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Coagulation and electrocoagulation of oil-in-water emulsions
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bstract

In this work the efficiencies of the chemical and the electrochemical break-up of oil-in-water (O/W) emulsions with hydrolyzing aluminium
alts are compared. It has been obtained that the efficiency of the processes does not depend directly on the dosing technology, but on the total
oncentration of aluminium and pH. This latter parameter changes in a different way in the chemical and the electrochemical processes: the pH
ncreases during the electrochemical experiments since the electrochemical system leads to the formation of aluminum hydroxide as a net final
roduct, but it decreases in the conventional ones due to the acid properties of the aluminum salts added (AlCl3 or Al2(SO4)3). The break-up of
he emulsions only takes place in the range of pHs between 5 and 9, and the amount of aluminium necessary to produce the destabilization of
he emulsion is proportional to the oil concentration. Electrolytes containing chlorides improve COD removal as compared with those containing

ulphate ions. Aluminium hydroxide precipitates were found to be the primary species present in solution in the conditions in which the breaking
rocess is favoured. Consequently, the attachment of more than one droplet of oil at a time to a charged precipitate-particle (bridging flocculation)
as proposed as the primary destabilization mechanism.
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. Introduction

Oil-in-water (O/W) emulsions are widely used in metal indus-
ry processing, since these fluids provide the combination of
ooling and lubrication required by numerous metalworking
perations. These emulsions become exhausted with use as they
oose their properties, and turn into residues that must be treated
o reduce the impact of their discharge. The treatment of the-
es wastes has been addressed by different techniques, but the
ost commonly used are membrane processes (microfiltration

nd ultrafiltration) [1,2], chemical destabilization (conventional
oagulation) [3–6] and electrochemical destabilization (electro-
oagulation) [7–11]. Less commonly used are the biological
rocesses, as these kinds of industrial fluids contain biocides

such as heterocyclic sulphur and nitrogen compounds) to pre-
ent their degradation [12]. As well, when the effluent is highly
olluted with soluble compounds and they cannot be removed by

∗ Corresponding author. Tel.: +34 902204100; fax: +34 926295318.
E-mail address: manuel.rodrigo@uclm.es (M.A. Rodrigo).
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ther techniques, distillation [13] can be an attractive alternative,
espite of its high operation-cost.

In the chemical destabilization process, it is usual the addi-
ion of hydrolyzing metal salts (of Fe3+ or Al3+) as coagulant
eagents, whereas the electrochemical method involves the in
itu generation of coagulants by electrolytic oxidation of an
ppropriate anode material (e.g. iron or aluminium). These
oagulants promote the break-up of the emulsion due to the
eduction of the superficial charge of the droplets, causing the
oalescence of the oil droplets, and the subsequent separation
f the aqueous and oily phases by means of conventional set-
ling or dissolved-air flotation. According to literature [14], the

ain destabilization mechanism is the attachment of adsorbing
acromolecules to more than one droplet at a time (bridging
occulation). Destabilization by non-adsorbing polymers can
lso be promoted through the mechanism of depletion floccula-
ion (that cause a weak attraction between the oil droplets). The

rst mechanism normally involves electrically-charged species
s reagent, as these species can combine (by attractive electrical
orces) with the opposite electrically-charged active sites that are
resent on the surface of the droplet. In addition to adsorbing

mailto:manuel.rodrigo@uclm.es
dx.doi.org/10.1016/j.jhazmat.2007.05.043
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acromolecules causing the bridging flocculation, some authors
ave reported the elimination of oil from emulsified effluents by
he adsorption properties of growing metal hydroxides (iron and
luminium hydroxides) [10,11], which form nucleuses of parti-
les. Around these nucleuses, adsorption layers of cations and
nions are organized. The nucleus together with the adsorption
ayer form a particle (of metal hydroxide), which has a small
ositive charge, and has very high ability for adsorption of oil
roplets [10].

