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ABSTRACT

The scarcity of fresh water resources and the need for additional water supplies are critical
in many regions of the world. Treatment of wastewater and its reuse can partially resolve
this issue. Due to the increase in use and number of heavy duty vehicles for transportation
purpose the wastewater generated from truck wash has been escalated during last several
decades. Our results show that electrocoagulation (EC) can be an effective technique to treat
truck wash water (TWW), and this treated TWW is reusable. Effects of different combina-
tion of electrodes, such as Fe-Fe, Al-Fe, and Al-Al, operating time, current density (CD),
and pH inside the EC reactor were studied to optimize treatment conditions for lowering
chemical oxygen demand (COD), and concentrations of some selected toxic metal ions in
TWW. The best removal efficiency of 79% for COD was obtained by Fe-Fe combination
after 8 min of operating time and at 2 mA/ cm? of CD. Iron, zinc, and lead concentrations
were reduced below EPA maximum contaminant levels for all three types of electrode com-
binations. The EC-floc was characterized using X-ray diffraction, scanning electron micro-
scope/energy dispersive X-ray spectroscopy, and Fourier transform-infrared spectrometer.
The ionic substitution of iron by aluminum was confirmed in the isomorphs subsisted in
the floc.
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1. Introduction

Increasing human demand exerts increasing pres-
sure on the environment. The pressure results signifi-
cant impact that vary from the ambient milieu
distortion to global environmental pollution unless the
treatment processes are performed. In some cases,
reuse of the environmental resource imparts less pres-
sure on the local environment. The increasing popula-
tion requires greater number of transportation units to

*Corresponding author.

meet their daily demand. According to US census
2010 data, a large amount of water is used daily to
wash over 7,083,000 trucks in USA with 6,790,882 sin-
gle-unit 2-axle 6-tire vehicles and 22,15,856 other com-
bination trucks [1]. Trucks are used for the faster
transfer of the daily goods among the states. These
trucks necessitate washing frequently rendering pol-
luted wash water containing several harmful compo-
nents such as oil, grease, heavy metals, and detergents
remnants [2—4].

Several processes exist to treat effluent wastewater
as well as fleet wash water such as coagulation,
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membrane filtration, reverse osmosis, electrooxidation,
electrofenton, and finally electrocoagulation (EC) [5-
13]. Among all the existing treatment technologies, EC
received significant focus because of its simplicity,
cost-effectiveness, ease for establishment, and less pro-
duction of byproducts [14]. EC can be vastly used for
the treatment of effluent from food and oil processing
industries, tanneries, textile, pulp and paper, poultry
processing, and produced water [15-19]. The EC has
been successfully used to treat oil wastes, with a
removal efficiencies as high as 99%. A similar success
was obtained when treating dye-containing solutions,
potable water, urban and restaurant wastewater, and
nitrate or fluoride containing waters [20-26]. In addi-
tion, a great deal of work performed in the last dec-
ades has proved that EC is an effective technology for
the treatment of heavy metal containing solutions. It is
moderately effective in reducing chemical oxygen
demand (COD) of the effluent water [27].

In EC, the flocculating agent is generated by elec-
tro-oxidation of a sacrificial anode, generally made of
iron or aluminum. In this process, the treatment is
performed without adding any chemical coagulant or
flocculant, hence reducing the amount of sludge,
which must be disposed. Since, reclamation has
attracted more attention in the past several years from
regulators and manufacturers as a means of water
conservation and quality control [28-32], our research
goal was to treat truck wash water (TWW) by EC in
order to reduce the contaminants amount below the
EPA maximum contaminant levels (MCL). This way,
the treated water can be simply reused for the same
purpose in the same facility as schematically shown in
Fig. 1. Consequently, the discharge load will be
decreased, and the cost-effectiveness will be increased.

Treated
Water

Fig. 1. The scheme for reuse of TWW after treatment
with EC.
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1.1. Reactions in EC

EC consists of an in situ generation of coagulants
formed by electrical dissolution of iron or aluminum
electrodes. The generation of metallic cations takes
place at the anode, whereas typically hydrogen is pro-
duced at the cathode. The generated gas helps the
flotation of flocculated particles, and therefore the pro-
cess is additionally associated to electroflocculation.
The electrodes can be arranged either as monopolar or
bipolar when multiple electrodes are used.

