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Département de Chimie Industrielle, Université Saad Dahlab de Blida, B.P 270, Blida 09000, Algeria
Tel. +213 7 73 24 86 00; Fax: +213 25 43 36 31; email: kourdalisidali@gmail.com
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ABSTRACT

Humic acids (HA) in water can react with active chlorine to produce carcinogenic
compounds and their presence is, therefore, considered as a serious problem in water purifi-
cation plants throughout the world. The present study was undertaken with the aim of
investigating the efficiency of using an electrocoagulation (EC) process based on aluminium
electrodes at a laboratory scale as a complementary treatment step for HA removal from
surface water. A series of experimental assays were performed to determine the optimal
operating conditions (electrolysis time, pH, current intensity and initial concentration)
involved in the EC mechanism during the HA removal process. The findings revealed that
under optimum conditions HA could be removed by up to 72%. Further, high performance
liquid chromatography and Fourier transform infrared spectroscopy analyses showed the
non-forming products and non-attack points of the HA molecules, respectively. Overall, the
results yielded in a pH range (6–7) and low current density (1.78–7.14mA/cm2) were prom-
ising and indicated that the EC method was effective for the achievement of HA removal
from surface waters.
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1. Introduction

Humic substances (HS) are the most abundant nat-
ural organic materials in terrestrial and aquatic envi-
ronments and represent the major portion of soil
organic matter [1,2]. They constitute a physically and

chemically heterogeneous mixture of biogenic and
relatively high-molecular-mass compounds with
mixed aliphatic and aromatic natures [3,4]. They are
also organic polyelectrolytes that consist of the great-
est natural proportion of dissolved organic matter in
the watery systems which are usually subdivided into
three distinct classes: humic acids (HA), fulvic acids
and humins. Those classes still remain not fully*Corresponding author.
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defined particularly because of their highly complex
polymeric structures [5].

HA can be found everywhere in nature and,
through their structural and chemical characteristics,
exert strong influences on the environment. Accord-
ingly, in-depth assumptions on its structure still remain
incomplete [6]. These compounds are characterized by
low O/C atomic ratio (approximately 0.5) and as nega-
tively charged complex aggregates, brown to black col-
our [7]. Further, they are generally recognized as
complex macromolecules that are dependent on amino
acids, glucosamines, aromatic peptides and aliphatic
compounds that carry the carboxylic, phenolic and
aloxyl groups consolidated by hydrogen bonds, forces
of Van der Waals and interactions between the elec-
trons p of close aromatic nuclei [8]. Grinhut et al. [9]
proposed a new model for HA structure based on the
available data in the literature and on related informa-
tion drawn from various techniques used for the analy-
sis of NMR (GC–MS) and fluorescence spectroscopy.

One of the main challenging concerns disturbing
current water management and distribution systems
throughout the world is the lack of in-depth knowl-
edge and understanding of those complex macromole-
cules. Several reports point to the increasingly
alarming impacts of HA with respect to the quality of
distributed water. During the process of disinfection,
those compounds react with chlorine and generate
intermediary products called trihalomethanes, the for-
mation of which poses severe carcinogenic and muta-
genic effects on humans [10]. When present in surface
waters, HA (contents of HS) are also reported to entail
the following equally serious problems: (i) the pres-
ence of colourings or bad tastes that lead to negative
consumer responses, the absorption of other organic
molecules, such as pesticides, which inhibits their
degradation, and the formation of undesirable soluble
or insoluble complexes through the interaction with
certain metals (ii) the use of additional costly devices
and reagents, which makes the treatment process
more expensive; (iii) the emergence of serious dis-
eases, such as stomach cancer, particularly when pres-
ent at high concentrations in drinking water; (iv) to
provoke and facilitate the microbiological and chemi-
cal corrosion of conduits of flows and water reservoirs
[11,12]; and (v) the relegation of the effectiveness of
the water treatment systems which use membranes or
microporous adsorbents [13] through a the increase in
DP in the membrane processes, which entails pump-
ing with high pressure and, consequently, the deterio-
ration of the membranes [13].