The break-up of emulsions by solution dosing has been
idely discussed in literature. However, the comparison of the
echanisms of this process and those that happens during the

lectrochemical dosing process is less studied. In this context,
ome advantages are reported in the literature for the electro-
hemical technique, such as the generation of bubbles (the H2
roduced in the reduction of water) on the cathode surface. These
ubbles generate a soft mix in the system that promotes the coa-
escence process (electroflocculation) [15], and the separation
f the coalesced droplets, which can be carried to the top of
he solution, where they can be easily collected and removed
electroflotation process) [16,17].

The goal of this work is to compare the efficiencies of the
hemical and the electrochemical break-up of O/W emulsions
ith hydrolyzing aluminium salts, and to determine the sim-

larities or differences that exist between both destabilization
rocesses. To meet this objective, the experiments were planned
o meet similar conditions between both technologies, espe-
ially in terms of aluminium dose and pH. The results have been
nterpreted in terms of the mechanisms previously proposed in
he literature for understanding the O/W emulsions breaking
rocess.

. Experimental

.1. O/W emulsions

The oily phase of the emulsion is composed by a com-
on lubricant oil (REPSOL ELITE TDI 15W40 provided by
EPSOL-YPF, Spain) and a soluble oil (SOL 1000 provided by
olydal, France). To prepare the emulsion, the same amounts

f both lubricant and soluble oils (50:50, w/w) were mixed and
tirred until a homogenous liquid was obtained. Then, the sup-
orting electrolyte (NaCl or Na2SO4) dissolved in osmotized
ater was added slowly while the mixture was being stirred to
nally obtain the oil-in-water emulsion. The total amount of oil
dded to the emulsion was in the range 1500–6000 mg dm−3

0.15–0.6% of oil in the emulsion).

.2. Experimental devices

The coagulation experiments were carried out in a bench-
cale plant (described elsewhere [18]). In the electrochemical
xperiments, the coagulant reagent came from the dissolution

f aluminium electrodes (type HE 18) placed in a single com-
artment electrochemical flow cell. Both electrodes (anode and
athode) were square in shape (10 cm side) and the electrode gap
as 9 mm. The electrical current was applied using a DC Power

a
a
T
u

upply FA-376 PROMAX. The voltage and the current flowing
hrough the cell were measured with a multimeter (KEITHLEY
000 Digital Multimeter). The O/W emulsion was stored in a
000 cm3 glass tank, stirred by an overhead stainless steel rod
tirrer (HEIDOLPH RZR 2041) and circulated through the elec-
rolytic cell by a peristaltic pump. A thermostated-bath allows

aintaining the temperature at the desired set point. To carry out
he chemical coagulation experiments the experimental bench-
cale plant was modified by changing the electrochemical flow
ell by a single flow reactor (with the same geometry) and
y including an aluminium-solution (of AlCl3 or Al2(SO4)3)
osage system.

.3. Experimental procedure

Electrochemical coagulation experiments were carried out
nder galvanostatic conditions. Prior to every experiment the
lectrodes were treated by rinsing with a solution of 1.30 M HCl
n order to reject any effect due to the different prehistory of the
lectrodes.

In the continuous operation mode, the O/W emulsion was
umped from the feed tank to the cell (or reactor) and then it
as collected in a different tank. Samples were taken at the out-

et of the cell and left 60 min to allow the coalescence of the
hases. This period was selected after some preliminary exper-
ments. After this time, zeta potential (using a Zetasizer Nano
S (Malvern, UK)), COD (using a HACH DR2000 analyser)
nd pH (using an inoLab WTW pH meter) were measured to
he aqueous phase. Chemical coagulation experiments followed
he same procedure. However, in this case the aluminium was
dded by dosing a solution containing AlCl3 or Al2(SO4)3.

Several discontinuous chemical experiments were carried out
y recirculating the effluent from the reactor to the feed tank. In
ddition, some discontinuous chemical coagulation experiments
ere carried out in a standard jar test experimental set-up. In

hese later experiments, a fixed amount of coagulant was added
o the emulsion, and after that the solution was vigorously stirred.
he procedures to take and measure the samples were the same
sed for the continuous coagulation experiments.