Generally, at the anode, the metal gets oxidized to
its cationic form. Such as, iron is converted to Fe2+, or
Fe**, and aluminum is converted to AI*". Further
oxidation of Fe** can also take place at the anode by
the presence of other oxidants or dissolved oxygen in
aqueous phase [21]:

O, +4Fe*" +4H" — 4Fe’"
+ 2H,0 (in acidic solution) (1)

O + 4Fe** + 2H,0 + 80H™
— 4Fe(OH); (in alkaline solution) 2

In aqueous solutions of pH>13,
complex, Fe(OH), is formed [33]:

ferric-hydroxo

4Fe(OH), +4OH™~ — 4Fe(OH); ®3)

Fe®* can be hydrolyzed to Fe(OH);. According to the
theoretical study of Abreu et al. [34], the hydrated
form of Fe(OH); was found to be the most stable
species among Fe(IIl) hydrolysis products.

Fe** + H,0 — Fe(OH)*" + H* @)
Fe(OH)*" + H,O — Fe(OH)," + H* )
Fe(OH);" + H,O — Fe(OH), + H' 6)

At the cathode, water is either reduced to hydrogen
and hydroxides ions as found in alkaline solutions, or
hydroxonium ions are reduced to hydrogen gas and
water as observed in acidic solutions:

2H,O0+2e~ — H; +20H" (in alkaline solution) (7)
2H30" +2e~ — H, + 2H,0 (inacidic solution) (8)

Typically during EC the pH of the solution near the
cathode increases with time. Electrophoretic force
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causes OH  ion to migrate to the anode, so the pH
near the anode becomes higher than in the bulk solu-
tion, thus favoring the formation of ferric hydroxide
or aluminum hydroxide [35]:

Fe’™ +30H  — Fe(OH), e

APT +30H" — Al(OH), (10)
If the anode potential is sufficiently high, secondary
reactions may occur at the anode, such as direct oxida-
tion of organic compounds, H,O or CI™ present in
wastewater:

2C1I7 — Clp +2e” (1

2H,O — O +4H" +4e” (12)

1.2. Green rust formation

When iron sacrificial electrodes are used, green
rust (GR) is formed as intermediate materials. GR is
layered double hydroxides, having pyroaurite-type
structures. This structure consists of alternating posi-
tively charged hydroxide layers and hydrated anions
in interlayers. In the structure, some of Fe(Il) ions of
the octahedral sheets of Fe(OH), are replaced by Fe
(IID. Studies show that GR conforms to a general
chemical composition and stoichiometry that can be
represented with the following general formula [36]:

[Fel_Fey (OH) ] [(A)n YH,OI* (13)

x/n

where x ranges from 0.9 to 4.2, A is an n-valent anion
(typically CO3~, CI” or SO;  and y denotes the vary-
ing amounts of interlayer water (typically ranges from
2 to 4 for most GR). Depending on types of anions,
the mineral structures of GR can be rhombic obtained
with “planar” anions such as chlorides, carbonate, etc.
or hexagonal obtained with three-dimensional tetrahe-
dral anions such as sulfate or selenate [37]. We assume
that the presence of exchangeable cations and anions,
and the interlayers in GR are responsible for removal
of metals and other organic/inorganic species from
wastewater when it is treated with EC.

2. Experimental

TWW was collected in plastic tank from nearby
truck washing centers of Beaumont, Texas. Sample
was preserved in 23°C according to the standard
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water sampling methods [38]. TWW was treated using
two types of EC reactors: batch reactor, and flow-
through EC apparatus (FTECA).

2.1. Batch reactor

Three combinations of electrodes were used for the
experiments: Fe-Fe, Al-Fe, and Al-Al. There are sev-
eral studies in the literature where better removal effi-
ciency of water contaminants using Al-Fe electrode
pairs was reported [39-42]. Batch EC experiments
were carried out in a beaker with 400 mL solution
using vertically positioned electrodes dipped in the
solution. The anode and cathode were with dimen-
sions of 3.2 x 6.2 cm, both electrodes having a sub-
merged surface area of 14.4 cm” The electrode spacing
was 2.5 cm. Electrodes were connected to a DC power
supply (Kaselco power supply). EC batch experiments
were performed at a constant current of 0.2 A at 50 V.
A digital multimeter was used to measure the cell
voltage. The polarity of the electrodes was changed
after every minute of EC run to minimize the possibil-
ity of passivation on the electrodes.