Conventional treatment systems often manage to
partially remove HA from raw water, such as the
coagulation/flocculation, through the use of sulphate

of aluminium or ferrous. Those techniques, known as
the adsorption and the membrane techniques, do not
lead to the adequate removal of dissolved and
recalcitrant HA. Several reports have, therefore,
pointed to a pressing need for the exploration of new
alternative water treatment techniques that can help
overcome the limitations of the conventional ones
[14,15].

The literature indicates that electrochemical
processes are increasingly gaining momentum as
effective substitutes [16,17]. The latter have often been
reported to be more efficient in the removal of a broad
range of pollutants, such as heavy metals, solids in
suspension and emulsified organic materials and
microorganisms.

In their essence, electrochemical processes are
based on the use of electricity and various types of
electrodes that differ according to the technique being
recommended (Table 1) [18,19]. Of particular interest,
electrocoagulation (EC) processes have recently found
reception in the water treatment industry. They
proved effective and reliable, though their exploitation
to the full requires greater technical command. In fact,
recent research provides ample quantitative data on a
variety of mechanisms using EC for the removal of
pollutants [20]. EC technology is considered amongst
the most effective electrochemical processes used for
the removal of several types of organic pollutants and
heavy metals in surface water as well as a variety of
industrial effluents [21]. More importantly, this
process has limited sludge production, does not
require the use of chemicals and is easy to operate
[22]. Owing to its promising attributes, EC has been
successfully applied in various industries and
processes related to the treatment of industrial
wastewater, such as textile wastewaters [23], landfill
leachate [24], floor-wash wastewater [25], mechanical
polishing wastewater [26] and raw water for potable
supply [27]. This technology has also been employed
for the removal of phenols and surfactants [28–29].

Overall, EC is the electrochemical production of
destabilization agents that create a charge neutraliza-
tion needed for the removal of pollutants [30]. In this
process, the coagulant is produced in situ by the
electrolytic oxidation of an anode following the
passage of a current through the use of iron or
aluminium electrodes, two metals that are commonly
used in the conventional treatment of water in salt
forms. Power runs through the metal electrodes,
generating the following two processes [31]:

• Oxidizing metal (M) at anode in its cation (Mn+)
according to:
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M ! Mnþ þ ne� ð1Þ

and:

H2O ! 1=2 O2 þ 2Hþ þ 2e� ð2Þ

and, at the same time, water is reduced out of the
hydrogen gas and the hydroxyl ion at cathode accord-
ing to:

2H2Oþ 2e� ! 2OH� þH2 ð3Þ

The main reactions for the aluminium electrodes
used are as follows:

At anode:

Al ! Al3þðaqÞ þ 3e� ð4Þ

Al3þðaqÞ þ 3H2O ! AlðOHÞ3ðsÞ þ 3Hþ ð5Þ

nAlðOHÞ3ðsÞ ! AlnðOHÞ3n ð6Þ

The electrolytic dissolution of the aluminium
anode produces cationic monomeric species, such as
Al3+ and AlðOHÞþ2 , at acidic pH which, at the outset
and with suitable values of pH, would be transformed
into Al(OH)3(s) and be ultimately polymerized into
Aln (OH)3n. Both of those metal hydroxides are known
to possess high abilities for adsorption [32].

Moreover, if the current density is sufficient and
the medium conditions lead themselves to it, the
anode can also be predisposed to water oxidation
(reaction 2) [33].

However, and according to the pH of aqueous
media, other ionic species, such as AlðOHÞþ2 ,
Al2ðOHÞþ2 and AlðOHÞ�4 , can also be present in the
system [31,34,35]. The flocs formed in the water are
transported to the surface by gas bubbles (O2, H2)

produced in the electrolysis process. In EC using
aluminium as anode, the pollutants are removed by
the bubbles, capturing the coagulated pollutants and
floating at the surface where they can be removed
easily.

The present study was undertaken to investigate
and evaluate the effectiveness in EC in the reduction
of HA using two aluminium electrodes. In the
process, the study explores the individual and syner-
gistic effects of various parameters, such as the initial
pH of the solution, current intensity, electrolysis time
and initial concentration of HA. This work also seeks
to demonstrate a number of phenomena, such as flocs’
apparition and/or desperation and other advanced
interaction mechanisms, involved in EC treatment. It
also aims to determine the effect of EC on HA molec-
ular structures.

