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Abstract

Combination of electrodes, such as aluminum and iron in a single electrochemical cell provide an alternative method for removal of arsenic
from water by electrocoagulation. The removal process has been studied with a wide range of arsenic concentration (1-1000 ppm) at different
pH (4-10). Analysis of the electrochemically generated by-products by XRD, XPS, SEM/EDAX, FT-IR, and Mdssbauer Spectroscopy revealed
the expected crystalline iron oxides (magnetite (Fe;0,), lepidocrocite (FeO(OH)), iron oxide (FeO)) and aluminum oxides (bayerite (AI(OH);),
diaspore (AIO(OH)), mansfieldite (AlAsO4-2(H,0)), as well as some interaction between the two phases. The amorphous or very fine particular
phase was also found in the floc. The substitution of Fe** ions by AI** ions in the solid surface has been observed, indicating an alternative
removal mechanism of arsenic in these metal hydroxides and oxyhydroxides by providing larger surface area for arsenic adsorption via retarding

the crystalline formation of iron oxides.
© 2006 Published by Elsevier B.V.
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1. Introduction

Arsenic, a toxic trace element present in natural waters
(ground and surface water), has become a major unavoidable
threat for the life of human beings and useful microorganisms.
Arsenic concentration in soils and water can become elevated
due to several reasons like, mineral dissolution, use of arsenical
pesticides, disposal of fly ash, mine drainage, and geothermal
discharge [1]. The major arsenic species present in natural waters
are arsenate ions: H3AsOy4, HyAsO4—, HAsO4%~, and AsO43~
(oxidation state V) and arsenite ions, H3 AsO3, HyAsO3~ and
HAsO32~ (oxidation state III). However, As(V) ions are most
prevalent in oxygenated water while As(II) is found in anaerobic
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conditions like in well water or in groundwater. The concentra-
tion of arsenic species is mainly dependent on redox potentials
[2] and pH [3]. From the Pourbiax diagram of arsenic [4], itis evi-
dent that under low pH and mildly reducing conditions, As(III) is
thermodynamically stable and exists as arsenious acid, whereas
at oxidizing conditions of low pH, As(V) exists as arsenic acid.
Arsenate species are the only species that can exist at high redox
potentials on the entire pH range.

Electrocoagulation (EC) is a simple, efficient and promising
method where the flocculating agent is generated by electro-
oxidation of a sacrificial anode, generally made up of iron or
aluminum. In this process, treatment is done without adding any
chemical coagulant or flocculant, thus reducing the amount of
sludge that must be disposed [5]. A removal efficiency as high as
99% through EC has been reported for the treatment of oil wastes
[6,7], dye-containing solutions [§—10], potable water [11], urban
and restaurant wastewater [12,13], nitrate or fluoride containing
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Fig. 1. Conceptual sketch of the electrocoagulation mechanism. M and X indi-
cate electrodes. They may be different or same materials. n indicates charge of
the metallic ions produced. The arrows indicate the migration of electrolysis
gases towards top of the solution.

waters [14,15], and treatment of heavy metal containing solu-
tions [16-21].

In an EC process, the coagulating ions are produced in situ
involving three successive stages: (i) formation of coagulants
by electrolytic oxidation of the “sacrificial electrode”, such as
iron or aluminum, (ii) destabilization of the contaminants, par-
ticulate suspension and breaking of emulsions, (iii) aggregation
of the destabilized phases to form flocs. Fe/Al gets dissolved
from the anode generating corresponding metal ions, which
almost immediately hydrolyze to polymeric iron or aluminum
oxyhydroxides. These polymeric oxyhydroxides are excellent
coagulating agents. Fig. 1 shows a conceptual sketch of the
electrocoagulation mechanism. As shown in Fig. 1, the anodic
reaction involves the dissolution of metal, and the cathodic reac-
tion involves the formation of hydrogen gas and hydroxide ions
[1].

For example, Al°* ions on hydrolysis may generate the
aqueous complex Al(H,0)¢>*, which is predominant at pH < 4.
As the pH (and/or temperature) increases, the hydrated triva-
lent aluminum ion undergoes hydrolysis, initially forming the
Al(OH)(H,0)s2* ion and then hydroxyaluminum species, such
as AI(OH),*, AI(OH); (insoluble), AI(OH);~, Al,(OH)*,
and AI(OH)s>~, and eventually hydroxy polymers such as
Alj3(OH)3,7* [22]. Between pH 5 and 6 the predominant hydrol-
ysis products are AI(OH)?* and AI(OH),*; between pH 5.2 and
8.8 the solid AI(OH)j3 is most prevalent; and above pH 9 the sol-
uble species AI(OH)4~ is the predominant and the only species
present above pH 10. Throughout the pH gradient (pH 4.7 and
10.5), the presence of polymeric aluminum hydroxides would
provide significantly larger surface areas for arsenic species
adsorption due to their amorphous nature.

