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Zero valent iron-activated carbon nanocomposite (Fe?-AC) was synthesized using liquid phase reduc-
tion method. Both Fe®-AC and micro zero valent iron (ZVI) were characterized by scanning electron
microscope (SEM), transmission electron microscopy (TEM), X-ray Diffraction (XRD), Fourier Transform
Infrared (FTIR), UV-visible (UV-vis) spectral techniques. The size of Fe~AC was observed to be 50 nm. The
catalytic efficiency of Fe9-AC was explored for the removal of malachite green dye (MG) from aqueous
phase. Fe?-AC induced solar-Fenton removal of MG was investigated in the presence of H,0, and citrate
(cit.). Solar/H;05/cit./Fe®-AC system exhibited highest removal efficiency among investigated photocat-
alytic systems. The dye removal was strongly influenced by solar light, pH, Fe-AC dosage, H,0, and citrate
concentration in reaction system. The reaction was maximal at pH 6.75. MG was completely decolorized
in 60 min using solar/H,0,/cit./Fe®-AC system. Hydroxyl radicals (OH") were the main oxidizing specie
during solar-Fenton process.

Fe®-AC proved to be a potential adsorbent for MG. Fe®-AC showed high recycle efficiency due to easier
separation from aqueous phase. The lower concentration of dissolved Fe(Il) ions in reaction solution
indicated the stability of Fe?-AC during MG removal. On the basis of obtained results, the most plausible
mechanism for oxidative removal MG of was proposed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Advanced oxidation processes (AOPs) have gained immense
importance owing to their applicability in wastewater treatment
in recent years. Habitually, AOPs are characterized by the forma-
tion of highly reactive species (H,0,, OH’, 0,~, OH";) to degrade
refractory organic/inorganic compounds present in wastewater
[1,2]. Among AOPs based remediation technology, homogenous
Fentonreactions have emerged as important way to generate highly
reactive and non-selective OH" radicals [3,4]. The generated OH’
radicals have high oxidizing ability and degrade persistent and
non-biodegradable pollutants present in aquatic environment [5].
The efficiency of Fenton process can be improved by the use of
visible light [6]. Moreover, heterogeneous photo-Fenton reactions
have attracted many researchers due to high reaction efficiency
and easier separation of photocatalyst from treated water [7].
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Several heterogeneous photocatalysts such as Fe; 03 hollow sphere
[8], Cumodified iron oxide [9], silica supported iron oxide [ 10], Fe®-
supported onresins [11] and pillared clays [12] have been prepared
for wastewater treatment.

For the past fifteen years, ZVI particles have been widely used
to reduce various contaminants present in wastewater [13]. Nano-
zerovalentiron (nZVI) exhibits at least 25-30 times faster reactivity
than bulk ZVI[14]. nZVI is highly effective for the degradation of [3-
lactam antibiotics (amoxicillin and ampicillin) [15], metronidazole
antibiotic [16],azo dyes [17], chlorinated solvents [ 18], chlorinated
pesticides [19], organophosphates [20], nitroaromatics [21] and p-
chlorophenol [22]. However, degradation rate is retarded by very
limited mobility of nZVI due to particle aggregation [23]. In order
to overcome these drawbacks, recent studies have been focused
on the incorporation of ZVI with different organic/inorganic sup-
ports. Xu et al. prepared nanoscale iron hydroxide doped granular
activated carbon for the adsorption of perchlorate in water [24].
Commercial activated carbon (CAC) seems to be an excellent sup-
porting material for nZVI because of its high chemical stability,
mechanical robustness, large specific surface area and commercial
availability [25].
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Most of ZVI based remediation techniques are reductive in
nature [26]. However, in the presence of H,0,/ZVI, hydroxyl radi-
cals are generated through Fenton reaction leading to the oxidation
of organic compounds. The consecutive formation of Fe(Il) is
needed to maintain the efficiency of Fenton process. However, the
rate of Fe(Il) formation is comparatively low in H,0, and ZVI medi-
ated Fenton reaction (Eqgs. (1) and (2)).