2. Materials and methods

2.1. Experimental setup

The experimental setup used for the EC experi-
ments is presented in Fig. 1(a). The volume of HA
wastewater was 1L. A magnetic agitator system
(model Fisher Scientific FB 15010) was used to achieve
good mass transfer and to maintain the continuity of
the solution homogeneity in the reactor (150 rpm). A
DC power source was employed to supply regulated
cell currents of 0–15.0V, 0.0–10.0A (Matrix MPS -
30039). An electrochemical cell made from Plexiglas
(6� 10� 20 cm) was used. A pH-Meter (EUTECH, res-
olution and accuracy: ± 0.01) was connected to the EC
cell. Aluminium plates (electrodes) having the size of
15� 4� 0.2 cm were used, and the distance between
the electrodes was set at 4 cm. The electrodes were
rinsed with distilled water, scoured with NaOH and
re-rinsed with distilled water. The essential element of
this laboratory-based reactor was the material of the

Table 1
Removal of HA by different electrochemical processes

Process Type of
water

Type of electrodes Range of
pH

Reaction
time (min)

Percentage of
removal (%)

Reference

Electrocoagulation Ground
water

Aluminium 3�9 50 97.8 [14]

Electrochemical Natural
water

Ti/Ir0.3Ti0.7O2 Ti/Ru0.3Ti0.7O2

Ti/Ir0.2Ru0.2Ti0.6O2

5.24 120 87–99 [12]

Photoelectrochemical Drinking
water

(TiO2)0.7(RuO2)0.3 5.24 180 65 [11]

Photocatalytic Saline
waters

(TiO2)0.7(RuO2)0.3 4.50–8.15 80 95 [13]
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electrodes, which plays an important role in the
improvement of the EC efficiency process.

2.2. Preparation of the HA solution

HA used in all experiments are commercial prod-
ucts (provided by the ACROS Company, USA). HA

purified step required a solubilization of 5% HA in
0.1N NaOH and then agitated under a nitrogen envi-
ronment for 20min. To precipitate HA, the pH of
solution is adjusted to 1 ± 0.2 by HCl (1N) and the
precipitate is dried at temperature of 60˚C. A stock
solution of 1,000mg/L is prepared by dissolving 1 g
of HAs (dried HA) in 62.5mL of NaOH (2N) and

Electrocoagulation Cell 

Magnetic stirrer 

mV mA

 Aluminum electrode 

Tap of sampling 

pH meter 

-   + 
DC power supply 

Magnetic bar 

(a)

(b)

(c)

Fig. 1. (a) Experimental setup for the treatment of HA substances by EC. (b) Flocs accumulate on the surface of the HA
solution during EC treatment. (c) HA solution before (A) and after (B) the EC treatment.
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then supplement until 1L with distilled water and
agitated for 48 h. This solution is preserved at a
temperature of +4˚C in the dark.

2.3. Experimental procedure

All the experiments involved in the present work
were carried out in a batch system and were
performed sequentially as follows: (i) the HA solution
(1 L) was introduced to the electrochemical cell at a
known concentration; (ii) the initial pH was adjusted
to a desired value by 0.5N NaOH or 1N H2SO4 under
moderate agitation; (iii) electrolysis was started under
an agitation system (150 rpm) to homogenize the solu-
tion mixture; (iv) sampling (5mL liquid volume from
reactor) was performed at different time intervals and
the analyses were then conducted.

2.4. Analytic procedures

The properties of the HA wastewater were
analysed at regular time intervals throughout the
treatment so as to obtain good quality of water.

2.4.1. Measurements of HA reduction

Samples of HA treated solutions were analysed
using a double-beam UV–vis spectrophotometer
(Shimadzu UV-1700, Japan) equipped with a 10-mm
quartz cell used for absorbance measurements at
254 nm [35,36]. The goodness of fit of the model was
determined by calculating the ratio R(%) of HA
removal using the following equation [14]:

Rð%Þ ¼ ðC0 � CtÞ
C0

� �
� 100 ð7Þ

where C0 refers to initial concentration and Ct to
concentration at time t.