Ferric ions generated by electrochemical oxidation of iron
electrode may form monomeric species, Fe(OH)3 and polymeric
hydroxy complexes namely, Fe(H>0)s>*, Fe(H,0)s5(OH),*,
Fe(H,0)4(OH),*, Fea(H20)3(0OH),* and Fea(H20)6(OH)s

13+

depending on the pH of the aqueous medium. These hydroxides/
polyhydroxides/polyhydroxyoxide metallic compounds have
strong affinity for dispersed particles as well as counter ions
to cause coagulation. In addition, both the As(V) and As(III)
were shown to be strongly sorbed by iron(IIl) oxides such as
amorphous Fe(OH)3, hydrous ferric oxide (HFO) and goethite
(FeO(OH)) [23,24]. Arsenate anion bound to HFO can form
common naturally occurring arsenate minerals FeAsO4-2H>0
(scorodite) and Fe3(AsO4)2-8H,O (symplesite) as the dominant
solid phase [25]. Therefore, arsenic is removed by iron species
either by compound formation or by surface complex adsorption
or both.

The sacrificial metal anodes are used to continuously produce
polymeric oxyhydroxides in the vicinity of the anode. Coagula-
tion occurs when these metal cations combine with the negative
particles carried towards the anode by electrophoretic motion.
Contaminants present in the wastewater stream are treated either
by chemical reactions and precipitation or physical and chem-
ical attachment to colloidal materials being generated by the
electrode erosion. They are then removed by electrofiotation,
or sedimentation and filtration. Thus, rather than adding coag-
ulating chemicals as in conventional coagulation process, these
coagulating agents are generated in situ.

EC with aluminum and iron electrodes was patented in the
US in 1909. The electrocoagulation of drinking water was first
applied on a large scale in the US in 1946 [26,27]. Electro-
coagulation using Fe—Fe electrodes [19,20,28-32] and Al-Al
electrodes [11,13,33-36] system has already drawn a consider-
able attention in previous research. According to our literature
survey, only a very few reports on the combined use of both
aluminum and iron in the same EC cell has been published
[37-40]. They used aluminum as sacrificial anode and stain-
less steel or iron as cathode for removal of carbon black, clay,
and suspended solids without changing polarity of electrodes.
The use of combination electrodes of dissimilar metals and
the frequent change of their polarity has not yet been studied,
which may provide an alternative method for efficient removal
of both organic materials and heavy metals from water. In the
present work, we report on arsenic removal efficiency of the
Al-Fe combination electrode system and the characterization
of the EC by-products using Powder X-ray diffraction (PXRD),
X-ray photoelectron spectrsocpy (XPS), scanning electron mis-
croscopy (SEM)/energy dispersive spectroscopy (EDS), Fourier
transform infrared (FT-IR), and Mossbauer spectroscopy.

2. Experimental
2.1. Reagents

The electrodes used in this study consisted of aluminum
plates (30mm x 20 mm x 0.5 mm) and iron plates (50 mm x
25 mm x 0.5 mm). All chemicals were of analytical grade and
supplied by Aldrich. Stock arsenic solutions of 1.32 g/l were
prepared according to the EPA standard method by dissolv-
ing arsenic oxide (As203) in 20% (v/v) potassium hydroxide
and then neutralizing by 20% (v/v) sulfuric acid to a phenolph-
thalein end point and then diluting to 11 with 1% (v/v) sulfuric



222 J.A.G. Gomes et al. / Journal of Hazardous Materials B139 (2007) 220-231

acid. Solutions of lower concentrations were prepared by proper
dilution. The pH of the solution was adjusted by adding either
sodium hydroxide or sulfuric acid.

All measurements were carried out at ambient temperature
(25+1°C), on 200 ml aliquot of arsenic solution added with
the same amount of sodium chloride (0.8 g) to avoid excessive
ohmic drop and to prevent the formation of the passivation layer
on aluminum electrodes. The addition of chloride salts decreased
the energy consumption and limits the temperature variations,
due to the Joule effect [41].

Electrocoagulation was conducted at: (i) different residence
time, (ii) at different pH, (iii) at different current density, and (iv)
at different initial concentrations (1-1000 ppm of As(III)) using
three combinations of electrodes (Al-Al, Fe-Fe, and Al-Fe).
The polarity of the electrodes were reversed every 15 min. The
solution was constantly stirred using a magnetic stirrer to reduce
the mass transport overpotential of the EC cell.

2.2. Electrocoagulation procedure

Electrocoagulation was carried out in a 250 ml beaker with
magnetic stirrer, using vertically positioned aluminum and/or
iron electrodes spaced by 30 mm and dipped in the wastewater.
The experimental set-up is presented in Fig. 2. The current and
voltage during the EC process were checked using Cen-Tech
multimeters. The current density was 3-30 mA/cm?. The pH of
the solutions before and after EC was measured by an Oakton
pH meter.

EC was run for a certain period of time (either 1 or 2 h). After
that, the EC-mixture was filtered and the precipitate was dried
and weighed. The solid precipitate was characterized by FT-
IR, PXRD, XPS, SEM/EDS, and Méssbauer spectroscopy. The
filtrate was used for determining the amount of residual arsenic.

2.3. Methods of analysis

2.3.1. Inductively coupled plasma-atomic emission
spectrometry (ICP-AES)

The filtered and feed solutions were analyzed by Earth Ana-
lytical Sciences, Inc. using method SW846_6010 B (ICP-AES)
with a lower detection limit of 50 or 100 ppb.

2.3.2. Fourier transform infrared spectroscopy

FT-IR analysis were carried out by Thermonicolate FT-IR
spectrometer and OMNIC software using potassium bromide
pellets (sample: KBr=1: 50). The spectra were recorded in the
range of 4000-400cm~! with 2cm™! resolution. A 32 scans
were collected for each specimen.