EC batch experiments were run for 30 min. Prior
to each experiment, the electrodes were abraded with
sandpaper to remove scale, treated with a solution of
10% HNO; in order to remove any previously depos-
ited or adsorbed layers on the electrodes, washed with
distilled water, dried, and weighed [43]. The elec-
trodes were also weighed after each batch of test EC
run with simulated wastewater at different current
densities. The results show the increase in weight loss
with the increase in values of current densities. After
each batch during EC with real wastewater, samples
were drawn periodically from the mixture. The pH
was measured using a Denver Instrument UB-10 pH
meter, and conductivity was measured using an
Oakton CON 510 series conductivity meter.

2.2. Flow-through EC apparatus (FTECA)

A FTECA was supplied by Kaselco EC Treatment
System, Texas. The FTECA essentially consists of a
flow-through cell, the electrode assembly, a feed
pump, and a DC power supply unit. A schematic dia-
gram of the FTECA is shown in Fig. 2. The cell con-
tained five parallel carbon steel (recycled steel, hot
rolled, and not pickled) electrode plates
(11.0 x 11.4 cm) placed 6.0 mm apart, which forms a
four parallel cells. Before use, the plates were cleaned
manually by abrading with sand papers. The internal
volume of the cell is approximately 450 mL. A vari-
able transformer or power supply was used to control
the current and the applied potential [23].
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Fig. 2. Schematic of Kaselco bench reactor. V stands for
voltmeter and A stands for ammeter.

In a typical EC experiment, the raw TWW was
pumped through the FTEA at a predetermined flow
rate (usually 500 mL/min), and after 2.5 L of the solu-
tion were treated the EC run was stopped. This consti-
tutes one pass. The EC reactor is powered up for EC
processes after the reactor is full with the wastewater.
In one pass, 2-L treated water is obtained in 4 min.
This 4 min of operating time can also be termed as EC
interaction time as water and contaminants are in
contact with the produced electrocoagulants for
physico-chemical interaction during this period of
time in every pass.

Using the conventional equation for residence
time calculation (volume of the reactor/flow-rate),
the residence time for each pass can be calculated
as 54 s for the FTECA experiments. If the mixture is
passed through the EC reactor again, it will make
second pass, and so forth. After the completion of
the EC runs, the floc was separated from the mix-
ture using filter paper, and dried in vacuum desic-
cators at room temperature for performing further
characterization, such as X-ray diffraction (XRD),
scanning electron microscope-energy dispersive X-ray
spectroscopy (SEM-EDS), Fourier transform-infrared
spectrometer (FTIR) analyses. The filtrate was col-
lected for analysis in atomic absortion spectrometer
(AAS), inductively coupled Plasma-mass spectrome-
ter (ICP-MS), ion chromatograph (IC), Dionex 1000,
and Hach spectrophotometer-COD analyzer. ICP-MS
data were obtained from an analytical company
(Earth Analytical Sciences Inc., Beaumont, TX 77705).
Ion Selective Electrode (ISE), Vernier was used to
quantify nitrate and nitrite ions in TWW, and
EC-treated water.
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2.3. chemical oxygen demand (COD)

Hach DR-3000 spectrophotometer was used to
measure the concentration of COD in the solution
before and after the treatment. For measuring COD,
the solution was digested in a reactor for 2 h before
measuring the COD concentration.

The COD removal efficiency (% RE) was calculated
from:

Co—-C
1
s ) x 100

where Cj is the initial COD concentration, and C is
the final COD concentration.

(14)

%RE:(

2.4. Fourier transform infrared spectroscopy (FTIR)

FT-IR analysis were carried out by Thermo-elec-
tron Nexus 470 FT-IR spectrometer using potassium
bromide pellets (usually, sample: KBr =1:50). The
spectra were recorded in the range of 4,000-400 with
4 cm™ resolution. Twenty-five scans were averaged
for each specimen.