2.4.2. Measurements in the treated solution

The concentrations of Al3þðaqÞ generated by the EC
cell were analysed using an atomic absorption spec-
trophotometer (SOLAAR M6).

2.4.3. Fourier transform infra red spectroscopy analysis

The change in the structure of the HA molecule
during the treatment was monitored by Fourier trans-
form infra red spectroscopy (FTIR). After complete
treatment, the sample was centrifuged at 5,000 rpm for
15min. FTIR spectra were recorded from KBr pellets

using a Shimadzu FTIR 9800 spectrophotometer over
a range of 4,000–400 cm�1 and at a rate of 16 nm/s
(1ll of sample containing the rest of HA was spread
on pellets and then quickly dried).

2.4.4. High performance liquid chromatography analysis

The products formed after the treatments were
analysed by high-erformance liquid chromatography
(HPLC) using a UV–Visible detector set at 254 nm.
Chromatographic analyses were conducted using a
125� 4.6mm RP-C18 column with an isocratic mobile
phase of acetonitrile: deionized water 0.3:0.7 (v/v) at a
flow rate of 0.6mLmin�1. Data were analysed using
class VP Shimadzu software. Before injection in the
column, the samples were filtered by syringe filters
specific for HPLC (diameter 0.45lm of porosity) to
avoid the clogging of the column.

3. Results and discussion

3.1. Phenomena that accompanied HA removal in EC cell

The hydrogen (H2) gas bubbles released on the
surface of cathode and the oxygen (O2) gas bubbles
released on the surface of the anode are translated as
indicated by reactions 2 and 3 (see above), respec-
tively. At the same time, Al3þðaqÞ ions were generated by
the oxidation of the anode (reaction 4). Flocs, formed
during electrolysis, were noted to accumulate rapidly
on the surface, forming a layer of foam as illustrated
in Fig. 1(b). The latter was recuperated by filtration
(Fig. 1(c)). The HA macromolecules were adsorbed on
the aluminium hydroxide formed under those pH
conditions. A decrease in the HA concentration which
was removed from the solution was, therefore, reason-
ably observed. The flocs were also noted to be
relatively bulky and with low densities [37,38].

3.2. Effect of initial pH as a function of electrolysis time

The pH is a significant operating factor for, as is
often reported in the literature, it influences the per-
formance of electrochemical process [35,39,40]. In fact,
the formation and stability of aluminium hydroxide
during electrolysis, as well as their solubility products,
are primarily dependent on the initial pH. To investi-
gate this effect, the initial pH of the sample was
adjusted to a desired value for each experiment. The
HA solutions (initial concentration, Ci=15mg/L),
adjusted to different values of pH (3.5–9), were elec-
trolysed under a current density fixed at 1.78mA/
cm2. Figure 2(a) and (b) shows the efficiency of HA
removal as a function of the time of electrolyses and
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as a function of the initial pH. With the pH values of
5, 6, 7 and 8, the removal was noted to go fast during
the first 20min reaching over 40%, to undergo a sub-
sequent slow progress till 120min of treatment and to
stabilize beyond this time. For pH 4, however, the
removal rate was observed to be slower during the
first 20min reaching less than 35% and to continue to
increase up to 50% after 120min. As to pH 3.5, the
removal reached up to 25% after 10min of treatment
and then remained almost stable. With pH 9, on the
other hand, the HA removal speed was initially weak,
not exceeding 10% (for 10min) and then namely
beyond 20min and up to 60min, became fast. The
findings indicated that the maximum HA removal
rate, which reached up to 72%, was attained at pH 6
after 120min of electrolysis.

Taken together, the results strongly support the
assertion that the pH exerts a significant effect on HA
removal, which, translating the maximum removal
rates, was noted to be optimal at pH 6. At pH 3.5, 4
and 9, on the other hand, the treatment was observed
to be less effective, with the removal reaching 27.6,
34.2 and 10.5% after 20min of electrolysis, respec-
tively. Moreover, this ratio was noted to reach 27.7
and 39% and not to exceed 49% for pH 3.5, 4 and 9,
respectively. After 20min of electrolysis, pH 5, 6 and
7 were also noted to yield into the maximum removal
rates of 50.3, 57.3 and 52.5%, respectively.