2.3.3. Powder X-ray diffraction

The PXRD analysis of the electrocoagulation by-products
were carried out with a Bruker AXS D4 Endeavor diffractometer
operating with a Cu Ka radiation source filtered with a graphic
monochromator (A =1.5406 A). The samples were ground to a
fine powder by wet grinding method using methanol 99.8% from
Sigma—Aldrich and loaded into a sample holder. Powder spec-
imens were filtered with 400 mesh sieves preceding the X-ray

Power Source

As (ITT) solution

Magnetic bar
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Fig. 2. Experimental set-up for arsenic removal using electrocoagulation sys-
tem. M and X represent the electrode materials (Al-Al, Fe—Fe or Al-Fe). Every
15 min the polarity of the electrodes were reversed.

diffraction analysis. The XRD scans were recorded from 15 to
75° 26 with 0.020° step-width and 6 s counting time for every
step.

2.3.4. X-ray photoelectron spectroscopy

XPS studies were carried out on material which was elec-
trodeposited under various conditions. A PHI 5600 XPS utilizing
Mg Ka X-ray at 1487 eV, 1079 Torr, 300 W was used to exam-
ine the particulate material. The adventitious carbon peak at
284.6eV was used as an internal standard to shift all photoelec-
tron lines to their correct binding energies.

2.3.5. Scanning elecron microscope and energy dispersive
X-ray analyzer

EC-byproducts were analyzed by a JEOL-6400 scanning
electron microscope (SEM). The elemental composition of the
materials was determined by energy dispersive analysis of X-
rays (EDAX) (Oxford Inca) and referenced against O, Na, Al,
S, CL, K, Fe, Co, and As standards.
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2.3.6. Mossbauer spectroscopy

s7Fe M0Ossbauer measurements were obtained using a 57Co
source in Rh matrix, at ambient temperature, driven in the tri-
angle mode. Results were least-squares fitted using Voigt line
shapes, with shifts referenced to a-Fe. The instrumental broad-
ening was small (less than 0.05 mm/s), as estimated from a
sodium nitroprusside calibration sample; the reported linewidths
were corrected for this term.

3. Results and discussion
3.1. Arsenic removal

The ICP-AES analysis (Table 1) for feed and filtrate solutions
after EC process showed that more than 99.6% of arsenic was
removed by using Fe—Fe electrode pair. The removal efficiency
varied from 78.9% to more than 99.6% at different initial arsenic
concentrations (1.42—1230 ppm) when Al-Fe electrode pair was
used. On the other hand, by using Al stand alone removal effi-
ciency did not exceed 97.8% after 1 h residence time.

So, it can be concluded that either Fe—Fe or combination of
Fe and Al plates as sacrificial electrodes in EC process is very
promising for arsenic removal. ICP-AES analysis results also
demonstrated that the increase in residence time improves the
arsenic removal efficiency as shown in Fig. 3 for the case of
Al-Al electrode-pair. According to a report of Masue et al. [42],
strong retention of arsenic was observed at the pH ranges 3-7
with ferrihydrite and its Al-substituted analogs. Fig. 4 shows the
effects of pH on the removal efficiency of As using an Al-Fe
electrode pair at two wide different concentration range (1.42
and 123.0 ppm) and the initial pH 6 was found to be the opti-
mum pH for maximum arsenic removal. The reason for this

Table 1
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Fig. 3. Removal efficiency of arsenic at different residence times using Al-Al
electrode system.
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Fig. 4. Arsenic removal efficiency at different pH using Al-Fe electrode system.

ICP-AES analysis results for EC filtrates using the method of analysis SW846_6010 B (an EPA analytical method for identification of trace elements by ICP-atomic
emission spectrometry)

Electrode pair pH Arsenic concentration (ppm) Removal efficiency (%) Residence time (min) Current density (mA/cm?)
Initial Final
Al-Fe 4 1.42 0.30 78.9 60 30
134 <0.05 >99.6 60 30
123.0 17.1 86.1 60 30
1230 129 89.5 60 30
6 1.42 <0.10 >93.0 60 30
123.0 1.43 98.8 60 30
10 1.42 0.12 91.5 60 30
123.0 10.7 91.3 60 30
Fe-Fe 2.4 134 <0.05 >99.6 60 30
134 <0.05 >99.6 120 3
Al-Al 2.4 134 10.5 21.6 10 30
134 0.94 93.0 30 30
134 0.37 97.2 60 30
134 0.09 99.3 120 3
4 134 0.29 97.8 60 30
6 134 0.34 97.5 60 30




224 J.A.G. Gomes et al. / Journal of Hazardous Materials B139 (2007) 220-231

15 20 30 40 50 60 70
20

Fig. 5. X-ray diffraction analysis of Al-Al electrode by-product.

observation is not yet clear. We assume that at lower or higher
pH, the rate of formation of metal-arsenate/arsenite complexes
may be lower due to solubility effects than that at pH 6. We will
explore this matter in our future research.