Fe(Il) + H,0, — Fe(Ill)* OH™ +OH" k= 40-60L(mols~!) (1)

Fe(Ill) + H,0;, — Fe(ll) + HF +OH,” k= 2 x 1073 L(mols™') (2)

Fe(Ill)-organic acid complexg Fe(Il) + organicradicals 3)

The combination of visible light and organic acid enhances
the regeneration of Fe(Il) through photo-transformation of Fe(III)-
organic acid complex into Fe(Il) and organic radicals(Eq. (3))
as well as resulting into additional OH" radical formation [27].
At the same, organic acid can be used as pH buffer to main-
tain constant pH of reaction system [28]. Katsumata et al.
introduced UV/Fe(Il)-citrate/H,0, system at pH 8.0 for alachlor
degradation [29]. Silva et al. investigated degradation of her-
bicide tebuthiuron using UV-Fenton and ferric citrate complex
system at neutral pH [30]. Lucas and Peres explored UV/Fenton and
ferrioxalate/H,0,/solar light based processes with dissolved iron to
degrade reactive black dye [31].

In precedent work, we preferred the use of Fe9-AC instead of
nZVI powder to reduce the difficulties in separating ZVI particles.
Solar light was used throughout the experiment rather than expen-
sive artificial source of light. The foremost objective of our research
was to explore the photocatalytic efficiency of solar/H,0,/cit./Fe-
AC system for MG degradation in aqueous medium. The effect of
reaction parameters such as Fe?-AC dosage, pH, citrate and H,0,
concentration on MG removal was also investigated. The adsorp-
tion behavior of Fe®-AC was also explored for the MG removal.

2. Materials and methods
2.1. Chemicals

All the chemicals used in this study were of analytical grade. Fer-
rous sulphate (FeSO4-7H,0) and powdered activated carbon (200
mesh) were purchased from Sigma-Aldrich, India. Polyethylene
glycol 6000 (PEG 6000), hydrogen peroxide, ethanol, hydrochlo-
ric acid (HCI), sodium borohydride (NaBH4), malachite green,
1,10-phenanthroline monohydrate, isopropanol and sodium citrate
(Na3zCgHs507) were obtained from Merck, India. All the solutions
were prepared in doubly distilled water.

2.2. Synthesis of Fe9-AC

The synthesis of Fe?-AC was performed using liquid phase
reduction method [32]. In typical synthesis, powdered activated
carbon was washed with distilled water and dried at 60°C
overnight. In the next step, 1.5 g of FeSO4-7H,0 and 1.2 g of dried
activated carbon were mixed in 100 mL distilled water and heated
at 50°C for 20 min. To this mixture, 70% ethanol (100mL) and 1.0g
of polyethylene glycol 6000 (PEG 6000) were added with constant
stirring. The reaction pH was adjusted to 7.5 using 1 M NaOH. In the
next step, 0.5 M sodium borohydride (NaBH4) was added dropwise
with constant stirring for 3 h to obtain black colored precipitates.
The precipitates were filtered and washed with degassed water and
finally vacuum dried. The obtained product was leveled as Fe®-AC
and placed in anaerobic chamber filled with pure N, gas prior to
use. This methodology was also adopted for the preparation of ZVI
with no addition of activated carbon powder.

2.3. Adsorption and photocatalytic experiments

Double walled pyrex vessel (ht. 7.5cm x dia. 6cm) was used
to investigate adsorptional and photocatalytic activity of Fe9-AC.
The pyrex vessel was surrounded by thermostatic water circulation
arrangement to keep temperature in the range of 30 + 0.3 °C(Fig. 1).
During adsorption experiments, slurry composed of dye solution
and catalyst suspension was stirred magnetically and placed in

Solar light

4| Thermometer

MG solution containing Fe®-AC/ZV1

Magnetic stirrer

Fig. 1. Schematic diagram of photoreactor.
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dark to equilibrate adsorption and desorption of MG molecule onto
catalyst surface. Prior to photocatalytic studies, suspension com-
posed of dye and catalyst was stirred for ten min in dark. Then
suspension was exposed to solar light with continuous stirring.
At specific time intervals, aliquot (3 mL) was withdrawn and cen-
trifuged for 2 min to remove catalyst particles form aliquot. The
concentration of MG in supernatant was determined on double-
beam UV-Vis spectrophotometer at 620 nm. The average intensity
of solar light between 11 am to 2 pm was measured by a digital
lux-meter (35 x 103 4+ 1000 Ix). All the photocatalytic experiments
were performed in March to May 2012 between 11 am to 2 pm. All
the experiments were undertaken in triplicate with errors below
5% and average values were reported. The removal efficiency was
calculated using following equation:

