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The removal of Cr(VI) from model wastewater by electrocoagulation cells with both vertical and
horizontal iron electrodes was investigated at the laboratory scale. The variables studied were the
anode surface roughness, applied current density, initial Cr(VI) concentration, and the anode rotation
speed. The removal efficiency increased with increasing current density and surface roughness and
decreased with increasing initial chromium concentration; by contrast, no significant effects of anode
rotational speed were observed, although vigorous solution stirring adversely affected Cr(VI) removal.
The performance of the vertical anode design was observed to be superior to that of horizontal parallel
electrodes.
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1. INTRODUCTION

Metal environmental contaminants are definitely harmful because they are nonbiodegradable
and can accumulate in living tissues. Hexavalent chromium is well known for its toxicity, and it can be
absorbed by living organisms. The continued accumulation of chromium in the human body causes
health disorders [1-4]. The pollution of water by heavy metals can result from several industrial
activities such as metal finishing, textile manufacturing, cement production, chromate production,
electroplating, leather tanning, pesticide application (wood preservative), etc. [2-6]. Massive quantities
of chromium can be released into the aquatic environment either through factory effluents or through
contingent leakage, improper storage procedures or incorrect disposal of chromium-containing wastes
[7].

Because chromium is considered a priority environmental pollutant by the Agency for Toxic
Substances and Disease Registry (ATSDR) [8], multiple processes have been developed to remove
chromium, especially Cr(\V1), because of its high toxicity, which is generally considered to be 1000
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times greater than that of Cr(lll) [9]. These processes include adsorption techniques [10-13],
membrane filtration [14-16], ion exchange [17-19], and acidic reduction of Cr(VI) to Cr(lll) at pH
values below 3. The commonly used agents for Cr(\V1) reduction are NaHSO3, FeS, FeSO,, and SO,
followed by the chemical precipitation of Cr(lll) as Cr(OH)s; using lime, sodium hydroxide or
magnesium hydroxide [20,21]. The main negative effect of these processes is that chemical
coagulation may result in secondary pollution caused by the large quantities of added chemical
substances. In comparison with chemical metal precipitation methods, the use of electrocoagulation
techniques for the treatment of several industrial effluents is recommended because, in this particular
application, the liquid is not heavily loaded with anions and does not undergo changes in salt content.
Furthermore, electrocoagulation processes involve simple equipment and a short retention time and are
easy to operate, which contributes to low operating costs in industrial applications [22,23].
Electrocoagulation is a process dependent on the creation of metallic hydroxide flocs in wastewater via
the electrodissolution of soluble anodes, which are usually composed of iron or aluminum. The
generation of metallic cations occurs at the anode because of electrochemical oxidation of the iron or
aluminum, whereas H is typically formed at the cathode [24]. Electrocoagulation processes involve
the collaboration of many chemical and physical phenomena, such as discharge, anodic oxidation,
cathodic reduction, coagulation, electrophoretic migration, and adsorption [25].

The present work aims to examine the efficiency of electrocoagulation cells with both vertical
and horizontal rough iron cylinder electrodes in removing hexavalent chromium from synthetic
wastewater. The influence of anode surface roughness, current density, initial Cr(\VI) concentration,
and rotation speed of the anode on the removal efficiency was explored to determine the optimum
operating conditions. Although the removal of chromium using the electrocoagulation technique has
been previously reported by different authors, few of these investigators sought to improve the rate of
Cr(VI) reduction by using a rotating rough-surfaced electrode, which is simple in design and provides
a large surface area per unit volume of the cell.

2. EXPERIMENTAL TECHNIQUES

2.1. Setup

The experimental apparatus used to conduct the experiments in the present work is presented
schematically in Fig. 1. The device consisted mainly of a vessel and an electrical circuit. The vessel
was a Plexiglas cylinder with a 14 cm diameter and 20 cm height. The electrical circuit consisted of a
direct current (dc) power supply (40 V, 20 A) with a built-in voltage regulator. A multirange ammeter
was connected in series with the cell to measure its current, whereas a voltmeter was connected in
parallel to measure the cell voltage. The cell anode was a mild steel cylinder of 10 cm active height
and 2.5 cm diameter, with different degrees of surface roughness (0, 1, 2, 3, 4 and 5 mm); this anode
was positioned at the vessel center, whereas the cathode was a mild steel cylinder of 1 mm thickness
lining the inner wall of the vessel. The experimental apparatus used to study the effect of horizontally
oriented electrodes is presented schematically in Fig. 2. The device consisted mainly of a vessel and an
electrical circuit. The vessel was a Plexiglas cylinder with a 14 cm diameter and 20 cm height. The
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electrical circuit consisted of a direct current (dc) power supply (40 V, 20 A) with a built-in voltage
regulator. A multirange ammeter was connected in series with the cell to measure its current, whereas
a voltmeter was connected in parallel to measure the cell voltage.
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Figure 2. Experimental setup for the horizontal anodes.