3.2. Material characterization

3.2.1. XRD characterization of electrode by-products

X-ray diffraction spectrum of Al-Al electrode by-product
(Fig. 5) showed very broad and shallow diffraction peaks.
Bragg reflections possessing very broad humps and low inten-
sity indicate that the analyzed phase possesses a short-range
order, i.e., amorphous or very poorly crystalline in nature.
From FT-IR analysis of the Al electrode by-product, it is con-
cluded that the chemical speciation of this amorphous phase
can be aluminum hydroxide and/or aluminum oxyhydroxide
(see Fig. 13, for Al-Al electrode spectrum). Because crystal-
lization of Al hydroxides/oxyhydroxides is a very slow process,
most Al hydroxides and aluminum oxyhydroxides found to be
either amorphous or very poorly crystalline [43]. Because of
their short-range order, these hydroxides/oxyhydroxides gave
broad, diffuse XRD peaks, making them very difficult to iden-
tify. However, the previous literature on the amorphous nature
of aluminum oxide layer [44] supported this result by report-
ing that the oxide film does not contain a pure crystalline
aluminum compound, but contains an amorphous aluminum
compound. According to research on barrier-type films, the
alumina in this film has been reported as y'-alumina. The v'-
alumina has properties that lie between amorphous alumina
and crystalline alumina. It has also been reported that H and
H;O are connected to a part of the cyclic compound con-
sisting of aluminum atoms and oxygen atoms, forming cyclic
aluminic acid trihydrate. According to other research reports,
the structure of this cyclic compound is similar to the crys-
talline structure of As;QOg, and similar to the spinel structure of
Fe3O4.

Fe—Fe electrode by-product showed both the well crystalline
phases such as magnetite, and the poorly crystalline phases such
as iron oxyhydroxides and lepidocrocite (Fig. 6). The presence
of poorly crystalline phases of iron oxyhydroxides were verified
from the FT-IR analysis of the by-product of Fe electrode, as
shown in Fig. 13 (FT-IR spectrum of Fe electrode) and Table 3.

O
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15 20 o 40 s0 60 70
20

Fig. 6. X-ray diffraction analysis of Fe—Al electrode by-product (iron hydroxide
oxide: A, lepidocrocite: B, magnetite: C). The y-axis indicates relative X-ray
intensity in no. of counts.

Combined Fe and Al electrodes in a single EC reactor demon-
strated amorphous/poorly crystalline phases for aluminum
hydroxide/oxyhydroxides and arsenate (bayerite (Al(OH)3),
diaspore (AIO(OH)), mansfieldite (AlAsO4-2(H,0))), and iron
oxyhydroxides (lepidocrocite (FeO(OH)), magnetite (Fe304),
iron oxide (FeO)) as shown in Fig. 7. Comparison of diffrac-
tograms of Fe-Fe and Al-Fe electrode by-products showed that
there is a drastic decrease in the crystallinity of magnetite and
lepidocrocite, i.e., the sharp decrease in intensity of the major
intense Bragg reflection for the magnetite and lepidocrocite
phase at ca. 35-38° 26, and also other reflection peaks for these
phases were found to be very broad and shallow. Reason for
the decrease of magnetite and lepidocrocite crystallinity may be
due to the ionic substitution of iron by aluminum. The decrease
in crystallinity of lepidocrocite during Al-Fe EC process is
probably due to the formation of mansfieldite. Mansfieldite has
the similar orthorhombic-dipyramidal crystal system with lep-
idocrocite and the isomorphic ionic substitution between them
may be possible. Table 2 lists the phases identified in EC prod-
ucts using Al-Al, Fe-Fe, and Al-Fe electrode pairs via PXRD,
with their corresponding PDF numbers, and their most likely
nature.

15 20 T 4 50 60 70
20
Fig. 7. X-ray diffraction analysis of combined Al-Fe electrode by-product

(bayerite: D, diaspore: E, iron oxide: F, lepidocrocite: G, magnetite: H, Mans-
fieldite: I). The y-axis indicates relative X-ray intensity in no. of counts.
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Table 2

Phases identified in Al, Fe, and combined Al-Fe electrodes’ EC by-products via
XRD, their corresponding PDF numbers, and most likely nature of the identified
phases

Type of electrode(s) Phases identified or most likely to JCPDS-ICDD

be present in the by-product PDF#

Aluminum Aluminum hydroxide -
Aluminum oxyhydroxide -

Iron Iron hydroxide oxide 70-0713
Lepidocrocite 44-1415
Magnetite 79-0416
Magnetite 88-0315

Combined iron—-aluminum Bayerite 83-2256
Diaspore 88-2351
Iron oxide 77-2355
Lepidocrocite 74-1877
Magnetite 75-1609
Mansfieldite 23-0123

The identification of all compounds was confirmed by computer-aided search of
the PDF Database obtained from The Joint Committee on Powder Diffraction
Standards-International Centre for Diffraction Data (JCPDS-ICDD).

3.2.2. XPS studies

The arsenic signal (As3d) for material deposited from
100 ppm (and less) arsenic solution was very weak and in most
cases non-existent. All other photoelectron lines (Al2p, Fe2p,
and S2p) were detected down to 1 ppm arsenic concentration in
solution. Iron appears to exist as Fe>* in all species, as shown
in Fig. 8. The iron signal appears at ~711.5 eV, which is typical
of iron oxy-hydroxides. The peaks are generally broad and may
comprise of multiple iron species [45,46].

