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a b s t r a c t

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.
ccepted 17 April 2008
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ell design

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
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il separation these tubes as heat exchan

. Introduction

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

Methods of demulsification oil–water emulsion include chem-
cal, mechanical and electrochemical techniques [1]. Chemical
oagulation is carried out by adding salts such as ferric sulphate
r aluminium sulphate to the emulsion followed by a precipitation
eaction. This method generates a high water-content sludge with
ttendant dewatering and disposal problems beside the high cost
f the coagulating chemicals. Mechanical methods such as ultra-
ltration are limited in use because of the rapid fouling of the
embranes used in ultrafiltration [1]. Electrocoagulation is receiv-

ng an increasing acceptance by industry in view of its advantages
ompared to other methods [1,2].
Electrocoagulation is carried out in electrolytic cell containing a
acrificial anode, e.g. Al which dissolves into coagulating Al3+ ions
hile the cell cathode generates H2 bubbles. Although some work

n electroflotation was conducted using cells with horizontally

∗ Corresponding author. Tel.: +20 35831660, fax: +20 35468502.
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o control cell temperature if necessary.
© 2008 Elsevier B.V. All rights reserved.

riented screen electrodes [2], the majority of electrocoagulation
tudies were conducted using the traditional vertical parallel plate
ell [3–8] despite the apparent merits of the horizontally oriented
lectrode cell. The aim of the present work is to examine the perfor-
ance of a rectangular cell with horizontal electrodes. The cathode

s made of a horizontal aluminium plate rested on the cell bot-
om while the anode was made of an array of separated horizontal
luminium tubes placed above the cathode at a short distance
rom it. This design offers the following merits: (i) the cathodically
volved H2 bubbles are uniformly distributed over the whole cross-
ectional area of the cell, i.e. the floating ability of H2 bubbles is
niform as opposed to the vertical cell where H2 evolve in the form
f a curtain beside the vertical cathode; besides, the thickness of
he bubble layer increases along the vertical electrode with a con-
equent increase in the cell resistance and the nonuniformity of
urrent distribution [9]. (ii) Locating the dissolving Al anode above
he H2 evolving cathode leads to improving the mixing conditions
t the anode surface by virtue of the macroconvection induced by
he rising swarm of H2 bubbles [10,11]. As a consequence concen-
ration polarization would decrease at the anode and dissolved Al3+

ould be uniformly distributed in the emulsion. (iii) The inside sur-
ace of the horizontal tubes forming the array anode can be used
s a heat exchanger to control the cell temperature if necessary, for
nstance, Rios et al. [12] reported that some emulsions need high

emperature to be broken by electrocoagulation. On the other hand,
he heat generated in emulsions with low electrical conductivity
hould be removed to void excessive increase in temperature which
ay dissolve Al(OH)3 with a consequent decrease in the efficiency

f electrocoagulation.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:Konsowa2002@yahoo.com
dx.doi.org/10.1016/j.cej.2008.04.027
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4–5 [Al6(OH)15]3+; [Al8(OH)20]4+

5.5 Al[(H2O)3(OH)3]0

>7 [Al2(OH)7]−; [Al(OH)4]−
ig. 1. Cell and electrical circuit horizontal rectangular Al cathode; (2) array of hor-
zontal 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
f the cell especially its ability to bring down oil content in the oily
astewater below the maximum permissible value of 10 ppm [13]
as investigated. Emulsions were prepared using three different

ypes of water namely, fresh water (85 ppm NaCl), brackish water
1.5% NaCl) and saline water (3.5% NaCl).