2.5. Powder X-ray diffraction

The powder X-ray diffraction analysis of the EC-
floc was carried out with a Bruker-AXS D8 Discover
diffractometer with General Area Detector Diffraction
System operating with a Cu K, radiation source fil-
tered with a graphic monochromator (1 =1.5406 A).
The detector used was a HI-STAR two-dimensional
multi-wire area detector. The EC-floc was dried over-
night in the air, then ground to a fine powder, and
loaded onto a double-sided scotch tape placed on a
glass slide and mounted on a quarter-circle Eulerian
cradle (Huber) stage. The X-ray beam was generated
at 40kV and 27 mA power, and was collimated to
about 800 pm size of analysis spot on the sample. The
incident @ angle was 5°. The laser/video system was
used to ensure the alignment of the sample position
on the instrument center. XRD scans were recorded
from 7° to 77° of 26 with 0.050 step-width, and 0.09 s
step time. After running XRD on the samples, the data
obtained were analyzed using DIFFRAC-Plus EVA
program (Bruker AXS, Karlsruhe, Germany), and the
patterns were identified using a computer reference
database of ICDD PDF Maint.

2.6. Scanning electron microscope (SEM)

SEM (Hitachi S-3400N) with energy dispersive
X-ray Spectrometer using EDAX detector was used to
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Table 1
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Composition of TWW, their MCL values regulated by U.S. EPA, and their concentrations in EC-treated water (this study).
Post-treated water was obtained with flow through electrocoagulation apparatus using Fe-Fe electrodes at 2 mA/ cm?

current density

Concentration (mg/L) EPA
Parameter Instrumentation Pre-treatment Post-treatment MCL(mg/L) Removal (%)
Sodium IC 231.5 219.9 - 5
Calcium IC 6.01 1.497 - 75
Potassium IC 4.08 3.538 - 13
Zinc AAS 2.295 <0.0015 5 >99.9
Iron AAS 5.63 <0.005 0.3 >99.9
Lead ICP/MS 0.049 <0.005 0.015 >90
Cadmijum AAS <0.008 <0.008 0.005 -
Chromium ICP/MS <0.003 <0.003 0.1 -
Nitrate ISE 2.24 1.45 10 35
Nitrite ISE 75.15 77 47 1 -3

investigate the morphology and the composition of
the EC floc. The sample was spread onto a double-
side carbon tape that was fixed on an aluminum tab.

2.7. Characteristics of truck wash water

Wastewater from truck wash facilities in general
contains, petroleum products, hydrofluoric acid,
ammonium bifluoride products, paint residues, rub-
ber, phosphates, oil, grease, oil/water emulsion, sand
and dust, carbon, asphalt, salts, surfactants, and
organic matter, such as volatile organic compounds
[2]. According to Fisheries and Oceans Department of
Canada, the wash water produced by concrete deliver
trucks has high value of pH (12), high turbidity
(27,000 NTU), and total suspended solid (TSS) value
of 79,000 ppm [44]. A Belgium study showed the
range of car wastewater parameters for suspended
solids (60-140 ppm), settable solids (1.0-6.0 mL/L),
COD (208-51,000 ppm), BOD (63-9,620 ppm), pH
(7.5-12.7), conductivity (0.7-286 mS/cm), non-ionic
surfactants  (32-13,000 ppm), anionic surfactants
(0.7-42.6 ppm), and cationic surfactants (0.2-90 ppm)
[4]. The wastewater that we used had the following
characteristics: pH 6.3, conductivity: 1,070 mS/cm,
TSS: 114 mg/L, total dissolved solid: 876 mg/L, chlo-
ride: 5 ppm, and oil and grease: under detection limit
(<5.0 ppm). Other ionic concentration of metals,
nitrate, and nitrite present in this wastewater are
shown in Table 1.

3. Results and discussion

The collected TWW water from the truck
wash center was very cloudy at the time of collection.

After a few days, the sediment settled into the bottom
of the tank. We used the apparently clear water from
the top to treat for COD, metal cations, and a few
anions.

