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Abstract The current study aims at investigating the
efficiency of electrocoagulation for the removal of humic
acid from contaminated waters. In parallel, conventional
chemical coagulation was conducted to asses humic acid
removal patterns. The effect of varying contributing pa-
rameters (matrix pH, humic acid concentration, type of
electrode (aluminum vs. iron), current density, solution
conductivity, and distance between electrodes) was con-
sidered to optimize the electrocoagulation process for the
best attainable humic acid removal efficiencies. Optimum
removals were recorded at pH of 5.0–5.5, an electrical
conductivity of 3000 μS/cm at 25 °C, and an electrode
distance of 1 cm for both electrode types. With aluminum
electrodes, a current density of 0.05 mA/cm2

outperformed 0.1mA/cm2 yet not higher densities, where-
as a current density of 0.8 mA/cm2 was needed for iron
electrodes to exhibit comparable performance. With both
electrode types, higher initial humic acid concentrations
were removed at a slower rate but ultimately attained
almost complete removals. On the other hand, the best
humic acid removals (∼90 %) by chemical coagulation
were achieved at 4 mg/L for both coagulants. Also, higher

removals were attained at elevated initial humic acid
concentrations. Humic acid removals of 90 % or higher
at an initial HA concentration of 40 mg/L were exhibited,
yet alum performed better at the highest experimented
concentration. It was evident that iron flocs were larger,
denser, and more geometrical in shape compared to alu-
minum flocs.

Keywords Humic acid . Electrocoagulation . Chemical
coagulation . Aluminum electrodes . Iron electrodes .

Floc characteristics

Introduction

Humic substances (HS) are complex macromolecules
produced from the decomposition and degradation of
plant and animal remains. Humic acids (HA) are the
fraction of HS that is soluble in water at pH values
higher than 2, and the main functional groups they
exhibit are carboxylic acids (COOH), phenolic alcohols
(OH), and methoxy carbonyls (C = O) (Fig. 1) (Yuan
and Zydney 1999).

During chlorination of surface or groundwaters, nat-
ural organic matters (NOMs), of which humic sub-
stances are a major fraction, cause the formation of
disinfection by-products (DBPs). Selected DBPs, such
as chloroform and bromo-dichloromethane, have been
suspected to be carcinogenic compounds. Furthermore,
NOMs contribute to color, taste, and odor in waters and
stimulate the growth of microorganisms, hence the im-
portance of removing these products from municipal
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waters. In addition, the presence of humic substances
has been known to affect the adsorption of pollutants
onto different adsorbents and to cause the deterioration
of the adsorbents (Yildiz et al. 2007).

Another important problem caused by HA is fouling
of microfiltration and reverse osmosis (RO) membranes
when used for filtration of surface or groundwater (Yuan

and Zydney 1999; Nystrom et al. 1996). Nystrom et al.
(1996) found that the presence of HA in water will cause
a drastic decrease in the flux through the membrane, and
they attributed this to the interaction between the nega-
tively charged HA and the positively charged inorganic
membranes.

Conventional methods for removing HA fromwaters
and wastewaters include conventional coagulation/
flocculation methods (Zouboulis et al. 2004),
nanofiltration (Hong and Elimelech 1997), and adsorp-
tion onto different media such as chitosan beads (Yan
and Bai 2006;WanNgah andMusa 1998), fungal media
(Zhou and Banks 1993), and activated carbons (Lee
et al. 1981; McCreary and Snoeyink 1980).

The electrocoagulation (EC) process is a rather new
alternative to the conventional coagulation (CC) process.
During this process, variable current is applied between
the anode–cathode electrodes to generate coagulant agents
in situ through the dissolution of a sacrificial anode.
Different electrodes can be employed in EC, typically
made of aluminum (Al) and iron (Fe). The chemical
reactions that take place at the anodes and cathodes for
Al and Fe electrodes proceed as the following equations:

ForAlelectrodes : 3H2Oþ 3e−→ 3=2ð ÞH2 gð Þ þ 3OH− at thecathodeð Þ
Al→Al3þ þ 3e− at theanodeð Þ
Al3þ aqð Þ þ 3H2O→Al OHð Þ3 þ 3Hþ

aqð Þ in thesolutionð Þ

ForFeelectrodes : 3H2Oþ 3e−→ 3=2ð ÞH2 gð Þþ3OH−
aqð Þ at thecathodeð Þ

Fe sð Þ→Fe3þ aqð Þþ3e− at theanodeð Þ
Fe3þ aqð Þþ3OH−

aqð Þ→Fe OHð Þ3 in thesolutionð Þ

Although both electrocoagulation and chemical co-
agulation use the same mechanisms of pollutant remov-
al, EC may offer several advantages over CC. These
advantages mainly are higher adsorption capacity, ab-
sence of manual addition of chemicals, less land require-
ments for the setup, lower capital cost, and less mainte-
nance. Furthermore, EC requires less coagulant and
produces less sludge when removing the same amount
of pollutant compared to CC (Mills 2000; Lakshmanan
et al. 2010). Also, flocs formed by EC are larger and
contain less bound water than those formed by CC, are
acid-resistant, and might float at the top of the solution
due to the formation of hydrogen bubbles which makes
them easier to control and remove. Another important

advantage of EC is that no chemicals are added to the
water; therefore, there is no need to neutralize excess
chemicals and there is no possibility of secondary pol-
lution (Mollah et al. 2001).