Relative Atomic Abundance

1 1 1 1 1 1 ! 1 1

740 735 730 725 720 715 710 705 700

Binding Energy (eV)

Fig. 8. XPS spectra of (Fe2p) region of electrodeposited material containing
arsenic species under various treatment conditions: (A) EC-byproducts of 1 ppm
As using Al-Fe electrode system; (B) EC-byproducts of 100 ppm As using
Al-Fe electrode system; (C) EC-byproducts of 10 ppm As using Al-Fe electrode
system beginning with Al corrosion; (D) EC-byproducts of 10 ppm As using
Fe—Al electrode system beginning with Fe corrosion; (E) blank EC-byproducts
using Al-Fe electrodes.

Relative Atomic
Abundance
T

88 8 84 82 80 78 76 74 72 70 68
Binding Energy

Fig. 9. XPS spectra of (Al2p) region of electrodeposited material containing
arsenic species under various treatment conditions: (A) EC-byproducts of 1 ppm
As using Al-Fe electrode system; (B) EC-byproducts of 100 ppm As using
Al-Fe electrode system; (C) EC-byproducts of 10 ppm As using Al-Fe electrode
system beginning with Al corrosion; (D) EC-byproducts of 10 ppm As using
Fe—Al electrode system beginning with Fe corrosion; (E) blank EC-byproducts
using Al-Fe electrodes.

Aluminum at ~74 eV is typical of Al oxide—oxyhydroxide
spectra as shown in Fig. 9. Sample A contained the EC-
byproduct from 1 ppm As solution and sample E contains blank
EC-byproduct. (Al2p) peaks for these two spectra coincide with
each other. Conversely, the peak is slightly shifted towards lower
binding energy for the EC-byproduct of 100 ppm As (sample B).
Samples C and D, which contain EC-byproducts of 10 ppm As,
the peaks lie between these two extremes. This implies that As
is adsorbed on the surface of the EC-product and as more As
is present in the material, the more it shields the (Al2p) elec-
tron and increases the amorphousity of the material, resulting in
lower binding energy as seen in the XPS peak. These are the pre-
liminary data. We will explore it more extensively in our future
research.

Neither the (Al2p) nor the (Fe2p) spectra (Figs. 8 and 9)
indicate that there are any major differences in the chemistry
of the respective species. On the other hand, the (As3d) signal
(Fig. 10, with 1000 ppm arsenic solution) shows two distinctive
fitted peaks at 44.5 and 46.7 eV, corresponding to the As>* and
As>*, respectively [47,48]. These are not spin doublets. The
energy separation between (As3ds,) and (As5d3s) doublets is
approximately 0.7 eV, which results in a convoluted spectrum at
the resolution of the instrument.

Results from XPS studies indicate that although the EC exper-
iments were performed with As(II), during the EC process,
As(IIT) was partly converted to As(V). It can also be inferred
that at higher concentration, As(III) ion itself can be removed
from the wastewater by adsorbing on the floc without changing
its oxidation state.

3.2.3. SEM/EDAX

Figs. 11 and 12 show the SEM image and the EDAX
spectrum, respectively, of the EC-byproducts containing initial
As of 100 ppm at initial pH of 6 with the Al-Fe electrode
system. The SEM image indicates the presence of mostly
amorphous or ultrafine particular structure at pm size on
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As 3d Region
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Fig. 10. XPS spectra of (As3d) region of electrodeposited material containing
arsenic species under various treatment conditions. A least two oxidation state
of arsenic are identified (As™* and As>* at 44.5 and 46.7 eV, respectively). The
sample used for this experiment contains EC-byproducts of 1000 ppm As using
Al-Fe electrode system.

the surface. The elemental analysis by EDAX confirmed the
presence of As removed (0.44 at.%) from the sample solution.
It also reveals that the at.% ratio between Al and Fe is 4:5. Other
elements detected in the floc comes from the adsorption of the
conducting electrolytes, chemicals used in the experiments and
the scrap impurities of the Al and Fe electrodes.

Fig. 11. SEM image of the EC-byproducts containing initial As of 100 ppm at
initial pH of 6 with the Al-Fe electrode system. The printing of “Spectrum 1” in
this figure indicates the corresponding EDAX spectrum as presented in Fig. 13.

0 1 2 3 4 5 6 7 8
[Full Scale 9344 cts Cursor: 0.000 keV

Fig. 12. EDAX spectrum of the EC-byproducts containing initial As of 100 ppm
at initial pH of 6 with the Al-Fe electrode system.

3.2.4. FT-IR characterization

FT-IR spectrum of Al-electrode by-product (Fig. 13, Al-Al
electrodes) showed, OH stretching, hydroxyl bending, AI-O-H
bending and As(III)-O on aluminum hydroxide/oxyhydroxides
at ca. 3452, 1638, 926, and 620 cm ™!, respectively.

Iron electrode by-product (Fig. 14, Fe—Fe electrodes) showed
OH stretching at 3738 and 3447 cm™!, hydroxyl bending and
v'(OH) water bending vibration or overtones of hydroxyl bend-
ing around 1637 cm™! [49,50]. Bands for lepidocrocite phase
showed up at 1120, 1023, and 745 cm~ ! [51]. Magnetite (Fe3O4
or Fe3_,04) band at 575 cm™! and Fe—O vibration band is seen
at469 cm™' [51,52].