Water samples were treated by EC with different
combinations of electrodes such as Fe-Fe, Al-Fe, and
Al-Al. The treated samples were then filtered with
VWR grade filter paper (No. 410), and eventually
tested for several cations and anions by AAS, IC, and
ICP-MS. Conductivity and pH of the solution were
recorded during the EC operation in both batch and
FTECA methods. The pH of the reaction mixture was
increased during EC run up to 11.4 for all combina-
tions except for Al-Al combinations, where the pH
went up to 9.3 while the initial pH was 6.3. Table 1
summarizes the results of before and after EC treat-
ments for sodium, potassium, calcium, zinc, iron, cad-
mium, aluminum, chromium, and lead cations, and
nitrate and nitrite anions. Higher removal efficiency
was found for zinc (>99.9%), iron (>99.9%), and cal-
cium (75%). They are all divalent cations except iron
that has also trivalency. The concentration of mono-
valent cations, such as sodium (5%) and potassium
(13%), was slightly decreased. The efficiency of lead
removal was 90%. The concentration of cadmium,
aluminum, and chromium was found under detection
limit in the raw TWW water. The concentration of
nitrate was decreased by 35%, whereas the concentra-
tion of nitrite was increased by 3% after EC treat-
ment. There might be a possibility that during EC
nitrates were partially reduced to nitrites [45]. Nitrites
might be also generated from electrochemical degra-
dation of nitrogen containing organic species, such as
detergents and lubricants that are present in the
TWW [46].
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3.1. Removal of heavy metals

Experiments were performed to find the concentra-
tion of several environmentally significant metalloid/
heavy metals such as arsenic, iron, zinc, lead,
chromium, cadmium, and aluminum before and after
the EC-treatment. The sample concentration, after
EC-treatment, was found to be below the detection
limit in raw water. Arsenic, chromium, and cadmium,
and aluminum were also found under detection limit
in EC-treated water. The highest concentration of zinc
found in the solution was 2.3 mg/L (below MCL), and
was removed successfully (>99%) from the water
by EC after 4 min of operating time in the EC reac-
tor. Iron concentration in the TWW solution was
5.62 mg/L. After 4 min of Fe-Fe EC run, the removal
efficiency was 94%, which had been increased to more
than 99% in second pass (8 min) of FTECA. Similar
removal efficiencies of iron were found for other
combination of electrodes in EC.

Treatment with aluminum electrode introduced
aluminum into the treated water. This inclusion possi-
bly occurs due to dissolution of aluminum during
electro-oxidation, and incomplete removal of soluble
APP* through their physico-chemical interaction with
floc materials. The ultimate concentration was found
to be 0.05 ppm. Table 1 shows a comparison between
the MCL of some metals and the concentrations of
those metals found after EC run. This indicates the
effectiveness of EC for complying EPA regulations for
most of those metals present in TWW.

3.2. COD Remowval

Raw and treated truck wash wastewater samples
were investigated to observe COD removal efficiency
through EC. Table 2 shows the measured data for pH,
conductivity, and COD at different operating time
during EC with Fe-Fe, Fe-Al, and Al-Al electrode
pairs.

As shown in Table 2, 80% of COD was removed
by Fe-Fe electrode at 2.0 mA/cm® current density
(CD) after two passes, where the pH was changed
from 6.2 to 7.4. Similarly, for Al-Fe electrode pair,
52% of COD was removed at 11.1 mA/cm® CD after
4 min of operating time, where the pH was changed
from 7.2 to 8.5. For Al-Al electrode pair, 69% of COD
was removed at 2.0 mA/cm? CD after 4 min of operat-
ing time, where the pH was changed from 7.0 to 7.2.
According to Pourbaix [47], although the pH of the
EC reaction mixture and the applied potential plays
an important role on the precipitation/solubility of
metal oxides/hydroxides/oxyhydroxides, simultane-
ous variation of EC parameters, such as amount of

Table 2

Measured data for pH, conductivity and COD at different operating time during electrocoagulation with Fe-Fe, Fe-Al, and Al-Al electrode pairs

Current

(mS) ppm (mS) ppm (mS) ppm (mS) ppm

ppm

pH Conductivity COD pH Conductivity COD pH Conductivity COD pH Conductivity COD pH Conductivity COD
(mS)

density
(mA /cm?)