. Experimental technique

Fig. 1 shows the cell and electrical circuit used in the present
ork, the cell consisted of a rectangular plastic container with a
0 cm × 20 cm base and 30 cm height. The cathode consisted of a
orizontal Al plate placed on the cell bottom; the back of the Al
late was insulated with epoxy resin. The anode was made of an
rray of separated horizontal cylinders, each cylinder had a length
f 15 cm and 0.8 cm diameter, and cylinders in the array were sepa-
ated by a distance of 0.87 cm. The horizontal cylinders were fixed
t their ends to two Al strips, the cylinder array was held in posi-
ion by a vertical Al strip welded to one of the horizontal strips,
he vertical Al strip acted as a current feeder to the anode. The
ertical strip and the two horizontal strips holding the horizon-
al cylinder were insulated with epoxy resin. The cathode–anode
eparation was fixed at a distance of 1.5 cm. The electrical circuit
onsisted of 20 V dc. Power supply with a voltage regulator, a mul-
irange ammeter, all connected in series with the cell, a voltmeter
as connected in parallel with the cell to measure its voltage when
eeded. To compare the performance of the above cell with the tra-
itional vertical parallel plate cell, a cell with two vertical parallel
l electrodes was constructed, each electrode had the dimensions
7 cm width and 17 cm height, the back of each electrode was sep-
rated with epoxy resin, and electrode separation was 1.5 cm. The
wo electrodes were placed in a container similar to that used in

ase of horizontal electrodes.

Synthetic emulsions of initial oil concentration of 500 mg/L oil
ere prepared by mixing crude oil with saline water containing
.15% of polyethylene oleate surfactant in an agitated vessel. To
imulate seawater, brackish water and fresh water, water with NaCl F
ng Journal 145 (2009) 436–440 437

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

etermine oil concentration from the sample absorbance measured
y the spectrophotometer.

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

. Results and discussion

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

1. Dissolution of the passive Al2O3 film on Al anode by the antipas-
sive chloride ions allows Al anode to dissolve to Al3+ 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 O)3+; [Al(H O) (OH)]2+; [Al(H O) (OH) ]+
ig. 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.

. 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].

. The neutral Al hydrolysis products such as Al(H2O)3(OH)3
contributes to the demulsification process by virtue of the pref-
erential adsorption of oil drops on Al[(H2O)3(OH)3] [14,15].

. The coalesced oil drops adhere to the cathodically generated
small sized H2 bubbles and float to the top of the emulsion
[13,15].

Fig. 2 shows the effect of pH on the rate of demulsification,
ithin the pH range 5–8, pH has a little effect on the rate of demul-

ification. At pH 9 the rate of demulsification tends to decrease
robably because under this condition Al(OH)3 formed in alkaline
olution becomes negatively charged [14], also amphoteric Al(OH)3
issolves in the alkaline solution to form aluminates; as such it does
ot contribute to the process of oil coagulation and floatation. How-
ver as the time passes excess anodically dissolved Al3+ becomes
vailable to enhance the rate of demulsification.
Fig. 3 shows the effect of current density on the oil concentra-
ion in the emulsion vs. time, in general increasing current density
ncreases the rate of oil separation from the emulsion, this may be
ttributed to the following effects: (i) the increase in Al3+ content
f the emulsion according to Faradays law. (ii) The increase in the

ig. 3. Effect of current density on the change of oil concentration in the emulsion
ith time of electrolysis.
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ig. 4. Effect of temperature on the change of oil concentration in the emulsion with
ime electrolysis.

2 discharge rate resulting from the increase in current density
ncreases the upward velocity of the rising gas–liquid dispersion
ast the cylinder array anode with a consequent increase in the
ate of Al3+ diffusion away of the anode surface; this reduces anode
oncentration polarization and increases its dissolution efficiency.
iii) Increasing the current density increases the rate of demulsifi-
ation by electrophoresis [13]. (iv) As the current density increases
he floating ability if H2 bubbles increases as a result of increasing
he number of bubbles and the reduction in bubble size [16,17];
mall sized bubbles rise slowly, thereby their chance of attaching
hemselves to neutralized oil drops is higher than the fast rising
arge bubbles.

