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Demulsification of oily wastewater by electrocoagulation in a batch cell with horizontally oriented
electrodes was studied. The anode of the cell was an array of separated horizontal cylinders made of
aluminium, the cathode was a rectangular aluminium plate placed on the cell bottom below the anode.
The effect of pH, temperature, current density, and sodium chloride concentration on separation efficiency
was studied. The suggested cell design was found to be more efficient than the traditional vertical parallel
plate cell. The horizontal electrode cell could reduce oil concentration in wastewater from 500 to 6 ppm
within 30 min (i.e. below the maximum permissible value which is 10 ppm) with a separation efficiency
of 99.8%. The use of an anode made of horizontal tubes offers the advantage of using the inner side of
these tubes as heat exchanger to control cell temperature if necessary.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In view of the increasingly stringent environmental policy
adopted by industrialized countries, a growing attention has been
directed to the problem of water pollution by oil-water emulsion
generated by several industrial activities such as refineries, machin-
ing shops, off-shore platforms, automotive repair shops and oil
transportation, distribution and storage facilities. Oil-water emul-
sions not only represents an environmental hazard to aquatic life
by virtue of the increase in BOD but also threatens human life.

Methods of demulsification oil-water emulsion include chem-
ical, mechanical and electrochemical techniques [1]. Chemical
coagulation is carried out by adding salts such as ferric sulphate
or aluminium sulphate to the emulsion followed by a precipitation
reaction. This method generates a high water-content sludge with
attendant dewatering and disposal problems beside the high cost
of the coagulating chemicals. Mechanical methods such as ultra-
filtration are limited in use because of the rapid fouling of the
membranes used in ultrafiltration [1]. Electrocoagulation is receiv-
ing an increasing acceptance by industry in view of its advantages
compared to other methods [1,2].

Electrocoagulation is carried out in electrolytic cell containing a
sacrificial anode, e.g. Al which dissolves into coagulating AI3* ions
while the cell cathode generates H, bubbles. Although some work
on electroflotation was conducted using cells with horizontally
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oriented screen electrodes [2], the majority of electrocoagulation
studies were conducted using the traditional vertical parallel plate
cell [3-8] despite the apparent merits of the horizontally oriented
electrode cell. The aim of the present work is to examine the perfor-
mance of a rectangular cell with horizontal electrodes. The cathode
is made of a horizontal aluminium plate rested on the cell bot-
tom while the anode was made of an array of separated horizontal
aluminium tubes placed above the cathode at a short distance
from it. This design offers the following merits: (i) the cathodically
evolved H, bubbles are uniformly distributed over the whole cross-
sectional area of the cell, i.e. the floating ability of H, bubbles is
uniform as opposed to the vertical cell where H, evolve in the form
of a curtain beside the vertical cathode; besides, the thickness of
the bubble layer increases along the vertical electrode with a con-
sequent increase in the cell resistance and the nonuniformity of
current distribution [9]. (ii) Locating the dissolving Al anode above
the H, evolving cathode leads to improving the mixing conditions
at the anode surface by virtue of the macroconvection induced by
the rising swarm of H, bubbles [10,11]. As a consequence concen-
tration polarization would decrease at the anode and dissolved AI3*
would be uniformly distributed in the emulsion. (iii) The inside sur-
face of the horizontal tubes forming the array anode can be used
as a heat exchanger to control the cell temperature if necessary, for
instance, Rios et al. [12] reported that some emulsions need high
temperature to be broken by electrocoagulation. On the other hand,
the heat generated in emulsions with low electrical conductivity
should be removed to void excessive increase in temperature which
may dissolve Al(OH)3; with a consequent decrease in the efficiency
of electrocoagulation.
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Fig. 1. Cell and electrical circuit horizontal rectangular Al cathode; (2) array of hor-
izontal Al cylinder anode; (3) emulsion level; (4) voltmeter; (5) dc power supply;
(6) multirange ammeter; (7) rectangular plastic container.

The effect of different operating parameters on the performance
of the cell especially its ability to bring down oil content in the oily
wastewater below the maximum permissible value of 10 ppm [13]
was investigated. Emulsions were prepared using three different
types of water namely, fresh water (85 ppm NaCl), brackish water
(1.5% NacCl) and saline water (3.5% NaCl).