Co—GC

o 100 (4)

%removal efficiency =

where Cp is the initial concentration and C; is instant con-
centration of dye sample. Fe(Il) concentration was determined
spectrophotometrically (absorbance measurement at 510 nm) by
1,10-phenanthroline method [33]. The kinetics of MG degradation
was explained by pseudo first order kinetics. The rate constant (k)
were calculated using Eq. (5):

k =2.303 x slope (5)

where the slope was obtained from the plot of In(absorbance)
versus t.

2.4. Determination of pH of zero point charge

The pH of zero point charge (pHzpc) was estimated by pH drift
method [34]. For this purpose, 50 mL solutions of 0.01 M sodium
chloride were adjusted to initial pH values between 2 and 12 in.
Then, AC/Fe?-AC (0.10g) was added into this solution. After 48 h,
final pH of solution was measured and plotted against initial pH.
The pH at which the curve crossed the line of equality was taken as
the pHpc of AC and Fe®-AC.

2.5. Characterization of Fe?-AC

SEM micrographs have been obtained through a Quant-250,
model 9393 by attaching the powder samples onto adhesive car-
bon tapes supported on metallic disks. Sample surfaces were then
observed at different magnifications and images were recorded.
Energy dispersive X-ray (EDX) analysis was performed at randomly
selected locations on the solid surfaces. EDX mapping was car-
ried out at 1000x magnification under vacuum conditions. The
microstructure of Fe-AC was analyzed using TEM (Tecnai 20
G2 Plate/CCD Camera). Fourier-transform Infrared Spectra (FTIR)
was obtained using Perkin Elmer spectrometer (Spectrum 400,
USA). XPERT-PRO diffractometer system was used for powder XRD
analysis. UV-visible analysis was performed using UV-Visible spec-
trophotometer (Systronics 117). Cu Ka radiations at wavelength
of 1.54 A were used as the source of X-rays. Fe?-AC particles were
placed in glass holder and were recorded over 26 range of 10°-100°.
Crystalline size of Fe9-AC was calculated using Debye-Scherer for-
mula (Eq. (6)):

K
" Bcost

(6)

where D=the thickness of the nanocrystal, k (constant)=(0.9),
A=wavelength of X-rays (1.54A), B=width at half maxima of
reflection at Bragg’s angle 20 (6 = Bragg’s angle).

3. Results and discussion
3.1. Characterization of Fe®-AC, AC and ZVI

3.1.1. SEM, TEM, EDX, XRD and UV-vis analysis of AC, Fe?-AC and
ZVI

Fig. 2 a and b depicts the uniform porous nature of activated
carbon. These pores (10 wm) provided a good possibility for ZVI
particlesto be trapped inside them. Fig. 2c and d indicates that
in the absence of activated carbon, ZVI particles were found to
agglomerate more rapidly to microsphere of 20 pm. Fig. 2e and f
confirms the presence of both zero valent iron and activated carbon
in Fe0~AC. Fe? aggregates were uniformly dispersed over activated
carbon matrix.

Fig. 2. (a-f) SEM images of activated carbon (a and b), zero valent iron (c and d) and Fe®-AC (e and f) at 2000 (a), 5000 (b), 5000 (c), 10,000 (d), 500 (e) and 5000 (d)

magnifications.
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Fig. 3. TEM images of Fe®-AC and zero valent iron (ZVI).

TEM images demonstrate that Fe® was distributed in chain like
manner over activated carbon (Fig. 3a). Fe®-AC comprised of rod
like and spherical particles arranged in irregular fashion. The aver-
age size of Fe9-AC carbon was found to be 50 nm while ZVI particles
tend to form aggregation in the range of 200 nm. TEM results clearly
indicated the agglomeration of ZVI in the absence of activated car-
bon and were in agreement with SEM analysis.