FT-IR analysis of the by-product of the combined Al-Fe
electrodes suggested the presence of several hydroxyl groups

Electrode

Electrode

Electrode

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Fig. 13. FT-IR spectra of the solid EC by-products using Al-Fe, Fe-Fe, and
Al-Al electrode system. The y-axis indicates relative transmittance.
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Table 3

FT-IR vibrations and their corresponding wavenumbers and region for the bands observed

Type of electrode Type of vibrations

Vibration wavenumbers (cm~!) Vibration range (cm™")

Aluminum OH stretching 3452 3000-3800
Hydroxyl bending 1638 1572-1813
Al-O-H bending 926 880-1000
As(III)-O 620 500-800
Iron OH stretching 3738 3689-3787
3447 3550-3000
Hydroxyl bending 1637 1572-1813
v (OH) water bending 1637 1572-1813
Overtones of hydroxyl bending 1637 1572-1813
Magnetite (Fe304 or Fe3_,04) 575 526-840
Fe-O 469 416-510
Lepidocrocite 1120 1090-1245
1023 923-1057
745 730-790
Combined aluminum-—iron OH stretchings for basic hydroxyl groups from aluminum 3549 3530-3644
hydroxide/oxyhdroxide 3660 3644-3693
3856 -
OH stretchings for hydroxyl groups from iron oxyhdroxide 3463,3439,3424 -
v'(OH) water bending 1637 1572-1813
Overtones of hydroxyl bending 1637 1572-1813
Hydroxyl bending 1637 1572-1813
As(II)-O 795 -
As(V)-0O 874 -
Lepidocrocite 1120 1090-1245
1023 923-1057

(see Fig. 13, Al-Fe electrode). Basic hydroxyl groups and
their corresponding OH stretching were identified 3549, 3660,
and 3736 cm™! for aluminum hydroxide/oxyhydroxides phases
[49,53]. Hydroxyl groups corresponding to the iron oxyhydrox-
ides were seen at 3463, 3439, and 3424 cm ™. Hydroxyl bending
and vy'(OH) water bending vibration or overtones of hydroxyl
bending identified around 1637 cm™! and lepidocrocite bands
phase showed up at 1120, 1023 cm~!. As(II[)-O vibration at
795 cm~! and As(V)-0 at 874 cm~! were observed [49]. Table 3
shows all the identified IR-active vibrations with their corre-
sponding wave numbers.

3.2.5. Characterization by Mossbauer spectroscopy

The Mossbauer spectra of three samples were analyzed
for hyperfine parameters (isomer shifts, quadrupole splittings,
hyperfine magnetic fields, and line broadenings) using a least-
squares procedure:

e Sample 1: blank EC in Fe—Fe.
e Sample 2: As-EC in Fe-Fe.
e Sample 3: As-EC in Al-Fe.

The Mdossbauer spectra for sample 1 consisted of primarily
a doublet, with a weak contribution due to a magnetic sextet
spectrum. Sample 2 consisted of a similar doublet spectrum, with
amuch larger contribution of the magnetic component compared
with sample 1. Sample 3 consisted of entirely a doublet, with no
apparent magnetic component.

The spectra were fit using a least-squares procedure using
routines after Bevington [54] based on the method of Mar-

quardt [55]. Spectra were fitted using line-shape functions
consisting of a Lorentzian function convoluted with a Gaus-
sian function (known as Voigt line-shapes). The Gaussian
broadening allowed instrumental broadening to be incorpo-
rated. Gaussian line-widths were relatively small compared
with the natural Lorentzian width of 0.1946 mm/s, suggesting
the broadening effects in the spectra primarily were due to
increased Lorentzian widths. Also, the outer lines in the six-
line magnetic spectra were broadened more than the inner lines,
which can be due to inhomogeneous distributions of hyper-
fine magnetic fields, or more likely due to relaxation effects.
Super-paramagnetic relaxation due to fine particle effects was
probably the main source of line broadening in the magnetic
spectra.

The magnetic contribution to the spectra was consistent with
magnetite/maghemite, and sample 1 was analyzed by assum-
ing the electric and magnetic hyperfine parameters were that of
magnetite, and the line widths and subspectra intensities (i.e., for
the A and B sites in the magnetite structure) extracted through
the least-squares fitting procedure. To limit the number of free
parameters, it was assumed that Lorentzian broadening of the
magnetic lines was a linear function of the magnetic line-shifts,
so that outer lines were broadened more than the inner lines.

In the following a brief description of the Mdssbauer spectra
of magnetite/maghemite is presented [56]. Magnetite has the
structural formula:

(Fe>M)a-[(Fe*>T)11504

where A sites (tetrahedral) are occupied by ferric ions, and on
the B sites (octahedral) ferric and ferrous ions have merged into
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Fig. 14. Mossbauer spectra of the EC by-products: (A) blank EC by-products
using Fe—Fe electrode pair; (B) magnified spectrum of A; (C) EC by-products
using Fe—Fe electrode pair; (D) EC by-products using Al-Fe electrode pair; (E)
pure magnetite.