Electrode
Pair

Time

16

12

(min)—

78
164
168
99

10.8 34
9.8

54

2.8

9.6
9.2

54

3.0
34

74
8.7

90

32
3.3

7.1

260
398
260
398
160
260
260
260
260
160
260
260
260
260
260

62 32
64 32

73 3.1

2.0
3.2

Fe-Fe
Fe-Fe
Fe-Fe
Fe-Fe
Fe-Fe
Fe-Al
Fe-Al
Fe-Al
Fe-Al
Fe-Al

34

180
137
100
130
146
170
155
133
176
89

3.3

160
143
107
135
135
144
169
139
173
88

225

8.2

10.0 3.3

102 3.2

11.6 3.3

156
160
148
140
140
154
126
172
80

111 32
9.3

8.0

114 13

11.0 1.2

104 1.1

1.0

1.1

6.1
69 28

11.1

A.]. Gomes et al. | Desalination and Water Treatment 57 (2016) 25991-26002

146
158
135
140
131

12.0 3.2

102 3.1

101 3.0

102 29

16.0
2.0
32
8.0

2.7
2.8

8.3

2.7
2.8

8.2

2.7
2.8
32
1.0
1.0
34
25

29

8.1

2.7
2.8

8.0

70 27
69 28

8.3

8.3

8.9

8.0

79

3.2

8.4

3.2

8.0

3.2

8.0

70 3.1
72
7.5

10.0 1.0
9.9
8.0

10.0 1.0
9.3
79
79
8.2
8.3

9.5
9.8
7.7
7.3

8.1

1.0
1.1
34
2.5
2.6

2.8

8.5
8.9

1.0

1.0

11.1

175
114
275

1.0
34
2.7

3.1

1.0
34

25

16.0
2.0
3.2

7.2

70 32

6.0 26

Al-Al
Al-Al
Al-Al
Al-Al
Al-Al

8.1

235
167
140
204

190
230

126
254
210
206

6.8

160
200
214

8.3

3.0

7.7

60 25
74 26

8.0

1
1

34
3.8

8.4

3.2

184
189

3.0

8.2

8.1

1.1
6.0

8.5

35

8.4

29

8.2

2.7

8.0

70 27
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produced oxidizable species, does not help us make
one to one correlation among COD removal and EC
variables. Therefore, we could only make general
statement on the results.

Fig. 3 shows the removal of COD in variable cur-
rent densities using Fe—Fe electrode pairs. The initial
and final COD concentrations after second EC pass at
2.0 mA/cm® CD were 260 and 54 ppm, respectively.
According to Fig. 3, the increase in CD rendered lower
removal efficiency for all cases except for 11.2 mA/
cm”. The eventual increases in EC cycles or passes
affect removal efficiency negatively after second or
third pass. COD removal efficiencies showed a linear
increase up to second full pass. From second to third
EC pass, there was no significant fluctuation in the
results. In contrast, at fourth EC pass, the removal effi-
ciency started to slowly decrease. The best removal
efficiency has been achieved at second pass at CD of
2.0mA/cm?, while the lowest was obtained at
16.0 mA /cm?.

COD removal efficiency depends not only on the
removal of COD components present in the TWW
water, but also on the addition of oxidizable species to
the treated water through electrochemical reactions
during EC. With the increase in CD and no. of passes,
more Fe(Il) ions are produced. The increase in oxidiz-
able Fe(Il) ions incorporates additional Chemical Oxi-
dation Demand values. As mentioned earlier, GR is
mainly responsible for the removal of COD, although
other species, such as iron oxides, hydroxides, and
oxyhydroxides may have minor contribution to the
final removal values. It was experimentally observed
by Moreno et al. [48] that the pH in between 7 and 9
is probably more favorable for GR formation as shown
in Fig. 4, as it needs both Fe(Il) and Fe(Ill) hydroxides

100
*20
—. 801 . .
X A A A m32
g *
g *
60 A [ |
:g m % 8.0
& . » X
T 404
2 X A 111
IS
4
20 A % X %x16.0
X X
05 . .
0 1 2 3 4 5

Pass

Fig. 3. Removal of COD from Raw TWW with Fe-Fe elec-
trode (FTECA) at different CD (mA/cm?). The legend
shows the values of different CD values.
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o
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s

Fig. 4. Pourbaix diagram showing the favorable region for
GR formation [47,48].

as shown in Formula (9). Fig. 5 shows the variation of
final pH after each pass at different current densities
with Fe-Fe EC of this work, and it generally agrees
with that of Moreno et al. [48]. One needs to consider
both the thermodynamic aspect [47] and GR formation
aspect to understand the COD removal, or in general
removal of water contaminants in EC. Sometimes,
with the changes of other environmental parameters,
the explanation of the trends becomes more tedious.
For example, with the increase of operating time, the
previously produced GR might oxidize to other com-
pounds, such as Fe;,O3 that might have lower capacity
of COD removal as compared to GR. A decrease in
COD removal efficiency at higher passes or at higher
CD might be related either to increased amount of
newly formed Fe(Il), or insignificant formation of GR.

