hydrogen atom in HP
(H—0—0—H) is replaced by SOs, it results in the formation of PMS
(H—0—0— S03) and if two hydrogen atoms are replaced by SO3
leads to the formation of PDS (SO3—0—0— SO3). This increases the
0—0 bond length accompanied with decrease in the bond energy.
The lengths of O—0 bond in HP, PMS and PDS are found to be
1.453, 1.460 and 1.497 A respectively [51,52]. The bond energy
of O—0 bond in PDS is estimated to be 140kJ/mol and in HP it
is 213.3 kJ/mol whereas no authentic data about bond energy of
0—O0 is available for PMS. [53,54]. However, PMS posses unsym-
metrical structure, the SO3 group can attract electron and this
end of O—O bond is negatively charged and the H-side is pos-
itively charged (~03S—0—0—H"). The standard redox potentials
EV of these oxidants vary in the following way: PDS (2.01)>PMS
(1.82)>HP (1.776). From the bond length and bond energy values,
PDS is inferred to be a better oxidant. But the experimental obser-
vations show PMS to be a better oxidant. This higher activity of
PMS can be accounted for its unsymmetrical structure with dipo-
lar charge distribution and also to the lower unoccupied molecular
orbital (LUMO) energy levels. As early as 1956, Ball and Edward
have reported the superiority of PMS for its high reactivity around
neutral pH for decomposing/oxidizing capability of both organic
and inorganic compounds [55]. In addition to the flexibility of its
use over a wide pH range, SO4~* posses higher redox potential
of 2.5-3.1V at neutral pH compared to the redox potentials of
hydroxyl free radicals (1.8-2.7 V) [46]. Further in a photochemical-
oxidation reaction sulfate free radicals are also non-selective like
hydroxyl free radicals. Antoniou et al. reported that the oxidizing
property of an oxidant depends on the ability to accommodate
an electron by the LUMO energy levels [24]. The molecule with
low lying lower LUMO energy can accommodate electrons more
readily and higher will be its oxidizing property. The LUMO ener-
gies of these three oxidants show the following decreasing order:
PDS >H,0, > PMS. Hence PMS with higher oxidation potential and
with lower LUMO energy can easily accommodate and accept elec-
trons compared to the other two oxidants and it acts as a better
oxidant in photo-Fenton reactions [29].

3.8. Recycling efficiency of iron powder

The recycling efficiency of Fe® catalyst was tested under the
optimized experimental conditions. After the completion of each
experiment, Fe® powder was collected and washed with double
distilled water for 2-3 times. A fresh dye solution along with the
oxidant is taken in the photo-reactor with the recycled Fe® catalyst.
Experiments were carried out for 2 h duration with each of the three
oxidants. In case of HP complete mineralization of MV was achieved
for the first two repeated cycles. The efficiency was reduced to 80
percent from third to fifth run and it further decreased to 50 per-
cent for sixth to tenth run. Beyond this repetitive cycle the catalyst
surface showed resistance for further degradation. In the case of
PDS and PMS, the efficiency of the Fe® powder is well retained for
the first two experimental runs, 70 percent for third to fifth and
the efficiency decreases to 20 percent beyond sixth cycle. Hence,
it can be concluded that HP acts as a better oxidant compared to
PMS and PDS in retaining the catalytic efficiency of Fe? surface in
the recycling process. Fe® powder undergoes excess dissolution as
Fe2* jons in photocatalytic-oxidation reactions with sulfate based
PMS and PDS oxidants and hence the recycling efficiency decreases
slightly.

4. Conclusion

This research study was focused on the highly efficient advanced
photo-Fenton process involving Fe® surface in the presence of
hydroxyl and sulfate based oxidants of the type HP/PMS/PDS. The
influence of various reaction parameters like iron dosage, initial
dye and oxidant concentration is investigated in detail and opti-
mum conditions are reported. It was observed that higher dosage
of iron decreases the degradation rate by precipitation of Fe as
its hydroxides. At higher pH values precipitation of iron as oxy-
hydroxides takes place and the ratio of concentrations of Fe3* ions
to [Fe(OH)]?* ions gets disproportionate, decreasing the concentra-
tion of hydroxyl free radicals. At pH 5, PMS/UV and PDS/UV systems
show similar efficiencies as Fe/PMS/UV and Fe®/PDS/UV process
since the FeY surface is almost covered by oxyhydroxides. The gen-
eration of SO, radicals is most efficient only from monoanion form
(HSOs™) and it is almost insignificant from dianion form (S052~) at
pH 7. PMS is proved to be a better oxidant compared to HP and PDS
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especially at higher pH values. The higher activity of PMS can be
attributed to its unsymmetrical structure with dipolar charge dis-
tribution and also to the low lying LUMO energy levels which are
most essential for accepting the electrons. Iron powder retained its
recycling efficiency for the first four runs in case of all the oxidants.
However for the subsequent runs, the efficiency was retained in the
case of HP compared to PMS and PDS.
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