.4. Measurement of the aluminium electrodissolved in the
ell

The heterogeneity of the emulsion and the formation of two
hases after the coalescence make difficult the accurate mea-
urement of the total aluminium electrodissolved in the cell in
very experiment, as many source of errors can be present (quan-
ification of the phases volumes, determination of aluminium in
oth phases, . . .). To obtain precise data, every electrochemical
xperiment was repeated maintaining the same operation con-
itions and changing the O/W emulsion by an aqueous solution
ith the same concentration of electrolyte. Results obtained in
reliminary experiments demonstrate that the concentration of

luminium is not affected by the oils content and then a simple
nd more accurate measurement is obtained with this procedure.
hen, the concentration of aluminium was measured off-line
sing an Inductively Coupled Plasma LIBERTY SEQUENTIAL
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ative (around −60 mV), and the addition of aluminium leads
to the increase of this parameter to attain values around zero
in the steady-state. Finally, in Fig. 2b it can be observed that
ARIAN according to a standard method [19] (plasma emission
pectroscopy). To determine the total aluminium concentration,
amples were diluted 50:50 (v/v) with 4N HNO3 to ensure the
otal solubility of aluminium. A complete characterization of
his electrodissolution process is shown in Supplementary data.

.5. Characterization of the hydrolysis aluminium species
enerated in the chemical aluminium dosing

To characterize the hydrolysis species resulting from the
ddition of aluminium in the coagulation processes, several
atch experiments were carried out. In these experiments, a
xed amount of coagulant-solution (AlCl3 or Al2(SO4)3) was
dded to an aqueous solution (NaCl or Na2SO4, that repre-
ents the O/W emulsion in a coagulation process), and after
hat the solution was stirred vigorously. Next, samples were
aken and pH, zeta potential and total and soluble aluminium
oncentrations (by filtering the samples using membranes of
.45 �m) were measured. In addition, the characterization of the
ydrolyzed aluminium species generated has been carried out
y ferron method [20–23]. This method consists of the timed
pectroscopy monitoring of aluminium-ferron (8-hydroxy-7-
odo-5-quinolinesulfonic acid) reaction, to form a complex
hich has a maximum absorbance of 364 nm. Monomeric

pecies react almost instantaneously with ferron, whereas poly-
eric species have a much slower reaction rate with this

ompound. The particles of precipitate practically do not react
ith ferron. Therefore, this method allows distinguishing among
onomeric, polymeric or precipitate species.
The analytical measurement was carried out by filtering the

amples using membranes of 0.45 �m in order to remove the
articles of precipitate. Once the sample is filtered, an aliquot is
dded to a volume of saturated ferron solution freshly prepared
o that ferron is in excess, at pH 5 in an acetate buffered solu-
ion. Immediately, the absorbance of the sample is monitored
ith time, until a constant value is obtained, what is indicative
f the end of the reaction. By plotting the logarithm of the unre-
cted aluminium versus time, the ratio of aluminium species
hat react quickly and slowly with ferron (that is, monomeric
nd polymeric species) can be estimated [20,22,23]. A com-
lete characterization of these species for the conditions used in
his work is shown in Supplementary data.

. Results and discussion

.1. Dynamic response of the continuous break-up
rocesses

In any chemical process, to characterize the behaviour of
continuous system, both the dynamic response (changes in

arameters from the start-up to the steady-state) and the steady-
tate behaviour have to be studied. In this context, to compare the
ynamic responses of the chemical and the electrochemical con-

inuous break-up processes, some experiments were planned in
rder to attain similar steady-state concentration of aluminium
nd pH values. As it will be shown behind, the changes in the
H are different in the chemical and the electrochemical exper-

F
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c
m
1

ments. Thus, to achieve similar pH values in the steady state,
he initial pH of the O/W emulsions in the chemical and the
lectrochemical experiments had to be different.

Figs. 1 and 2 show the typical dynamic responses for the
luminium concentration, pH, COD and zeta potential (for both
hemical and electrochemical coagulation processes). It can be
bserved that the electrochemical process needs a larger time
o achieve the steady state aluminium concentration. As well,
n Fig. 1b it can be observed an inverse response of pH with
ime (successive increase and decrease of the pH) during the
lectrochemical experiment, being this behaviour characteristic
f complex processes. Thus, in the electrochemical process, the
athodic reduction of H2O makes the pH increase, whereas the
ormation of the different aluminium species by combination
f the electrodissolved Al+3 ions with hydroxyl ions according
o the equilibrium reactions [23], and the oxidation of water on
he anode lead to decreases in the pH. On the contrary, the pH
ecreases in the chemical process due to the acidic properties
f the AlCl3, as the aluminium added to the system is com-
ined with hydroxyl ions according to the aluminium species
quilibrium reactions [23], producing decreases in the pH.