Overall, the results revealed that the maximum
removal rate of 71.4% was obtained with pH 6 after
180min of treatment. In comparison, however, the
work of Bayramoglu et al. [41] reported that EC was
most effective at a pH range between 6 and 8. Other
reports [19] indicated that the HA removal by EC was
most effective in the vicinity of a neutral pH. In fact,
the latter results could be attributed to the fact that
HA removal was performed through neutralization of
charge and/or adsorption.

The phenomena described above, which primarily
depend on the form of aluminium in the medium, can
explain the various removal ratios as a function of the
pH. In fact, in the pH interval 3 <pH<5, the HA mol-
ecules would have less negative charges, and the
carboxylic and hydroxyl groups occur in the chemical
form of –COOH and –OH, respectively [14]. The most
dominant aluminium forms are the Al3þðaqÞ ions and the
aluminium species, which, having a valence raised,

such as AlðOHÞ2þðaqÞand AlðOHÞþ2 ðaqÞ, were used to

destabilize the HA molecules by neutralizing their
negative charges via complexation according to the
mechanism proposed in Fig. 3(a) and thus supporting
the aggregation of the flocs. Also, the destabilization
of HA in this range of pH may occur by double layer
compression where the layer of positively charged H+

(in abundantly produced due to acidic pH) is
compressed by high valence Al species such as Al3+

following adsorption of destabilized HA on solid Al
hydroxide species or floc formation due to Van der
Waals forces [42].

For the interval of 5 <pH<7, on the other hand,
the treatment is apparently most effective, and this is
attributed to the adsorption phenomena which is pre-
valent by the formation of the Al(OH)3(s) species
according to reaction (5) given above. Most reports
[35,43] showed that for pH between 5 and 8, the pre-
valent species is Al(OH)3(s) and that the increase in
aluminium hydroxide concentration would bring
about a strong adsorption capacity, which would in
turn lead to a higher reduction ratio of HA. The

Fig. 2. (a) Removal of the HA as a function of time and at
different initial pH values (Ci = 15mg/L and i= 1.78mA/
cm2). (b) Effect of the initial pH on the removal of HA
[HA]0 = 15mg/L and i= 1.78mA/cm2).
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change of the surface quality of HA would support
the precipitation of HA on the aluminium hydroxides
Al(OH)3(s) by sweep coagulation, which is illustrated
in Fig. 3(b).

For a pH value equal 9, removal of HA is substan-
tially higher than that at pH 3.5 although the situation
is almost identical to that at pH 3.5 (in case of acidic
initial pH, HA and Al species both are positively
charged whilst at basic alkaline pH, the deprotonation
of the HA molecules increases their negative charges
[44]; the carboxylic and hydroxyl radicals occur in the
chemical form of –COO� and –O� [14,36]). These
results can be due, on the one hand, to generation of
insoluble Al species (such as Al(OH)3), which removes

HA simply by adsorption on its vast surface area. On
the other hand, the AlðOHÞ4�ðaqÞ forms would become
prevalent and would presumably limit the adsorption
phenomenon (the forces of repulsion arise in this
case).

3.3. pH variation during EC treatment

Fig. 4(a) shows the results obtained during all the
EC experimental assays. Overall, a significant increase
in terms of pH was noted as a function of time. It was
noted to be unchangeable at pH 3.5 and to undergo
almost identical variations (2–2.5 pH point) from 4
to 8. In fact, several previous reports [45,46] attribute
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this increase in pH to the consumption of the protons
H+ on the surface of the cathode to liberate H2 bub-
bles and thus the release of OH�. Kobya et al. [47]
noted an exceptional decrease in this value from 9 to
7.5 with pH 9 after 10min of treatment and attributed
this decline to the consumption of ions OH� by
Al(OH)3(s) to produce AlðOHÞ�4 as illustrated in the
following reaction:

AlðOHÞ3 þOH� ! AlðOHÞ�4 ð8Þ

3.4. Effect of current density

Several previous studies [47,48] on the parameters
affecting the EC process concluded that the current
density applied has a determining impact on the
amount of the coagulant that passes in the solution
and even on the lifespan of the electrodes. Accord-
ingly, a series of experiments were performed using
different current densities with the same HA initial
concentration (15mg/L) and with maintained optimal
pH (pH 6 in our case).