2. Experimental technique

Fig. 1 shows the cell and electrical circuit used in the present
work, the cell consisted of a rectangular plastic container with a
20 cm x 20cm base and 30 cm height. The cathode consisted of a
horizontal Al plate placed on the cell bottom; the back of the Al
plate was insulated with epoxy resin. The anode was made of an
array of separated horizontal cylinders, each cylinder had a length
of 15 cm and 0.8 cm diameter, and cylinders in the array were sepa-
rated by a distance of 0.87 cm. The horizontal cylinders were fixed
at their ends to two Al strips, the cylinder array was held in posi-
tion by a vertical Al strip welded to one of the horizontal strips,
the vertical Al strip acted as a current feeder to the anode. The
vertical strip and the two horizontal strips holding the horizon-
tal cylinder were insulated with epoxy resin. The cathode-anode
separation was fixed at a distance of 1.5 cm. The electrical circuit
consisted of 20V dc. Power supply with a voltage regulator, a mul-
tirange ammeter, all connected in series with the cell, a voltmeter
was connected in parallel with the cell to measure its voltage when
needed. To compare the performance of the above cell with the tra-
ditional vertical parallel plate cell, a cell with two vertical parallel
Al electrodes was constructed, each electrode had the dimensions
17 cm width and 17 cm height, the back of each electrode was sep-
arated with epoxy resin, and electrode separation was 1.5 cm. The
two electrodes were placed in a container similar to that used in
case of horizontal electrodes.

Synthetic emulsions of initial oil concentration of 500 mg/L oil
were prepared by mixing crude oil with saline water containing
0.15% of polyethylene oleate surfactant in an agitated vessel. To
simulate seawater, brackish water and fresh water, water with NaCl

concentration of 3.5%, 1.5% and 85 ppm were prepared, respectively.
Before each run the cell (with vertical or horizontal electrodes) was
filled with 7L of oil-water emulsion, during electrolysis a sample
of 10cm3 was taken from the bulk of the emulsion every 5min
for oil analysis. Oil concentration in the emulsion was determined
by means of a spectrophotometer using a wavelength of 650 nm.
A calibration curve (absorbance vs. oil concentration) was used to
determine oil concentration from the sample absorbance measured
by the spectrophotometer.

During electrolysis the cell was placed in a thermostated water
bath to control its temperature. Results were expressed in terms of
oil separation efficiency.

3. Results and discussion

In order to explain the present results it would be illuminating
to outline the possible demulsification mechanism in the following
points:

1. Dissolution of the passive Al, 03 film on Al anode by the antipas-
sive chloride ions allows Al anode to dissolve to AI3* which
undergo hydrolysis to the following coordination compounds
depending on the pH of the medium [14] as shown in the fol-
lowing table:

pH Hydrolysis products
<4 Al(H,0)3"; [Al(H20)5(OH)]*"; [Al(H;0),(OH),]"
4-5 [Alg(OH)513*; [Alg(OH )y |**
5.5 Al[(H20)3(OH)3]°
>7 [Alz2(OH)7]~; [AI(OH)4]~
600 1
c.d =0,008 A/cm?
NaCl conc. = 85 ppm
500 ¢ T=20%
PH value
400
3
Q.
e
c
kel
T 3004
€
©
o
c
Q
o
©
200 1
100 4
0 2
T T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Time (min)

Fig. 2. Oil concentration in the emulsion versus time of electrolysis at different pH.
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The positively charged Al hydrolysis products neutralize the
negative charge responsible for oil emulsion stability and which
exists at the interface between oil drops and water [14,15]. The
neutralized oil drops coalesce upon collision as a result of their
Brownian movement. The coalesced oil globules are easy to float.

2. It is also possible that electrophoresis, i.e. migration of the neg-
atively charged oil drops towards the positively charged anode
under the influence of electrical field contributes to the process
of demulsification as a result of neutralization of the negatively
charged oil drops at the anode surface [13,15].