The cell anode was a smooth-surfaced steel cylinder of 10 cm active height and 2.5 cm

diameter that was placed parallel to the bottom of the Plexiglas cylinder with a gap distance of
approximately 2 cm. The cathode was a steel sheet of 1 mm thickness lining the bottom wall of the

vessel.
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2.2. Procedure

A stock solution of K,Cr,O7 was prepared using analytical-grade chemicals and distilled water.
Experimental solutions of the desired concentrations were produced by successive dilution with
distilled water. The initial pH of the solution was adjusted using an HCI and/or NaOH solution. Before
each run, the electrodes were etched in a dilute HCI solution (15% wi/v) for a few minutes to remove any
residual grease or surface oxides and were then washed with distilled water before being placed in their
final location in the cell and connected to the power supply. During each run, 2000 mL of potassium
dichromate solution at various initial concentrations ranging from 500 to 1500 ppm were added to the cell,
along with sodium chloride at a constant concentration of 3.5 wt%. A current density ranging from 5 to 40
mA cm? was used. Ten milliliter aliquots of the solution were drawn at 5 min intervals and were
divided into two separate equal-volume samples. Both samples were analyzed by back titration against
a standard ferrous ammonium sulfate solution and standard potassium dichromate solution using diphenyl
amine barium salt as an indicator. Both titration results are reported as one average result [26]. The
experiment time was 30 min, and the temperature was maintained at 25 £ 1 °C. The percentage of
Cr(VI) removed at the end of each experiment was calculated from the following equation:
€9 1o

Co 1)
where C, is the initial Cr(\VI) concentration and C is the Cr(VI) concentration at the end of the
experiment. The cell potential was measured, and the cell power consumption was calculated in each
experiment to evaluate the cell’s performance and its economic viability under the disparate operating
conditions.

% Cr(VI)removed =

3. RESULTS AND DISCUSSION

A wide range of coagulant species and hydroxides are formed by the anodic dissolution of iron
during the electrolysis process, which can destabilize suspended particles, causing their coagulation, or
precipitate and adsorb dissolved contaminants [27]. The following reactions occur at the anode:

Fe(s) — Fe(aq)2+ +2e (2)
Few) — Feag” +3¢° 3
2H,0— 4 H+(aq) +02(g) +4e 4)

Whether iron is released as Fe** or as Fe?* from Fe electrodes during electrocoagulation remains
unclear. A substantial number of researchers have assumed that Fe is dissolved as Fe?*; however, a
definitive confirmation is still lacking [27-31].

By contrast, the cathode reactions are:
2H,0+2e — Hy(g) +20H" (5)
Cr,0; +6e +7H,0 —2Cr* +14 OH" (6)

Furthermore, various reactions occur in the bulk solution. The Fe?* formed at the anode reduces Cr(V1)

to Cr(111) according to the following reaction:
Cr,077 +6 Fe” +7H,0 > 2Cr** + 6 Fe*" + 14 OH™ (7)

Further oxidation of Fe** to Fe** occurs because of the oxygen formed at the anode:
4Fe* +0,+2H,0 > 4Fe* +40H" (8)
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The anodically formed Fe** combines with the cathodically formed OH™ to produce insoluble Fe(OH)s.

Depending on the pH of the bulk solution, various ionic species such as Fe(OH)*", Feaq3+, and
Fe(OH)*™ may also exist in the aqueous medium. Pollutants can be removed from the solution via
suspended solid iron hydroxide through coprecipitation, sorption, or electrostatic attraction followed
by coagulation [32].

3.1. Effect of anode rotational speed on the removal efficiency of Cr(VI)

3.1. Effect of anode rotational speed on the efficiency of Cr(VI) removal

The pollutant removal rate in electrochemical processes is controlled by various parameters
such as the initial pollutant concentration, type of electrode material, intensity of the applied current,
and the orientation of the electrodes, among other variables.

To investigate the effect of stirring on the removal rate, various experiments were performed
that demonstrated that the removal rate remained nearly constant as the rotational speed of the anode
was varied, as illustrated in Fig. 3. This finding supports the assumption that the electrocoagulation
process is controlled by the chemical dissolution step of the iron anode. Nevertheless, vigorous stirring
of the solution reduced Cr(V1) removal because it dispersed the coagulated Cr(VI) and Fe(OH)s.

The present finding is consistent with the previous work of different authors. Toktman et al.
[33] reported that increasing rotation speed from 100 rpm up to 400 rpm decreased the removal
efficiency from 99.7 to 98.4 respectively.
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Figure 3. Effect of anode rotational speed on the removal of Cr(VI) at different degrees of roughness
(initial concentration of Cr(VI) = 500 ppm; c.d = 0.01 A cm™%; NaCl conc. = 3.5 wt%; pH = 2.5;
contact time = 15 min).
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3.2. Effect of initial Cr(VI) concentration

To study the effect of the initial Cr(VI) concentration on the Cr(VI) removal rate, many
experiments were performed with the initial ion concentrations ranging from 500 to 1500 ppm. The
results indicated that increases in the initial Cr(VI) concentration tended to reduce the rate of removal.
Fig. 4 clarifies the effect of the initial Cr(\V1) concentration on the percentage of Cr(VI) ions removed at
different current densities. The following relationships were noted for the main factors:

(1) At a constant current density, the same amount of iron ions enter the solution.
Consequently, the amount of Fe(OH)3 coagulant formed is limited and is insufficient to treat the large
amounts of Cr(VI) and Cr(l1l) ions present in the bulk solution.