Fe?>* by fast electron hopping above the Verwey transition at
125 K. Non-stoichiometric magnetite has the formula:
Fe; _,04, 0 <x< 0.33

and fast electron hopping results in the following structural for-
mula:

(Fe> M) a-[(Fe* )1 — 31)-(Fe )5, -0, 1504

where the vacancies are supposed to be on the octahedral sites.
As the endpoint of non-stoichiometric magnetite (x=0.33),
maghemite has the general formula:

(Fe* ) a-[(Fe*T)s/3-01/31804

in which both A and B sites are occupied by Fe>* ions.

The corresponding Mdssbauer spectrum of non-stoichio-
metric magnetite consists in general of a superposition of
three magnetic sextets, corresponding to (Fe3+) A, (Fe3+)B, and
(Fe?3*)g. Now the hyperfine parameters for (Fe3*) 5 and (Fe3*)g
are usually very similar, resulting in essentially a single sextet
spectrum. The spectrum corresponding to (Fe>>*)g has much
different hyperfine parameters. There are also two sextets for
these sites, corresponding to different directions of the electric
field gradient, with a single sextet is being generally adequate.
In the analysis of the spectra, the (Fe3*) and (Fe3*)g sites are
indicated as sites I, and the (Fe2*)g sites are indicated as sites
II. For the case of stoichiometric magnetite (x=0.0) I sites are
identical with A sites (tetrahedral), and II sites are identical with
B sites (octahedral).

Note that the Mdssbauer spectra cannot distinguish between
magnetite/maghemite mixtures and non-stoichiometric mag-
netite, and so intensity ratios for the I and II sites cannot be
used to determine a composition x, nor can the effects of Al
substitution be determined from the hyperfine parameters [56].

Fig. 14A shows the spectrum and results of the least-squares
fitting procedure for sample 1. Fig. 14B shows the same spec-
trum magnified to enhance the magnetic lines. The areas under
the doublet and magnetic sextet compared with total area were
determined. Table 1 shows the parameters extracted from the
procedure.

Fig. 14C shows the spectrum for sample 2. Sample 2 shows
a similar magnetic component as in sample 1, but much more
intense compared with the doublet. Here a similar procedure
was used as for sample 1, but the hyperfine magnetic fields on
I and II sites were allowed to be free parameters (the electric
hyperfine parameters were assumed as for magnetite). Also,
the three sets of magnetic lines for both I and II sites were
allowed to have independent values (it was assumed that line
1 and 6 had the same width, lines 2 and 5 had the same
width, and lines 3 and 4 had the same width). The resulting
hyperfine magnetic fields (see Table 4) were found to be iden-
tical with that of magnetite/maghemite. As was assumed for
sample 1, the Lorentzian linewidths of the outer lines were
greater than the inner lines. As in sample 1, the areas under
the doublet and magnetic sextet compared with total area were
determined.

Fig. 14D shows the spectrum for sample 3. Sample 3 showed
only the doublet contribution to the spectrum. As in samples 1
and 2, the spectrum was fit with Gaussian-broadened Lorentzian
lineshapes to extract the electric hyperfine parameters, as indi-
cated in Table 4.

Table 4 summarizes the analysis of the spectra. Here By is
the nuclear hyperfine field (kG), 2¢ the electric quadrupole shift
(mm/s), Sge the isomer shift relative to iron metal (mm/s), I
the Lorentzian broadening (mm/s), and o is the Gaussian broad-
ening (mm/s). Values shown in parentheses were held fixed in
the curve-fitting procedure. The area ratios of the II subspec-
tra and I subspectra for the magnetic component are indicated
Ii/I1, and the total fraction of the absorption area under the mag-
netic subcomponentis indicated as Ivi/IT = Iv/(Ip + Im). The last
column in Table 4 indicates the overall absorption of each sam-
ple, corrected for counting time and slight differences in sample
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Table 4

Analysis of Moessbauer spectra for hyperfine parameters (Bn, nuclear hyperfine field (kG), 2¢, electric quadrupole shift (mm/s), 8f., isomer shift relative to iron
metal (mm/s), I", Lorentzian broadening (mm/s), and o, Gaussian broadening (mm/s), Iyi/I1, area ratios of the II subspectra and I subspectra for the magnetic
component, total fraction of the absorption area under the magnetic subcomponent, and I1/I13), overall absorption of each sample, corrected for counting time and

slight differences in sample masses, in ratio to sample 3

Oxides and sites Bn (kG) 2¢ (mm/s) Spe (Mm/s) I' (mm/s) o (mm/s) In/ly Iv/It Itllt3)
Magnetite 1.85 1.00 -
I(A) 489 - 0.27 0.05% 0.05
1I(B) 458 - 0.66 0.15% 0.05
Blank-EC in Fe—e (1) 0.85 0.07 1.8
D - 0.69 0.34 0.18 0.10
I (489) - (0.27) 0.31* (0.05)
1T (458) - (0.66) 0.37* (0.05)
As-EC in Fe-EC (2) 0.74 0.52 5.6
D - 0.59 0.36 0.17 0.08
I 490 - 0.27) 0.43b (0.05)
1T 458 - (0.06) 0.81¢ (0.05)
As-EC in AI-EC (3) - 0.75 0.34 0.16 0.10 - 0.0 1.0

Values for 2¢, 8re, I', and o are in mm/s. Parameters in parentheses indicate values fixed in the least-squares fitting procedure.
# Linewidth indicated is for lines 1 and 6. Widths of other lines were assumed to be proportional to the relative magnetic shift for lines 2, 5 and 3,4.
b 1 inewidth indicated is for lines 1 and 6. Other line-widths were extracted in the least-squares procedure: 725 =0.34 mm/s and I"34 =0.14 mm/s.
¢ Linewidth indicated is for lines 1 and 6. Other line-widths were extracted in the least-squares procedure: I35 =0.54 mm/s and I"34 =0.25 mm/s.

masses, as a ratio with sample 3. This gives a measure of the
relative amount of iron, per mg, in each sample.