Fig. 4a-c demonstrates EDX images of AC, ZVI and Fe?-AC. In Fe0-
AC, zero valent iron (45%) and activated carbon (51%) are the main
constituents of nanocomposite. XRD pattern of Fe9-AC shows char-
acteristics peaks of zero valent iron at 260 =44.9° and 73.3° (Fig. 4d).
The broad peak at 26=22° confirmed the presence of activated
carbon (AC) in FeY-AC [35]. Crystalline size of the Fe?-AC was cal-
culated using Debye-Scherer formula and found to be 50 nm. These
results are in approximation with TEM analysis.

3.1.2. FTIR analysis
Table 1 depicts FTIR analysis of Fe?-AC, MG-loaded Fe®-AC and
FeV-AC after MG degradation. The characteristic absorption bands

of Fe-O were observed at 420cm~! and 618 cm~!, which con-
firmed the presence of zero valentiron [36]. The band at 3393 cm™!
ascribed to OH stretching vibration and one at 1636 cm~! to the OH
bending vibration of surface-adsorbed water of AC [37]. The peaks
at 2805 and 1108 cm~! were due to C-H and C-O stretching vibra-
tion of activated carbon. The peak at 1384cm~! was assigned to
deformation vibration of hydroxyl groups [37,38]. MG dye was suc-
cessfully adsorbed onto Fe?-AC (Table 1). The characteristic peaks
of MG loaded Fe®-AC are shown in Table 1.

3.1.3. pH of zero point charge (pHzpc)

PHzpc plays very important role in adsorption process as it refers
to pH at which the electrical charge density on a surface is zero. At
higher pH than pHgzpc the surface of Fe?-AC and AC is negatively
charged and attracts cations. Conversely, below pHp;c, the surface
is positively charged and repels cations[33]. Therefore, this param-
eter determines the potential of Fe?-AC to adsorb MG. In precedent
study, pHypc of Fe9-AC and AC were 6.00 and 6.10, respectively
(Fig. 5a and b).

Table 1
FTIR analysis of Fe?-AC, MG loaded Fe®-AC and Fe®-AC after six cycles.

Catalyst Band (cm™1) Inference Reference

Fe®-AC 420,618 Fe-O stretching vibrations [36]
2805, 1108 C-H stretching vibration and C-O stretching vibration of AC [37]
3393, 1636 O-H stretching and bending of vibration of H,0 [38]

MG loaded Fe®-AC 405 C-H bending vibrations due to aromatic structure [36]
587 C-N stretching vibrations of aromatic structure [38]
850-670 C-H bending vibrations due to aromatic structure [38]
1156 C-H bending vibrations of asymmetric CH; group [38]
1368 C-N stretching of aromatic tertiary amine [38]
1478 C-H bending vibrations of asymmetric CH3 group [38]
1586 C=C stretching vibration of benzene [37]
1640 0O-H bending of vibration of H,0 [36]
2756 C-H stretching vibration of AC [37]
2917 C-H stretching of asymmetric CH3 group [37]
3402 O-H stretching vibrations of AC [37]

Fe®-AC after six cycles 415 O-H stretching vibrations of AC [36]
1150 C-O0 stretching vibration of AC [37]
1610 bending of vibration of HO [37]

3409 Fe-O stretching vibration [36]
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Fig. 4. EDX (a—c) and XRD (d) spectra of activated carbon, zero valent iron and Fe?-AC.

UV-visible analysis was performed by dispersing AC and Fe?-AC
in ethanol (Fig. 5¢). The characteristic peaks of zero valent iron were
observed at 200 nm and 260 nm [39].

3.2. Degradation of MG by solar/H,0,/cit./Fe®-AC system at
circumneutral pH

In precedent study, malachite green was selected as target
organic substrate to explore photocatalytic efficiency of Fe?-AC. MG
was photo-stable and citrate-ferric complexes did not influence the
absorption spectrum at 620 nm. The pH of solution was kept at 6.75
for solar/H,0,/cit./Fe?-AC system. Fig. 6a displays the changes in
the temporal absorption of spectra of MG in solar/H;0,/cit./Fe®-
AC system. The dye color was changed from initial blue to