3. The neutral Al hydrolysis products such as Al(H,0)3(OH);
contributes to the demulsification process by virtue of the pref-
erential adsorption of oil drops on Al[(H,0)3(0H)3] [14,15].

4. The coalesced oil drops adhere to the cathodically generated
small sized H, bubbles and float to the top of the emulsion
[13,15].

Fig. 2 shows the effect of pH on the rate of demulsification,
within the pH range 5-8, pH has a little effect on the rate of demul-
sification. At pH 9 the rate of demulsification tends to decrease
probably because under this condition Al(OH); formed in alkaline
solution becomes negatively charged [14], also amphoteric A[(OH)3
dissolves in the alkaline solution to form aluminates; as such it does
not contribute to the process of oil coagulation and floatation. How-
ever as the time passes excess anodically dissolved AI3* becomes
available to enhance the rate of demulsification.

Fig. 3 shows the effect of current density on the oil concentra-
tion in the emulsion vs. time, in general increasing current density
increases the rate of oil separation from the emulsion, this may be
attributed to the following effects: (i) the increase in Al3* content
of the emulsion according to Faradays law. (ii) The increase in the
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Fig. 3. Effect of current density on the change of oil concentration in the emulsion
with time of electrolysis.
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Fig.4. Effect of temperature on the change of oil concentration in the emulsion with
time electrolysis.

H, discharge rate resulting from the increase in current density
increases the upward velocity of the rising gas-liquid dispersion
past the cylinder array anode with a consequent increase in the
rate of AI3* diffusion away of the anode surface; this reduces anode
concentration polarization and increases its dissolution efficiency.
(iii) Increasing the current density increases the rate of demulsifi-
cation by electrophoresis [13]. (iv) As the current density increases
the floating ability if H, bubbles increases as a result of increasing
the number of bubbles and the reduction in bubble size [16,17];
small sized bubbles rise slowly, thereby their chance of attaching
themselves to neutralized oil drops is higher than the fast rising
large bubbles.

Fig. 3 shows that for a given current density most of the oil con-
tents is separated within the first 10 min and then the process of oil
separation slows down with time. The initial high rate of oil sepa-
ration may be attributed to the high frequency of collision between
the neutralized oil drops, as the number of drops decreases with
time the frequency of collision and coagulation decreases.

Fig. 4 shows the effect of temperature on the variation of oil con-
centration with time, the data show that oil removal increases with
decreasing temperature. This result is the outcome of the following
complex effects of temperature:

(i) Increase of temperature may enhance the rate of electroco-
agulation via: (a) increasing the temperature increases the
diffusivity of Al3* as a result of decreasing the solution viscos-
ity, this enhances the removal of AI** from the anode surface,
i.e. decreases the anode concentration polarization with a con-
sequent increase in the current efficiency of Al dissolution. (b)
Increase of temperature increases the Brownian movement of
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oil drops [15] with a consequent increase in the frequency of
collision and coalescence of the neutralized oil drops.

(ii) On the other hand, as the temperature increases the solubility
of Al(OH)3; increases [15] with a consequent decrease in the
coagulation efficiency. It seems that within the present range of
conditions, the second adverse effect outweighs the enhancing
effects outlined in (i).

In order to shed some light on the effect of electrolyte con-
tent of the aqueous phase on the degree of oil separation, three
types of water were used in preparing the emulsion, namely, fresh
water containing 85 ppm NaCl, brackish water containing 1.5% NaCl
and seawater containing 3.5% NaCl. Fig. 5 shows that the degree of
oil separation increases as the NaCl content of the aqueous phase
decreases. This may be attributed to the fact that demulsification
by electrophoresis decreases with increasing NaCl concentration
because the competing chloride migrates to the anode surface in
preference to the negatively charged oil drops. Despite the high
rate of oil removal in emulsions with low salt content, a high volt-
age penalty is incurred as a result of the low solution conductivity,
for instance, at an anodic current density of 0.004 A/cm? the cell
voltage was 2.9, 3.5 and 17.5V for seawater (3.5% NaCl), brackish
water (1.5% NaCl) and fresh water (85 ppm NacCl), respectively. The
increase in cell voltage would lead to increasing energy consump-
tion in kWhm~3 of demulsified emulsion.