(i) Increasing the initial concentration of Cr(VI) in the bulk solution chemically passivates

the anode by increasing the amount of chromium absorbed onto the anode surface. Similar phenomena
have been reported elsewhere [34,35].
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Figure 4. Effect of the initial Cr(VI) concentration on the removal of chromium ions at different
current densities (NaCl conc. = 3.5 wt%,; pH = 2.5; smooth anode).

3.3. Effect of anode orientation (vertical vs. horizontal)

Fig. 5 presents the percentage of Cr(VI1) ions removed during electrocoagulation at different
current densities for the vertical and horizontal anode orientations. The percentage of Cr(VI) removed
using the vertical orientation was greater than that removed using the horizontal orientation because of
the problem of current distribution at the horizontal anode. The upper half of the horizontal anode
cylinder, which lies above the cathode thin sheet, does not receive sufficient current. Accordingly, the
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amount of Fe* and Fe*® ions generated from anodic dissolution of the anode is less than that obtained
using the vertical orientation, where the current distribution is more uniform.
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Figure 5. Effect of current density on the percentage of Cr(\VI1) removed using vertical and horizontal
anode orientations (initial concentration of Cr(V1)= 1000 ppm; smooth anode; NaCl conc. = 3.5
wit%; pH = 2.5).

3.4. Effect of anode surface roughness

By utilizing anode surfaces with increasing degrees of roughness, we increased the exposed
reactive surface area of the anode (e.g., by up to 75% of the smooth anode at 5 mm roughness) for
nearly the same anode volume. Accordingly, at a constant current density, the applied current will
increase, leading to increases in the amount of iron hydroxide coagulant (Fe(OH)3) formed and in
bubble flux. Consequently, the net percentage of Cr(VI) removed exhibited a remarkable enhancement,
as shown in Fig. 6. The removal rate increased from 10.90 to 24.67, 12.64 to 40.90 and 47.87 to 66.56
at 1500, 1000 and 500 ppm, respectively. The aforementioned results indicate that the surface
roughness is affected predominantly by the anode rotation speed. An increase in the surface roughness
increases the surface area available for the reduction reaction, whereas an increase in the rotational
speed may prevent the coalescence of the generated Fe(OH)s, thereby reducing the efficiency of the
electrocoagulation process.
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Figure 6. Effect of anode roughness on the percentage of Cr(VI) removed at different initial
concentrations of Cr(VI) ions (NaCl conc. = 3.5 wt%; pH = 2.5; current density = 0.03 A

cm ).

3.5. Effect of current density
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Figure 7. Effect of current density on the percentage of Cr(VI) removed at different surface areas
(initial concentration of Cr(VI) = 500 ppm; NaCl conc. = 3.5 wt%; pH = 2.5).

Current density is considered to be the most important variable affecting the pollutant removal
rate in electrocoagulation processes. The percentage of Cr(VI) removed increased with increasing
current density because the current intensity determines the amount of irons ions liberated by the

anodic dissolution of the iron electrode according to Faraday s law:
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where i is the current intensity, t is the time of electrolysis, M is the molecular weight of iron or
hydroxide ion (g mol™), Z is the number of electrons transferred in the reaction and F is Faraday’s
constant (96,486 C mol ™). Moreover, in addition to increasing production of coagulant, higher current
densities also increase the production of fin-sized bubbles and bubble flux, thereby resulting in an
enhancement in electroflocculation. Fig. 7 shows the effect of current density on the percentage of
Cr(VI) removed at different anode surface areas.

4. CONCLUSIONS

Electrocoagulation is an efficient Cr(VI) removal method that reduces the Cr(\V1) concentration
to a permissible value. However, traditional electrocoagulation methods provide considerable ion
removal but also present economic challenges related to the production of large amounts of sludge and
the addition of chemicals.

The present study has revealed the following:

i.  The performance of a cell with vertically oriented electrodes is superior to that of a cell

with horizontal electrodes with respect to removal of Cr(VI) ions by electrocoagulation.

ii.  The efficiency of Cr(\V1) removal by electrocoagulation is not improved by mechanical
stirring within the range of rotational speeds investigated in this study.

iii.  Increasing the fin height of the anode increases the anode’s active surface area per unit
volume of the cell and increases the removal efficiency of Cr(VI).

iv.  The efficiency of Cr(VI) removal improves with increasing current density and
decreases with increasing initial concentration of chromium.

v.  The electrical energy consumption ranged from 0.099 to 10.4 kWh m™, depending on
the operating conditions.
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