Fig. 2a shows the changes in the zeta potential with time
uring the chemical and the electrochemical coagulation exper-
ments. It can be observed that similar responses are obtained
y both techniques: the initial values of zeta potential are neg-
ig. 1. Dynamic responses of aluminium concentration and pH obtained
n typical continuous chemical and electrochemical coagulation pro-
esses. Temperature: 25 ◦C; oil concentration: 3000 mg dm−3; supporting
edia: 3000 mg NaCl dm−3. (�) Electrochemical experiment, current density:

0.1 mA cm−2; initial pH 6.0. (�) Chemical experiment, initial pH 11.5.



Fig. 2. Dynamic responses of (a) Zeta potential and (b) COD, obtained
in typical continuous chemical and electrochemical coagulation pro-
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mechanism. In this case, the organics content in the linked
droplets can be placed close enough to promote the coalescence
of the oily phase [24].

Fig. 3. Influence of the steady-state pH on the continuous chemical
esses. Temperature: 25 ◦C; oil concentration: 3000 mg dm−3; supporting
edia: 3000 mg NaCl dm−3. (�) Electrochemical experiment, current density:

0.1 mA cm−2; initial pH 6.0. (�) Chemical experiment, initial pH 11.5.

oth processes are able to decrease the COD of the waste, due
o the addition of the aluminium that produces the destabiliza-
ion of the emulsion. As well, it can be seen that both processes
chieve similar percentage removals, being slightly higher those
btained in the chemical process.

.2. Influence of operation parameters on the continuous
oagulation processes

In Fig. 3, it is shown the influence of the steady-state pH on
he results obtained by conventional and electrochemical desta-
ilization experiments. It can be observed that similar results
re obtained by the chemical and the electrochemical technolo-
ies. In addition, it can be seen that the steady-state pH has a
trong influence on the COD removal, as the destabilization of
he emulsion is only attained for pHs in the range 5–9.

According to the aluminium speciation described in a pre-
ious work [23], it can be assumed that the aluminium species
resent in an aqueous solution do not depend directly on the
osing technology but on the total concentration of aluminium
nd pH. In this context, it is important to take into account that
he aqueous chemistry of aluminium is especially complex, as it
nvolves the formation of monomeric and polymeric hydroxoa-

uminium ions, and aluminium hydroxide precipitates. Thus, in
he acidic range of pHs the primary species are the monomeric
ationic hydroxoaluminium species. Increases in the pH lead
o the coexistence of these monomeric species with increas-

a
3
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ng amounts of polymeric cations and precipitates. Under pHs
lose to neutrality the predominant species are the aluminium
ydroxide precipitates, that can be positively charged (due to
he adsorption of cations from the solution), however, increases
n the pH produce the charge reversal, leading to precipitates
egatively charged (due to the adsorption of anions from the
olution). Further increases in the pH lead to the dissolution of
he precipitates to form monomeric anionic hydroxoaluminium,
hat is the primary species at alkaline pHs.

Fig. 4 shows the aluminium speciation in the range of pHs in
hich it is attained the break-up of the emulsion, and it can be

een that the predominant species for these pH conditions are
he amorphous aluminium hydroxide precipitates (Fig. 4a). The
urface of this species can be positively or negatively charged
y the adsorption of ions from the solution, as it can be guessed
rom the values of the zeta potential (Fig. 4b). Contrary to values
hown in Fig. 3b, the values shown in Fig. 4b were obtained in the
bsence of oil and stands only for the surface of the aluminium
ydroxide precipitates.