Results from Al-Fe electrode combinations were
demonstrated in Fig. 6. As Fig. 6 shows, the highest
removal (52%) was found at CD of 11.1 mA/cm? after
first EC pass. Since at lower CD, enough flocs are not
produced compared to higher values, it might cause
to produce lower removal efficiency at lower values of
CD.

In the combination of Al Fe electrodes, aluminum
was inserted as bipolar electrodes in between Fe elec-
trodes in the electrode assembly. In case of Al-Fe
combination, with the change of operating time, pH
may have significant impact on the removal efficiency.



25998

¢ 2.0mA/cm2
12 x W 3.2mA/cm2
X X 8.0 mA/cm2
1 X A . A-11.1mA/cm2
X 16.0 mA, 2
y A mA/cm:
10 X X
||
T A ™
S 9
|
|
8
X L 4
7 x *
6 =
0 1 2 3 4 5

Pass
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Fig. 6. Removal of COD by Al-Fe electrode (FTECA) at
different CD (mA/cm?). The legend shows the values of
different CD values.

At the CD of 2 mA/cm?, the pH of treated water was
changed to 8.1 after the end of second EC pass. But, in
case of the CD of 3.2 mA/cm?, the pH reached up to
7.9 after first pass. According to the Pourbaix diagram
of water-aluminum system [47], aluminum stays in
passivated form by forming oxides or hydroxides near
the pH 4-8. Solubility of aluminum is also lowest
around pH 6-7, and goes upward at both the ends of
this pH range. Since, at lower current densities, the
final pH stays near to 8, one may conclude that at
lower current densities, fewer amount of soluble alu-
minum ions are present in the aqueous form, and
higher amounts of floc are produced. At higher cur-
rent densities, pH of the mixture reached a value
greater than the passivation area as mentioned by
Pourbaix [47] indicating increased corrosion of
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aluminum through formation of soluble AlO;~ and
decreased formation of floc. This increase in pH is also
occurred with the increase of EC passes. This explains
the lower removal COD efficiency with the increase in
EC run. On the other hand, formation of iron oxides/
hydroxides is thermodynamically more favorable at
higher pH as observed in the Pourbaix diagram of
iron-water system [47]. All these compensates to the
formation of more aluminum substituted iron oxide/
hydroxide floc [49], and thus better removal of COD
at higher CD (11.1 mA/cm®) in the case of Al-Fe com-
binations. The COD of treated TWW at 16 mA/cm?
did not reduce, rather increased. This may possibly
happen due to higher production of oxidizable spe-
cies, such as Fe(Il), and formation of less modified GR
[50] when compared to experiments with other current
densities.

Like EC treatment with Fe-Fe and Al-Fe combina-
tion electrode assembly, Al-Al combinations also
showed the highest removal efficiency of about 70% at
CD of 2.0 mA/cm?® (Fig. 7). An increase in the operat-
ing time or EC passes did not have a significant
impact on the removal efficiency. The increase in cur-
rent in fact resulted in lower removal efficiency. As
CD increases pH of the solution increases due to the
production of more hydroxide ions at the anode. Simi-
larly, multiple passes also increase pH of the solution
due to prolonged amount of electric charge flowed
through the EC reactor. As discussed earlier, higher
pH brings more soluble aluminum ions in the system,
thereby reducing the amount of aluminum floc
required for COD removal. The increase in removal
efficiency up to 3040% with the increase in number
of passes at higher CD (11.1-16.0 mA /cm?) might sim-
ply indicate the cumulative removal effects of COD
during every additional pass.
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Fig. 7. Removal of COD by Al-Al electrode (FTECA) at
different CD (mA/cm?). The legend shows the values of
different CD values.
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3.3. Characterization of EC-Floc: FTIR