Fig. 6 compares the separation efficiency of cells with horizon-
tally oriented electrodes (Fig. 1) and a traditional parallel plate cell.
The efficiency is higher with horizontal electrodes than with verti-
cal, parallel plate electrodes, which may be attributed to the better
mixing of the anodically dissolved Al3* with the emulsion as a result
of the uniform distribution of the cathodically evolved H, bub-
bles allover the cell cross-section. The rising H, bubbles enhance
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Fig. 5. Effect of NaCl concentration on the change of oil concentration in the emul-
sion with time of electrolysis.
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Fig. 6. Comparison between the separation efficiency of the cell with horizontal
electrodes and that of the cell with vertical electrodes.

the rate of diffusion of the anodically dissolved AI** to the emul-
sion through (i) collision of the rising bubbles with the horizontal
anode cylinders disturbs the diffusion layer around each cylinder.
(ii) The diffusion layer is further thinned by the radial momentum
and the eddies induced by the rising bubbles [18,19], thinning of
the diffusion layer increases the flux of the anodically dissolved
Al3*, According to Sedahmed and Shemilt who studied the effect of
gas evolution at a horizontal plate on the rate of mass transfer at a
tube array placed above the gas evolving plate, the diffusion layer
thickness decreases with the 0.37 power of the gas discharge rate
[10].

In case of the cell with parallel vertical electrodes H, bubbles
evolve in the form of a thin curtain in the immediate vicinity of
the cathode away from the anode, solution entrained by the rising
H, bubble swarm is recycled only to the upper part of the dissolv-
ing anode [20] while the rest of the anode remains unstirred. As
a consequence the mixing efficiency and the floating ability of H,
bubbles in the vertical electrode cell is less than in case of the cell
with horizontal electrodes.

In an attempt to shed some light on the kinetics of demulsifica-
tion, a first-order rate equation was assumed

Co
ln? =Kt (1)

where C, and C are the initial oil concentration and oil concen-
tration in the emulsion at any time; K is the rate constant of the
process; t is the time.

Fig. 7 shows that the present data at low and high current
densities fit Eq. (1), however two different slopes were obtained
indicating the presence of two rates of demulsification. In the first
stage which occurs during the first few minutes the rate of demulsi-
cation is much higher than that of the second stage. As mentioned
before the high rate of demulsification observed in the first few
minutes is ascribed to the high concentration of oil drops in the
emulsion and hence the high collision frequency of the neutral-
ized oil drops. The low rate of demulsification observed in the
second stage may be attributed to the low collision frequency of
the remaining neutralized drop. Recently, Ugurlu et al. [21] who
studied the removal of lignin and phenol from paper mill effluents
by electrocoagulation reported a first-order kinetics which agrees
with the present finding.
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Fig. 7. InG,/C versus time of electrolysis for a high current density and low current
density.

4. Conclusion

1. The present results have shown that cells with horizontal elec-
trodes are more efficient than cells with vertical electrodes in
separating oil from oily wastewater by electrocogulation. Cells
with horizontal electrodes have a higher mixing efficiency and
higher floating ability thanks to the uniform distribution of the
cathodically evolved H, bubbles allover the cell cross-section.
The built-in heat transfer facility of the present horizontal cell
serves to control cell temperature by passing a cooling or heating
fluid through the inner side of the tubes forming the anode.

2. Simultaneous electrocoagulation and electroflotation result in a
rapid oil separation to a degree depending on current density,
temperature, NaCl concentration and pH of the emulsion. Under
the present range of experimental conditions most of the oil con-
tent of the emulsion separate within 10 min after the beginning
of electrolysis.

3. Although oil separation efficiency increases with decreasing
the salt content of the emulsion, the cell voltage and energy
consumption also increase. This fact should be considered in
selecting the most effective demulsification technique especially
in case of demulsifation of oil-fresh water emulsions.

4. Oil separation by electrocoagulation takes place through a first-
order kinetics especially in the early stage where the frequency of
neutralized oil drop collision determines the rate of coagulation.
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