The findings revealed that the percentages of HA
removal increased as a function of electrolysis time
and passed through two phases. Whilst in the first
phase, which covered the first moments and up to
20min of treatment, the rate of HA removal was fast,
in the second phase, which covered the time following
the first 20min, the removal rate became slower. It
was also noted that when the current density
increased, the removal speed and percentages
increased only slightly. The latter were recorded to be
62.9% after 60min with 1.78mA/cm2, to pass to 67.8%
at 5.35 and to reach 69.2% for a density of 7.14mA/
cm2 (Fig. 4b). This slow increase is presumably linked
to the increase in the initial pH to values that disad-
vantaged the adsorption of HA molecules on the
aluminium hydroxides as well as to the adhesion of
the Al(OH)3 hydroxides to the gas bubbles with weak
concentration by decreasing the probability of contact
between the humic molecules and Al(OH)3. According
to Kobya et al. [47] and Ihan et al. [48], the dissolution
of the anode through the generation of Al3þðaqÞ ions
from (Al(OH)3) complexes is proportional to the
increase in the current intensity. Moreover, other
reports [19,49] showed that the reduction in the size
of the gas bubbles occurs with the increase in the
current density and that the bubbles of small sizes
provide a large surface for the fixing of particles,
which would, therefore, have better opportunities for
separation by electroflotation. However, the power
consumption becomes highly significant by increasing
the electrical current and the duration of electrolysis,

which would consequently add to the cost of the
treatment [47]. The results of the present study dem-
onstrated the increase in the residual concentration of
aluminium after 30min of EC treatment at different
current densities (the current densities applied were
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Fig. 4. (a) Variation of pH evolution during EC
(Ci = 15mg/L and i= 1.78mA/cm2). (b) Effect of current
densities on HA removal (Ci = 15mg/L and pH 6). (c)
Effect of initial HA concentration on the removal rate (pH
6 and i= 1.78mA/cm2).
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as follows: 3.58, 5.35 and 7.14mA/cm2; the corre-
sponding residual concentrations of aluminium were
as follows: 0.64, 0.67 and 0.73mg/L, respectively).

3.5. Effect of initial HA concentration

To examine the effect of HA concentrations on the
performance of EC treatment, three experiments were

Fig. 5. (a) FTIR spectra of HA molecules treated at three different times at pH 3.5. (b) FTIR spectra of HA molecules
treated at three different times at pH 6. (c) FTIR spectra of HA molecules treated at three different times at pH 9.
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performed using three different HA concentrations at
a fixed current density (equal to 1.78mA/cm2) and an
optimum initial pH (equal to 6) (Fig. 4(c)). The find-
ings revealed that HA removal increased when the
HA concentration increase up to no more than 20min
of electrolysis. Whilst the removal rate was noted to
reach 55.8% after 120min of treatment for a concentra-
tion of 7.5mg/L, it amounted to 72.5% for the same
duration of electrolysis and a concentration of
22.5mg/L. These results can be explained by the
increase in the probability of contact between the HA
molecules and the aluminium hydroxide through the
formation of flocs of important sizes. This facilitates
their separation by the attachment of the gas bubbles
on those flocs. Accordingly, the richer the solution in
suspension is (flocs), the more significant the possibil-
ity of particle bubble collision becomes.

3.6. Structural changes in HA molecules

All the results pertaining to the structural changes
of the HA molecules submitted to EC treatment are
given in Fig. 5. The spectra obtained for the HA used
in the present work (time zero) showed peaks that
were comparatively typical of humic matter and
which, taking into account currently available biblio-
graphical data, allowed the following attributions [49]:

The first principal peak was located at 3,409,9 cm�1

(O–H or N–H stretch). The second peak was observed
in the spectrum located at 1,635,5 cm�1 (C=O stretch-
ing of amide I; C=N stretch; asymmetric stretching of
COO–; C=O stretching in CHO and quinones or in
conjugation with alkenes; aromatic C=C stretch). The
third major peak was recorded between 1,458 and
1400.2 cm�1; the absorbance in this area of the spec-
trum was charged to the presence of the aliphatic
structures (deformation of aliphatic C–H; phenolic OH
stretch; symmetric stretching of COO–) [50]. Between
2,950 and 2,850 cm�1, the spectrum of AH showed
types of vibration that were characteristic of the CH
bonds. The latter showed very weak bands of vibra-
tion and had the following frequencies: mas (CH2)
= 2,926 cm�1, ms (CH2) = 2850.6 cm�1.