Taking into account the aluminium speciation, only charged
luminium hydroxide precipitates can promote the emulsion
reak-up. Then, it seems clear that the attachment of more than
ne droplet of oil (at a time) to a charged precipitate-particle
bridging flocculation) should be the primary destabilization
nd electrochemical coagulation. Temperature: 25 ◦C; supporting media:
000 mg NaCl dm−3; oil concentration: 3000 mg dm−3. (�) Electrochemical
xperiments, current density: 10.1 mA cm−2, (�) chemical experiments. (a)
OD removal and (b) Zeta potential.



Fig. 4. Speciation of aluminium as a function of the pH, and values of zeta
potential. (a) Aluminium species (expressed as % of the total aluminium
concentration). Supporting media: 3000 mg NaCl dm−3, (�) monomeric
hydroxo-aluminium ions, (�) polymeric hydroxo-aluminium ions, (�) alu-
minium hydroxide precipitates. Supporting media: 3000 Na2SO4 mg dm−3, (�)
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out fitting a general tendency. The behaviour observed in the
COD removal denotes that the amount of aluminium necessary
to produce the destabilization of the emulsion is proportional to
the oil concentration.

Fig. 5. Comparison between the chemical and the electrochemical continuous
onomeric hydroxo-aluminium ions, (�) polymeric hydroxo-aluminium ions,
♦) aluminium hydroxide precipitates. (b) Zeta potential values, supporting
edia: ×3000 mg NaCl dm−3, +3000 Na2SO4 mg dm−3.

Regarding to the zeta potential values measured in the steady-
tate (Fig. 3b), acidic to neutral pHs lead to values near 0 mV,
hereas at higher pHs, the zeta potential decreases with the

ncrease in the pH. It is important to bear in mind that this
alues stands for the whole oil droplets/precipitate particles
ystem. Then, this behaviour can be explained in terms of the
harge reversal of the aluminium hydroxide precipitates (super-
cially charged) from positive to negative, for pH values over
. These negative charges produce repulsion forces between the
il droplets (negatively charged) and the particles of precipi-
ate, and consequently avoid the attachment of more than one
roplet to a particle of precipitate, and the subsequent coales-
ence of the droplets, causing therefore decreases in the COD
emoval.

Fig. 5 shows the influence of the aluminium concentration
n the COD removal and the steady state pH, in the chemical
nd the electrochemical continuous-coagulation experiments. It
an be observed that the aluminium concentration necessary
o attain the coalescence of the phases is slightly lower in the
onventional process. However, the maximum values of COD
emoval obtained by both technologies are very similar. Regard-
ng to the steady state pHs, it was observed that the pH values

re slightly higher in the electrochemical process, despite the
act that the experiments were planned to achieve similar steady
tate pHs. This behaviour can be explained taking into account
hat in the conventional dosing process, the pH decreases with
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he aluminium addition (initial pH 11.5), whereas in the elec-
rochemical, this parameter increases slightly (initial pH 8.5).

any processes are related to these pH changes. Thus, in some
ases it is almost impossible to obtain a more accurate behaviour
f both processes.

The differences in the steady state pHs can explain the dif-
erent efficiencies obtained by both technologies, in terms of
he coagulant species. Thus, at pHs close to neutrality (steady
tate pHs in the conventional process) the particles of aluminium
ydroxide precipitate should be positively charged. As well, this
uperficial charge changes to negative with increases in the pH
for pH values around 9). Therefore, at the steady state pH con-
itions of the conventional process, the charge of the precipitates
an promote the linking of the oil droplets to particles of pre-
ipitate, favouring the coalescence of the oil droplets. However,
he pH conditions in the electrocoagulation process are close
o those in which the charge reversal takes place. This charge
eversal would lead to negatively charged particles of precipitate,
hich would repeal the oil droplets, causing decreases in the effi-

iency. Despite this fact, no big differences are observed between
he efficiencies attained by both (chemical and electrochemical)
osing technologies. As well, the values of zeta potential reached
n these experiments were ranged between −15 and 10 mV, with-
oagulation experiments as a function of the aluminium concentration added by
oth technologies. Temperature: 25 ◦C; oil concentration: 3000 mg dm−3; sup-
orting media: 3000 mg NaCl dm−3. (�) Electrochemical experiments, initial
H 8.5. (�) Chemical experiments, initial pH 11.5. (a) COD removal and (b)
teady state pH.