14 g ——Without Fe0-AC
12 - %~ With Fe0-AC
10
s o
o 8
£ 61 e
[T
a4
2
0 1 1 . " .
2 4 6 8 10 12
Initial pH
26 C
24 -
§ 2.2 |
3 2
s 18 -
216
< 14~
12
1

nearly colorless. The main chromophoric peak at 620 nm decreased
rapidly and disappeared in 60 min of radiation time. The blue-shift
of 10nm (AA=620-610nm) was observed during decolorization
of MG. The decrease at 620nm was due to the destruction of
conjugated aromatic ring system. While blue shift from 620 to
610nm depicted de-ethylation of MG [40]. Therefore, it can be
inferred that both cleavage of chromophoric ring and de-ethylation
process proceeded during MG removal. The decolorization of MG
followed pseudo first order kinetics (RZ, 0.95) with rate constant of
9 x 107251 (Fig. 6b).

During Fe® and H, 0, mediated degradation processes, corrosive
dissolution of Fe® is a matter of concern for the researchers [22]. The
erosion of Fe? should be lowfor the efficacy of process. In case of FeC-
AC, 0.9 pmol of Fe (I) was found in reaction solution after 60 min.

b —+—Without AC
12 - %~ With AC
:& 10
2
o 6
4
2 -
0 T
2 4 6 8 10 12
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—ZVi
—FeQ-AC

170 190 210 230 250 270 290
Wavelength{nm})

Fig. 5. (a-c) pH;pc of Fe9-AC (a) and AC (b). (c) UV spectrum of ZVI and Fe?-AC.
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Fig. 6. (a-d) (a) UV-visible spectrum of MG degradation. (b) Log(absorbance) vs Time plot. (¢) Concentration of dissolved Fe(Il). (d) Effect of isopropanol on MG removal in
using solar/H;0,/cit./Fe?-AC system. Reaction conditions: [MG]=3.5 x 10-> M, [H,0,]=7.0 x 10~* M, [cit.]=4 x 10~3 M, catalyst dosage =60 mg/50 mL, pH =6.75, solar light
intensity = 35 x 10% £+ 1000 Ix, isopropanol =3 x 103 M, temperature =30+ 0.3 °C and time =60 min.

However, 5.0 wmol of Fe(Il) was released in case of ZVI (Fig. 6¢). It
clearly indicated that corrosive dissolution of Fe was quite lower
in Fe®-AC. About 15% of MG was removed in the absence of Fe®.

To investigate the role of OH" radicals in photo-degradation,
experiments were performed with isopropanol. Isopropanol con-
taining a-hydrogen is highly reactive with OH® where as poorly
with O,~. Buxton et al. has described high second order rate
constant (6 x 109 M~1s~1) of isopropanol with OH" radicals [41].
Fig. 6d depicts the effect of isopropanol on the degradation of
MG. Only 15% of MG was removed in the presence of isopropanol
due to quenching of hydroxyl radicals. These results indicated that
MG degradation predominantly occurred via OH" radical assisted
oxidative pathway.

3.3. Adsorption studies for MG removal

The adsorption of MG onto FeY-AC is an important parameter
for efficient dye removal. The amount of MG adsorbed per gram of
adsorbent at time t (min) can be found by Eq. (7) [42,43]

(G -GV
m

8= (7)
where g, (mmol g1) is the amount of adsorbed MG/CR per gram of
adsorbent at time t (min), Cy is the initial concentration of MG in
solution (dm—3), C; is the concentration of MG (moldm—3) at time
t (min), V is the volume of the solution (50 mL) and m is the mass
of the adsorbent (g). The percentage of MG removal in dark k are
plotted in Fig. 7a. 75% of MG was removed in 45 min using Fe®-AC
as an adsorbent. While in case of ZVI, only 10% of MG was removed
in 30 min. In the present study, adsorption data was modeled using
Langmuir and Freundlich isotherms. Freundlich isotherm model is
given by following equation [42,43]:

1
lnqezlnkf+ﬁ InCe (8)

where g, is amount of adsorbate adsorbed per unit weight of adsor-
bent (mg/g), stands for adsorption capacity and C. is the initial
amount of adsorbate. K; stands for Freundlich constant and was
calculated from the plot In ge versus In Ce (Fig. 7b). The obtained K¢
was found to be 0.25 (Table 2). Langmuir isotherm is given by Eq.
(9):

e = QObCe
¢~ 1+bC

(9)

where g, is amount of adsorbate adsorbed per unit weight of adsor-
bent (mg/g), qo is the monolayer adsorption capacity (mg/g)and b is
the Langmuir constant (L/mg). Langmuir isotherms for MG adsorp-
tion onto Fe®-AC and ZVI plots were plotted in Fig. 7c. Langmuir
isotherm model exhibited better fit to data for MG removal by Fe®-
AC and ZVI than Freundlich isotherm. The value of gmax was found
to be 100 mg/g (Table 2). This suggests that monolayer adsorption
occurred uniformly on the active sites of the adsorbents [42]. These
results indicated that adsorption of MG was an important parame-
ter in Fe9-AC based solar Fenton’s reaction for efficient degradation
of dye.

Table 2

Langmuir and Freundlich isotherm parameters for MG adsorption: MG con-
centration=5 x 107> moldm~3, contact time =50 min, temperature=30+1°C and
pH=6.75.

Parameter Fe?-AC ZVI
Langmuir

(max (Mg/g) 100.12 25.5

b (L/mg) 3.56 1.2
R? 0.985 0.984
Freundlich

N 9.12 3.2
Kr 0.25 0.05
R? 0.95 0.94




P. Singh et al. / Applied Catalysis A: General 476 (2014) 9-18

_ 30 a MG removal
S 55 ~+-Fe0-AC
o]
20
g 15 faka
9 10
2 5
R
o I T T T 1
0 20 40 60 80
Time (min)
¢ Langmuir isotherm
1.8 4 b Freundlichisotherm 0.16
% FeO-AC + Fe0-AC
1.6 - L WaYl
® 1 B"w
-~ ~~
g‘ 14 - (&)
1.2
1 T T 1 1
0 0.3 0.6 09 1.2 11
Ing,

Fig. 7. Adsorption of MG onto Fe®-AC, ZVI: (a) Percentage removal of malachite green in dark, (b) Freundlich isotherm model for MG adsorption and (c) Langmuir isotherm
model for MG adsorption. Reaction condition: [MG]=3.5 x 10> M, adsorbent dosage =60 mg/50 mL, pH=6.75, temperature =30+ 0.3 °C and time =60 min.

3.4. Control experiments for MB degradation

explored under solar/H,0;/cit./FeC-
solar/H,0,/Fe%-AC,  solar/H,0,/cit.,
solar/cit./AC and solar/cit/Fe® treatment systems (Fig. 8a
and b). About 40% of MG was removed in both
solar/H,0,/Fe%-AC and solar/cit./JFe?-AC systems. The MG
removal efficiency followed the order: solar/H,0/cit./Fe°-
AC > solar/H,0, /Fe®-AC ~ solar/cit./Fe® ~ solar/cit./Fe?-AC > solar/

H,0,/cit./AC>solar/cit./AC (Fig. 8a). Solar/cit./H,0, system was
able to remove MG in the absence of FO-AC. It indicated that OH®

MG removal was
AC,  solar/cit./Fe9-AC,
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radicals could be produced via H,0, and solar light interactions
through dye sensitization process (Eqs. (10) and (11)) [44].
MG + hvyisible — 1MG * or ;MGx (10)

(11)

In solar/cit./Fe9-AC, 66% of MG was removed in 60 min. It
shows that MG was mainly removed through reductive pathway
in absence of H,0, via following reactions (Eq. (12) and (13)) [45].

1MG x or3MG x +H,0, — 20H" + MG

Fe® + MG — Fe(Il) + MGeq) (12)

—=—H202/Cit.fFe0-AC
—=—H202/Fe0-AC
—+—Cit.fFe0-AC
=== FeQ-AC
-%= H202/Cit.
—o—FeQ

20

30

Time{min.)