The data presented in Fig. 5 best corroborate the
results previously obtained through UV–vis analyses
(Fig. 5(a) and (b)). The IR spectra (Fig. 5(c)) of the var-
ious samples observed after EC treatment did not
show any disappearance of the new functional group-
ings, which indicates that the HA molecule did not
undergo any changes in terms of structure. A reduc-
tion was, however, observed in the intensity of the
absorption bands corresponding to the time, which
indicates the quantitative removal of the HA present

in the treated solution. As the figure shows, a signifi-
cant reduction in about 67% was recorded in the
intensity of most of the peaks after 40min of treat-
ment with pH 6, whereas a weak reduction was
observed with pH 3.5.

3.7. Products formed during EC treatment

Fig. 6 shows HPLC chromatograms of HA
solutions treated by EC with optimal pH (equal 6).
The samples were taken at various times, namely 25,
35 and 45min. The chromatogram obtained during
the analysis of the HA solution (15mg/L) at t= 0min
reveals the occurrence of only one peak characterized
by a retention time of 1.438min. Moreover, a reduc-
tion in the surface of the same peak which was
recorded with t= 0min can be clearly observed after
35min of treatment. This was characterized by a
retention time of 1.453min without appearance of any
new peaks, which shows that HA removal was per-
formed by a physical phenomenon and without any
structural changes. It was, therefore, an adsorption on
aluminium hydroxides (Al(OH)3(s)) formed during
electrolysis, thus translating a reduction in the concen-
tration of the HA. However, after 45min of treatment,
a clear, new and very adjacent peak whose retention
time was 1.674min was observed. On the other hand,
it appears that this peak existed as a shoulder in all:
not very clear at t= 0 and slightly obscure at
t= 25min. This result can be explained by the mere
interpretation of the results obtained with regard to
EC treatment where the residual quantity of the HA
could form with the aluminium of the soluble organo-
metallic complexes in the water which are presumably
behind the appearance of this peak.

Fig. 6. HPLC analysis of HA solution sampling at different
times of treatment by EC. (a) 0min. (b) 25min. (c) 35min.
(d) 45min.
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4. Conclusion

The results presented in the current study demon-
strate that the HA present in surface water can be
effectively removed through the application of the EC
method equipped with aluminium electrodes. In fact,
the best removal rate was obtained at pH 6. Overall,
the findings indicated that the removal of HA from
water is controlled by several individual and synergis-
tic factors including the following: (i) for lower pH
values (3–5), the mechanism of charge neutralization
would prevail and for pH values ranging between 5
and 7, the appropriate mechanism would be sweep
coagulation and (ii) the cations ðAl3þðaqÞÞ formed in situ
would neutralize the humic macromolecules and con-

tribute, together with AlðOHÞ4�ðaqÞ, to the formation of

hydroxides (Al(OH)3(s)). The obtained improvements
of the EC effectiveness are as follows: 8% (from 62 to
69.88% of removal) by increasing the current density
from 1.78 to 7.14mA/cm2 and 17% (from 55.8 to
72.5% of removal) by increasing the HA concentration
from 7.5 to 22.5mg/L. The data from FTIR spectra
and HPCL analyses allowed for the confirmation of
the results obtained by UV–vis, namely that the HA
molecules did not undergo any structural modifica-
tions. Considering the promising new opportunities
that EC might open with regard to water treatment
and distribution, further studies are needed to investi-
gate the optimum operating conditions for a contin-
uing process and to carry out a detailed comparative
study on the energy consumption of the proposed
treatment system and the conventional methods so as
to come up with a blueprint for constructing a poten-
tially strong treatment system for ultimate large scale
industrial application.
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