Fig. 6. Comparison between the chemical and the electrochemical continu-
ous coagulation experiments in the treatment of O/W emulsions. Influence
of the concentration of oil emulsified. Temperature: 25 ◦C; supporting
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Fig. 7. Influence of the electrolyte in the chemical and the electrochemi-
cal continuous coagulation experiments in the treatment of O/W emulsions.
Temperature: 25 ◦C; oil concentration: 3000 mg dm−3. Supporting media
3000 mg Na2SO4 dm−3, ( ) electrochemical experiments: initial pH 8.5; (
)
(
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p
initial value) to attain less negative values (near 0 mV), but no
positive values are attained (even by the experiments in which
high efficiencies are reached). This fact is indicative of signifi-
cant differences between both supporting media.
edia: 3000 mg NaCl dm−3. (�) Electrochemical experiments, current density:
0.1 mA cm−2; initial pH 8.5. (�) Chemical experiments, initial pH 11.5. (a)
OD removal and (b) Zeta potential.

Fig. 6 shows the comparison between the chemical and the
lectrochemical continuous coagulation experiments, as a func-
ion of the oil content, for similar conditions of aluminium
oncentration and pH in the steady state. It can be observed the
ame behaviour in chemical and electrochemical experiments:
igh oil concentrations lead to lower COD removals, being this
ffect more marked in case of the electrochemical process (lower
fficiencies are obtained for high oil concentrations). Likewise,
t can be observed that the zeta potential values reached in the
teady-state are similar in both cases: they decrease with the oil
oncentration to negative values. The fact that the efficiency of
he processes decreases with the oil content is consistent with
he results obtained in the influence of the aluminium concen-
ration, and it is indicative of a stoichiometric ratio between the
il removal and the aluminium added.

Fig. 7 shows the influence of the electrolyte in the continuous
oagulation processes as a function of the aluminium concentra-
ion. As it can be observed, better results are obtained in the treat-

ent of O/W emulsions containing chlorides than sulphates, for
oth, the chemical and the electrochemical technologies. Thus,
he lowest efficiencies were attained by the electrochemical pro-
ess in the treatment of emulsions in sulphate medium, whereas
he highest COD removals were achieved by the chemical coagu-

ation process in the treatment of chloride containing emulsions.
o confirm the influence of the electrolyte in the coagulation pro-
ess, some discontinuous chemical experiments (jar test) were
arried out in both supporting media. Fig. 8 shows the COD

F
c
3
3

chemical experiments: initial pH 11.5. Supporting media 3000 mg NaCl dm−3,
) electrochemical experiments: initial pH 8.5; ( ) chemical experiments:

nitial pH 11.5.

emovals as well as the zeta potential values, obtained in these
atch experiments. As it can be seen, lower aluminium concen-
rations are required to attain the destabilization of the emulsion
n chloride medium, whereas similar results are obtained in both

edia at high aluminium concentrations. Moreover, in chloride
edium the zeta potential exceeds 0 mV for the experiments in
hich good removal percentages are reached, whereas in sul-
hate medium the zeta potential increases from −50 mV (the
ig. 8. Influence of the electrolyte in several chemical discontinuous
oagulation experiments (jar test). Temperature: 25 ◦C; oil concentration:
000 mg dm−3; initial pH 11.5, (�) supporting media: 3000 mg NaCl dm−3, (�)
000 mg Na2SO4 dm−3.
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The differences observed between both supporting elec-
rolytes can be explained taking into account the adsorption
f chloride or sulphate ions onto the surface of the aluminium
ydroxide precipitates. This adsorption can reduce the net posi-
ive charges of the surfaces of the particles (in the acidic range)
r increase the negatively charged sites (in the alkaline range).
his effect is more important in the presence of sulphate ions
ue to its higher charge, as it was observed in the aluminium
peciation described in Supplementary data, which shows that
he aluminium species formed in sulphate medium achieve neg-
tive zeta potentials in the range of pH studied, whereas in
hloride media, only negative zeta potentials are obtained for
Hs higher that 9. Consequently, this can explain the different
esults obtained in both media. The higher zeta potential values
btained (Fig. 8b) in the jar test experiments carried out in chlo-
ide media (for the same pH and aluminium conditions) are in
greement with this explanation. In this context, the smaller size
f the chloride anion can help to explain by steric effects why a
maller amount of chloride ions are needed.