FT-IR spectrum of floc produced Al-Al electrode
assembly (Fig. 8, Al-Al electrodes) shows Al-O-H
bending at 1,638 cm™'. Floc from Fe-Fe electrode
assembly (Fig. 8, Fe-Fe electrodes) also showed hydro-

xyl (OH) bending and HO-H,O bending vibration, or
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Fig. 8. FT-IR spectra of the solid EC by-products using
Al-Fe, Fe-Fe, and Al-Al electrode combinations. X-axis
indicates the wave number (cm™'), and y-axis indicates
absorbance units. The identified wave numbers in the top
of the image are from left to right: 3,993.47, 3,849.03,
3,398.23, 3,352.31, 2,358.56, 1,638.23 (merged), 1,508.47
(merged), 1,425.37, 1,358.92, 1,007.40, and 927.19.
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overtones of hydroxyl bending around 1,637 cm™" [49].
FT-IR analysis of the floc obtained from Al-Fe elec-
trode assembly suggested the presence of hydroxyl
bending and HO-H,O bending vibration or overtones
of hydroxyl bending around 1,637 cm™'. The higher
absorbance for OH, and HO-H,O vibrations for Fe-Fe
in compared to Al-Fe, and AI-Al systems, signifies
that more species with these moieties are present for
the case of Fe-Fe system. The stretching band of OH
was identified around 3,400 cm ' [49] for all three sys-
tems including the blue shift for the case of Al-Al sys-
tem compared to others. This OH might be a part of
iron/aluminum hydroxides or oxyhydroxide.

3.4. X-ray diffraction (XRD)

Flocs originated from Fe-Fe electrode combination
shows well crystalline phases of magnetite, and the
poorly crystalline phases of iron oxyhydroxides, such
as lepidocrocite (Fig. 9(A)). The presence of poorly
crystalline phases of iron oxyhydroxides were verified
from the FT-IR analysis of the floc of this Fe-Fe
system (Fig. 8).

XRD pattern of the floc from Al-Al electrode com-
bination (Fig. 9(C)) showed very broad and shallow
diffraction peaks. Bragg reflections possessing very
broad humps and low intensity indicate that the
analyzed phase possesses a short-range order, i.e.
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Fig. 9. XRD pattern of the EC-floc obtained after EC run (the top blue pattern (A) points to EC-floc with Fe-Fe, the
middle red pattern (B) with Al-Fe, and the bottom black pattern (C) is with Al-Al electrode combinations).
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amorphous or very poorly crystalline in nature.
Fig. 9(C) shows broad peaks of alumina and diaspore
(AI-O-OH).

From FT-IR and XRD analyses of the floc from Al-
Fe electrode combination (Figs. 8 and 9), it can be con-
cluded that the chemical speciation of this amorphous
phase can be aluminum hydroxide and/or aluminum
oxyhydroxide. Because crystallization of Al hydrox-
ides/oxyhydroxides is a very slow process, most Al
hydroxides and aluminum oxyhydroxides found to be
either amorphous or very poorly crystalline [49].
Fig. 9(B) shows the shifted alumina peak by about 1°
(2-theta) and a suppressed peak of magnetite com-
pared to Fig. 9(A), which confirms the isomorphous
substitution of AI>* for Fe’* in iron oxides [49].

3.5. scanning electron microscope-energy dispersive X-ray
spectroscopy (SEM-EDS)

The SEM image of the floc obtained after EC
with Fe-Fe electrode system indicates the micrometer

O OxXoaxa AiQy
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sized particles over the cracked surface. The EDS
calculation shows the presence of Fe (57.0 At%), O
(28.0 At%), Ca (4.2 At%), Na (0.7 At%), Mg (0.4 At%),
Al 2.4 At%), Si (4.8 At%), and P (2.7 At%) on the floc.
Si, P, Na, Al, Ca, and Mg may originate from the truck
wash waste.

The SEM image of the floc obtained after EC with
Al-Al electrode system appears to be of spongy-type
of several micrometer size (Fig. 10). The EDS re-calcu-
lation indicates the presents of Al (10.0 At%), O
(37.4 At%), Ca (1.3 At%), Na (17.7 At%), F (1.3 At%),
Cl (28.6 At%), Si (1.3 At%), and P (1.7 At%) in the floc.
Similarly, Si, P, Na, Ca, F, and Cl may originate from
the truck wash waste.

In Summary, EC can efficiently remove toxic met-
als present in TWW, and make it in compliance with
EPA MCLs. It can also considerably carve COD indi-
cating removal of oxidizable species present in TWW.
Consequently, the treated water can be reused in the
same facility. This is definitely a step to prevail over
water shortage and to sustain the environment.
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Fig. 10. SEM image of the EC-byproducts originated in the Fe-Fe electrode system after fourth EC pass at 16.0 mA/cm?.
X-axis indicates energy level in eV (0-11.5), and y-axis indicates the generated X-ray counts.
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