Fig. 8. (a-b) MG removal under different reaction systems (a) solar (b) in dark. Reaction condition: MG =[MG]=3.5 x 10~5 M, [H;0,]=7.0 x 10~* M, [cit.] =4 x 10~> M, catalyst
dosage =60 mg/50 mL, pH =6.75, solar light intensity =35 x 103 4 1000 Ix, temperature =30 + 0.3 °C and time = 60 min.
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Fig. 9. (a-d) Effect reaction parameters, pH (a), H,O, dosage (b), citrate dosage (c), and Fe®-AC (d) dosage on MG removal using solar/H,0/cit./[Fe?-AC system.
Reaction conditions: [MG]=3.5 x 10-> M, [H0,]=7.0 x 10~4 M, [cit.]=4 x 10~° M, catalyst dosage =60 mg/50 mL, pH=6.75, solar light intensity =35 x 103 + 1000 1x, tem-

perature=30=+0.3°C and time =60 min.

Fe(Il) + O, + Hy0™¥isbeFe(OOH)** + OH" (13)
The removal experiments were also performed in the

absence of solar light (Fig. 8b). The removal efficiency followed
the sequence: H,0,/cit./Fe®-AC ~ H,0,/FeY-AC > cit./Fe9-AC ~ Fe?-
AC/Fe0 >Fe0 > AC>H,0,/Cit. Without irradiations, 23% of MG
removal was achieved using H,0,/cit./[Fe?-AC system. Very low
removal efficiency was observed for AC, Fe®-AC and H,0, treat-
ment systems. In general, from the view point of individual factor
importance, the achieved prohibitive order followed the trend:
solar light > Fe?-AC>Fe? >H,0, > AC>cit.

3.5. Reaction parameter affecting solar/H,0,/cit./Fe®-AC

Since reaction pH, Fe®-AC, H,0, and citrate concentration
were the most important parameters influencing MG removal in
solar/H;0,/cit./Fe®-AC system. So, all experiments were carried out
individually to check extent of MG degradation.

The effect of pH on MG removal was investigated in range of
2-11 using solar/H, 0, /cit./Fe?-AC system (Fig. 9a). The experimen-
tal data were fitted to pseudo first order kinetics (R =0.97). The
MG degradation enhanced with increase in pH from 1 to 7.5. How-
ever, further increase in pH caused a reduction in rate constant.
The adsorption of dye is prerequisite parameter in the effective
photo degradation process. At lower pH below pHp;c, positively
charged surface of Fe?-AC was resulted in low adsorption of MG on
the catalyst surface. With increase in pH above pHp,c, more neg-
atively charged surface of Fe9-AC resulted in higher adsorption of
MG. However, excessive MG adsorption resulted in lowering of rate
constantdue to screening of solar light leading to reduction in photo
active volume [44,46].

Fig. 9b depicts the effect of H,O, concentration on MG removal
in solar/H, 0, /cit./Fe®-AC system. The rate constant increased from
2x 1072 to 9x 10~2s~1 with increase in H,0, from 3 x 10~ to
9 x 10~4 M. The increased rate constant was due to enhanced for-
mation of hydroxyl radicals (OH"). However, further increase in
H, 0, concentration reduced MG removal. This phenomenon might

be ascribed to OH'® radical extinguishing, and self-decomposition of
H, 0, due to excessive addition of H;0, (Eqs. (14) and (15)) [44,47].

H,0, + OH® - H,0 + HO,' (14)
OH" +HO," — H,0 + 0, (15)

Fig. 9c shows the effect of citrate ion on MG removal in
solar/H,0,/cit./Fe®-AC system. MG removal efficiency was found
to increase with an increment in 2 x 10~ to 4 x 10~4M of citrate
ion, which could be due to higher absorption of visible light by
Fe(Ill)citrate-OH~ complex in photoactive volume. However, fur-
therincrease in citrate concentration reduced the rate reaction. This
reduction was attributed to the consumption of hydroxyl radicals
by excessive citrate ions form 3-hydroxo-glutrate’2- [45].

The effect of Fe?-AC dosage on MG removal was investigated in
range of 20 mg/50 mL to 100 mg/50 mL (Fig. 9d). The rate constant
was optimal at 60 mg/50 mL of Fe?-AC loading (9 x 1072 s~1). The
increased rate constant was due to higher rate of OH® formation.
However, further increase in Fe®-AC loading caused reduction in
rate constant. The excessive Fe?-AC loading reduced the photoac-
tive volume due to screening of solar light [44,45,67].