Data for a stoichiometric magnetite sample (Fig. 14E) were
obtained for comparison with samples 1 and 2. Electric hyper-
fine parameter values extracted from this spectrum were held
fixed in the curve-fitting procedure for samples 1 and 2, and the
BN values were fixed for the I and II sites for sample 1. The
values are in good agreement with literature values [56]: I (Fe3*
site, or A): BN =491kG, 6g. =0.28 mm/s; 11 (Fe2>* site, or B):
BN =460KkG, dpe =0.66 mm/s; relative intensity I/l ~ 1.9.

Note that the hyperfine magnetic field values extracted from
sample 2 are also in good agreement with literature values for
magnetite. The increased Lorentzian widths of the outer lines
in both I and II sites in the magnetite components is probably a
super-paramagnetic relaxation effect due to small particle sizes.
Finally, the relative intensity of the II and I sites indicates the
non-stoichiometric magnetite/maghemite (here II refers to the
Fe2-5* site in the magnetite structure, which is absent in the
stoichiometric endpoint maghemite, y-Fe3 04, in which both the
octahedral and tetrahedral sites are occupied by Fe** with a
hyperfine field of about 500 kG [56]).

The isomer shift ép. and quadrupole splitting 2¢ obtained
for the doublet component (D) in the three samples are con-
sistent with iron oxyhydroxides (e.g., a-FeOOH, B-FeOOH,
v-FeOOH) in the form of very fine particles [57]. The rela-
tively low absorption of sample 3 (last column in Table 1), may
indicate aluminum substitution, reducing the iron content of the
sample [58].

3.3. Ion-substitution in EC by-products

The incorporation of Fe’* ions into amorphous/poorly
crystalline aluminum hydroxide/oxyhydroxide and incorpora
tion of AI** into amorphous/crystalline iron oxide/hydroxide/
oxyhydroxide may play a significant role in the electrochemistry
of removal of arsenic using a combined Fe—Al electrode sys-

tem. The X-ray diffraction and Mossbauer spectroscopic results
of the combined Al-Fe electrode system of our work suggests
the ionic substitution of Fe** (ionic radius: 0.64 A) by AIP*
(ionic radius: 0.50 A), which may provide an alternative arsenic
removal mechanism by electrocoagulation.

It has been found that substitution of Al cations for Fe
ions in the iron oxide/hydroxide/oxyhydroxide generated during
the EC process would slow down the transformation of amor-
phous iron oxide/hydroxide/oxyhydroxide species to crystalline
phase [42]. In situ generated amorphous aluminum oxyhydrox-
ide/hydroxide has resistance to redox reactions. Co-precipitation
of poorly crystalline iron oxide/hydroxide/oxyhydroxide and
amorphous aluminum species can most likely retard the transfor-
mation into crystalline species which possess very small surface
area. Satapanajaru et al. [59] reported that because of its smaller
ionic radius, isomorphous substitution of AI** for Fe** in iron
oxides disrupts crystallization and results in a larger surface
area of the total oxide mineral, which would increase adsorp-
tion. Exchangeable aluminum also increases Brgnsted acidity
by promoting reaction with water to release H* ions. Adsorbed
Al can act as a Lewis acid by coordinating the moieties of some
organic contaminants, bringing them closer to the iron oxide
surface for reductive transformations. Other possible reactions
include: mineral-catalyzed hydrolysis and oxidation. Both of
these reactions involve complexation with surface AP [60].

4. Summary

The use of dissimilar metallic electrodes, such as aluminum
and iron, provides an alternative method for removal of arsenic
from water by electrocoagulation. The frequent change of
electrode-polarity may provide an efficient way for removal of
both organic and metallic pollutants from water. In this study, the
results of experiments with a wide range of arsenic concentration
(1-1000 ppm) at different pH (4-10) have been presented and
the removal efficiency of arsenic at these different conditions
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has been discussed. XPS studies confirmed that during EC pro-
cess As(II) ions are partly converted to As(V). Analysis of the
solid adsorption product by PXRD, XPS, SEM/EDAX, FT-IR,
and Mossbauer Spectroscopy revealed the expected crystalline
iron oxides (magnetite, iron oxide), iron oxyhydroxide (lepi-
docrocite), aluminum hydroxide (bayerite), and aluminum oxy-
hydroxide (diaspore), as well as some interaction between the
two phases. They also indicates the presence of amorphous or
ultrafine particular phase in the floc. The observation of the sub-
stitution of Fe3* ions by A13* ions in the solid surface indicates an
alternative removal mechanism of arsenic in these metal hydrox-
ides and oxyhydroxides. AI** substitution during formation
of crystalline and/or amorphous/poorly crystalline Fe hydrox-
ide/oxyhydroxides resulted in a product that might be more
stable against transformation to well crystalline iron oxides.
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