.3. Influence of the operation mode in the chemical and
lectrochemical coagulation processes
To study the influence of the operation mode (continuous
r batch) in the coagulation processes, several discontinuous
xperiments were carried out by recirculating the outlet of
he reactor to the feed tank. Fig. 9 shows the discontinuous

ig. 9. Influence of the operation mode in the chemical and electrochemical
oagulation processes. Temperature: 25 ◦C; oil concentration: 3000 mg dm−3;
upporting media: 3000 mg NaCl dm−3. Electrocoagulation experiments, initial
H 8.5, (�) continuous process, (♦) discontinuous process. Conventional coag-
lation experiments, initial pH 11.5, (�) continuous process, (×) discontinuous
rocess.
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hemical and electrochemical experiments compared to the con-
inuous ones. The highest aluminium concentration necessary
o achieve the break-up of the emulsion is observed in the
ontinuous electrocoagulation process, although the maximum
emoval percentages obtained by all processes are similar. On
he other hand, increases in the aluminium concentration cause
mportant decreases in the efficiency of the chemical discon-
inuous process. This behaviour can be explained in terms of
he changes in the pH observed in the experiments (shown in
ig. 9b). Thus, in the discontinuous conventional coagulation
in which the addition of aluminium is progressive), the pH
ecreases continuously during the experiment to values below
, due to the acidic properties of the AlCl3 added. These values
f pH are out of the range of pHs in which the coagulation pro-
esses are efficient and this can explain the decrease in the COD
emoval. On the contrary, these changes of pH do not occur in
he continuous coagulation processes, and neither in the discon-
inuous electrocoagulation process, as it can be seen in Fig. 8b.
his explains the higher COD removals obtained in these latter
rocesses.

Thus, according to the results obtained in this work, for a
iven case of the treatment of an O/W emulsion, it can be
ffirmed that the appropriate use of one of the processes (chem-
cal or electrochemical) will be a function of the initial pH of
he emulsion, and the pH required at the outlet of the treatment.
o, in cases in that it is convenient a slight increase of the pH
together with the break-up of the emulsion and the coalescence
f the phases), the electrocoagulation process will be the suitable
lternative. On the contrary, if the initial pH of the emulsion (to
e treated) requires a decrease from the initial value, the conven-
ional coagulation process will be recommended. In any case, a
ench-scale study would help to clarify the better technology to
e applied for a given case.

. Conclusions

From this work, the following conclusions can be drawn:

The electrocoagulation and the conventional coagulation with
hydrolyzing aluminium salts can be successfully applied to
the treatment of oil-in-water emulsions. The efficiency of the
processes does not depend directly on the dosing technology
but on the total concentration of aluminium and pH. This latter
parameter changes in a different way in the chemical and the
electrochemical processes: the pH increases during the elec-
trochemical experiments, but it decreases in the conventional
one. It has been found that the break-up of the emulsion only
takes place in the range of pHs between 5 and 9, and that the
amount of aluminium necessary to produce the destabiliza-
tion of the emulsion is proportional to the oil concentration.
In addition, better efficiencies are obtained in the treatment of
emulsions containing chloride ions as electrolyte, than those
obtained in sulphate medium.

The destabilization mechanism that allows explaining the
experimental observations is the attachment of more than
one oil droplet at a time to a positively charged particle of
aluminium hydroxide precipitate, achieving that the organics
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content in the linked droplets can be placed close enough to
promote the coalescence of the oily phase.
For the same aluminium concentration, the small differences
observed between the chemical and the electrochemical pro-
cesses can be explained in terms of the different changes in the
pH that occurs in both processes. Therefore, a careful adjust-
ment of the initial pH of the emulsion (that must be different for
the chemical and the electrochemical processes) can achieve
high COD removals by both coagulation technologies. These
changes on the pH can also be influenced by the operation
mode.
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