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

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

(i) Increase of temperature may enhance the rate of electroco-
agulation via: (a) increasing the temperature increases the

3+
diffusivity of Al as a result of decreasing the solution viscos-
ity, this enhances the removal of Al3+ 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-
ent of the aqueous phase on the degree of oil separation, three
ypes of water were used in preparing the emulsion, namely, fresh
ater containing 85 ppm NaCl, brackish water containing 1.5% NaCl

nd seawater containing 3.5% NaCl. Fig. 5 shows that the degree of
il separation increases as the NaCl content of the aqueous phase
ecreases. This may be attributed to the fact that demulsification
y electrophoresis decreases with increasing NaCl concentration
ecause the competing chloride migrates to the anode surface in
reference to the negatively charged oil drops. Despite the high
ate of oil removal in emulsions with low salt content, a high volt-
ge penalty is incurred as a result of the low solution conductivity,
or instance, at an anodic current density of 0.004 A/cm2 the cell
oltage was 2.9, 3.5 and 17.5 V for seawater (3.5% NaCl), brackish
ater (1.5% NaCl) and fresh water (85 ppm NaCl), respectively. The

ncrease in cell voltage would lead to increasing energy consump-
ion in kWh m−3 of demulsified emulsion.

Fig. 6 compares the separation efficiency of cells with horizon-
ally oriented electrodes (Fig. 1) and a traditional parallel plate cell.
he efficiency is higher with horizontal electrodes than with verti-

al, parallel plate electrodes, which may be attributed to the better
ixing of the anodically dissolved Al3+ with the emulsion as a result

f the uniform distribution of the cathodically evolved H2 bub-
les allover the cell cross-section. The rising H2 bubbles enhance

ig. 5. Effect of NaCl concentration on the change of oil concentration in the emul-
ion with time of electrolysis.
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ig. 6. Comparison between the separation efficiency of the cell with horizontal
lectrodes and that of the cell with vertical electrodes.

he rate of diffusion of the anodically dissolved Al3+ to the emul-
ion through (i) collision of the rising bubbles with the horizontal
node cylinders disturbs the diffusion layer around each cylinder.
ii) The diffusion layer is further thinned by the radial momentum
nd the eddies induced by the rising bubbles [18,19], thinning of
he diffusion layer increases the flux of the anodically dissolved
l3+. According to Sedahmed and Shemilt who studied the effect of
as evolution at a horizontal plate on the rate of mass transfer at a
ube array placed above the gas evolving plate, the diffusion layer
hickness decreases with the 0.37 power of the gas discharge rate
10].

In case of the cell with parallel vertical electrodes H2 bubbles
volve in the form of a thin curtain in the immediate vicinity of
he cathode away from the anode, solution entrained by the rising
2 bubble swarm is recycled only to the upper part of the dissolv-

ng anode [20] while the rest of the anode remains unstirred. As
consequence the mixing efficiency and the floating ability of H2
ubbles in the vertical electrode cell is less than in case of the cell
ith horizontal electrodes.

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

n
Co

C
= Kt (1)

here Co and C are the initial oil concentration and oil concen-
ration in the emulsion at any time; K is the rate constant of the
rocess; t is the time.

Fig. 7 shows that the present data at low and high current
ensities fit Eq. (1), however two different slopes were obtained

ndicating the presence of two rates of demulsification. In the first
tage which occurs during the first few minutes the rate of demulsi-
ation is much higher than that of the second stage. As mentioned
efore the high rate of demulsification observed in the first few
inutes is ascribed to the high concentration of oil drops in the

mulsion and hence the high collision frequency of the neutral-
zed oil drops. The low rate of demulsification observed in the
econd stage may be attributed to the low collision frequency of

he remaining neutralized drop. Recently, Ugurlu et al. [21] who
tudied the removal of lignin and phenol from paper mill effluents
y electrocoagulation reported a first-order kinetics which agrees
ith the present finding.
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. 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 H2 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.

[

[

ng Journal 145 (2009) 436–440

. 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.

. 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.

. 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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