3.6. Proposed mechanism of MG degradation in
solar/H,0,/citrate/Fe®-AC

Based on the above results and discussion, plausible mecha-
nism for MG removal was deduced. First of all, MG was adsorbed
onto surface of Fe®-AC in dark and surface of Fe®-AC became
blue (Eq. (16)). After this, solution was exposed to solar light. Fe?
was converted into Fe(Il) under aerobic condition (Egs. (17) and
(18)) also trough dye sensitization process (Eq. (11)). Photo-Fenton
reaction was initiated by Fe(Il) and H,O, to produce to hydroxyl
radicals(OH") and Fe(III)(Eq. (16)-(19)) [27].

Fe%-AC + MG — Fe®-AC--MG (adsorption) (16)
Fe-AC + O, +2Ht — Fe(I)-AC + H,0, (17)
Fe®-AC + H,0, +2H — Fe(I)-AC + H,0 (18)
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Fig. 10. Diagrammatic representation of proposed mechanism for MG degra-
dation from aqueous phase using solar/H,O,/cit.[Fe?-AC system. Inset is
MG under solar/H,0,/cit./Fe®-AC system at Omin and 60min. Reaction con-
ditions: [MG]=3.5x10"°M, [H;0,]=7.0x10"%M, [cit]=4x10"°M, catalyst
dosage =60 mg/50 mL, pH=6.75, solar light intensity =35 x 10% + 1000 Ix, temper-
ature=30+0.3°C and time = 60 min.

Fe(I1)-AC + H,05 + Fe(IlI)-AC + OH" + OH~ (19)

The formation of Fe(Ill)citrate-OH~ complex with Fe(IIl) ions
could be attributed to the citrate. Fe(Ill)citrate-OH~ complex trans-
formed into Fe(Il) and citrate-OH" through visible light absorption.
The produced Fe(ll) could participate in OH® formation (Eq.

(20)-(22)) [27].

Fe(Ill)-AC + Cit>~ — Fe(Ill)~ACOH" (20)
Fe(1l)-ACOH-" Fe(I)-AC + 3-hydroxo-glutrate"2~ (21)
MG + OH" — Degradaded product (22)

The citrate ions were converted into 3-hydroxo-glutrate'2-
leading to the formation of acetone and CO, [27]. The introduction
of solar light could largely enhance the generation of Fe2*, ulti-
mately leading to enhanced formation of hydroxyl radicals. Finally,
OH’ radical degraded MG dye and catalyst was recovered to its
original position (Fig. 10).

3.7. The repeatability of Fe-AC and ZVI

The recycle efficiency of Fe-AC and ZVI was explored under
solar/H,0,/cit. system. The separation of Fe?-AC was quick and easy
due to low agglomeration. However, separation of ZVI was slow
and complicated. The efficiency of ZVI was reduced to 12% after 6
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Fig. 11. Recycle effciency of Fe®-AC and ZVI. Reaction conditions:
[MG]=3.5x1075M, [H202]=7.0x 104 M, [cit.]=4x 1075 M, catalyst

dosage=60mg/50mL, pH=6.75 solar light
temperature =30+ 0.3°C and time = 60 min.

intensity =35 x 10% + 1000 1x,

catalytic cycles (Fig. 11). On the other hand, no significant changes
in FTIR spectrum of Fe?-AC were recorded after 6 cycles (Table 1)
Fe0-AC was easily reused with 75% efficiency for six cycles.

4. Conclusion

A new solar/H,0;/cit./Fe9-AC system was developed for the
removal of MG at circum neutral pH. It showed high removal effi-
ciency for dye removal. MG was completely decolorized in 60 min
of reaction time. Control test and factor experiments indicated that
MG removal mainly occurred through OH’ radicals. The removal of
MG was higher at circumneutral pH 6.75, which was quite differ-
ent from Fenton reaction. Hydroxyl radical formation was largely
enhanced by the citrate ions and solar light. Fe?-AC had higher recy-
cle efficiency compared to ZVI. The enhanced oxidative treatment
is the main advantage of investigated system. Solar/H,0,/cit./Fe®-
AC system would provide an alternative for tedious dye removal
treatment.
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