The removal of several types of pollutants by EC has
been reported in the literature. EC showed favorable
removal (>90 %) of several heavy metals from solution
such as arsenic (Balasubramanian et al. 2009;
Lakshmanan et al. 2010), chromium and copper
(Zaroual et al. 2009), lead and cadmium (Escobar et al.
2006), as well as the metalloid boron (Isa et al. 2014;
Zeboudji et al. 2013). Furthermore, Akyol (2012)
employed EC to attain successful removals of chemical
oxygen demand (COD) and total organic carbon (TOC)

Fig. 1 The chemical structure of humic acid
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by up to 93% from paint manufacturing wastewater. EC
was also successfully used to remove 90 % of oils from
oily and olive mill wastewater (Tir and Moulai-Mostefa
2008; Tezcan Un et al. 2006) and of the pesticides
metribuzin (up to 89 %) and malathion (over 90 %)
from contaminated groundwater (Behloul et al. 2013;
Yahiaoui et al. 2011). On several occasions, EC has been
tested for the removal of phosphate and exhibited very
good removal potential (Irdemez et al. 2006; Vasudevan
et al. 2009). EC was also positively used for removal of
color, turbidity, COD, fluoride, and other pollutants
found in wastewaters from textile industries, tanneries,
and photovoltaic systems (Drouiche et al. 2012;
Gilpavas et al. 2011; Kobya et al. 2007; Bayramoglu
et al. 2004). Complete decolorization of Disperse Red
167 azo dye was achieved by electrocoagulation in a
study by Lemlikchi et al. (2012).

The current study aims at investigating the efficiency
of EC for the removal of HA from contaminated waters.
The effect of varying contributing parameters will be
considered to optimize the EC process for the best
attainable removal efficiencies. Investigated parameters
include matrix pH, HA concentration, type of electrode
(Al vs. Fe), current density, solution conductivity, and
distance between electrodes. Moreover, generated flocs
will be imaged and characterized for size and stability.
The EC process will be compared to optimized CC of
HA by aluminum and iron salts, also investigated as part
of this study.

Materials and methods

Experimental setup

Electrocoagulation experiments were conducted in
14 × 9 × 9-cm plexiglass jars containing 1 L of deion-
ized water spiked with varying concentrations of HA.
The Al and Fe plates employed as electrodes measured
13 × 1.8 cm (area = 23.4 cm2), with an immersed area of
18.9 cm2, based upon which the required current to
achieve a certain current density was calculated. The
current was provided by a triple-output DC power sup-
ply (Agilent, model 3631A, USA), and the jars were
positioned on an orbital shaker (Lab-Line,Model, USA)
at 100 rpm throughout the duration of the experiments to
maintain a homogeneous solution in the reactor. The
pair of electrodes was positioned at varying distances
in accordance to experimental objectives. The

temperature during the experiment was ambient labora-
tory temperature of 21 ± 2 °C. Figure 2 depicts the
components of the experimental system.

Conventional coagulation experiments were con-
ducted using a standard six-paddle jar testing apparatus
(Phipps & Bird, USA) with 12 × 12 × 19.5-cm
plexiglass jars, containing 1 L of deionized water spiked
with varying concentrations of HA. Flash mixing was
initiated at 100 rpm for 1 min, mixing speed was then
reduced to 30 rpm and maintained for 20 min to allow
flocculation, and last a 30-min quiescent settling was
allowed before the collection of samples for analysis.

CC and EC experimental parameters

A 1000-mg/L stock solution of HA was prepared by
dissolving 1 g of powdered HA (Acros Organics, USA)
in 62.5 mL of 1 M NaOH and then filling to the 1-L
mark with deionized water. Dilutions of the stock solu-
tion were made depending on the HA concentrations
needed in the experiments.

In conventional coagulation experiments, varying
doses of Fe and Al ranging from 0.5 to 5 mg/L were
experimented on an initial HA concentration of 20mg/L
and a solution pH of 5, as determined from the literature.
Furthermore, the removal of different initial HA con-
centrations ranging from 5 to 80 mg/L was investigated
in the presence of optimal doses of coagulant salts.

In electrocoagulation experiments, the effect of solu-
tion pH, current density, HA concentration, solution
conductivity, and distance between electrodes was in-
vestigated when either Al or Fe was used as electrodes.
Effluent samples were periodically collected by syringe
and filtered through 0.45-μm in-syringe microfiltration
membranes for further analysis.

Analytical procedures

Initial and residual HA concentrations were measured
using a UV spectrophotometer (HACH, Model 4000U,
USA) at a wavelength of 254 nm. It is noted that during
the experiments with Fe electrodes, a significant inter-
ference was caused by the formation of iron oxides that
caused the absorbance readings to increase drastically.
Therefore, TOC was mostly used as a surrogate param-
eter to assess HA concentrations when using Fe elec-
trodes. TOC levels were also measured every 30 min in
effluent samples for experiments done with Al elec-
trodes. TOC concentrations were measured using an

Environ Monit Assess (2015) 187: 670 Page 3 of 15 670



analytical total organic carbon analyzer (Shimadzu,
Model TOC-VCSH, USA). The formation and character-
istics of flocs, under varying experimental conditions,
were studied using a photometric dispersion analyzer
(PDA) (Rank Brothers Ltd., Model PDA2000, UK).
High-magnification images of generated flocs were pro-
duced by scanning electron microscopy (TESCAN,
USA) as well as compound microscopy (Axiostar
Plus, Carl Zeiss, Germany). Residual Al and Fe concen-
trations were measured at the end of experiments using
flame atomic absorption spectroscopy (Thermo Electron
Corporation, M Series, USA).

Results and discussion

Chemical coagulation experiments

The effect of change in coagulant dose and in initial HA
concentrations was investigated through a series of con-
ventional chemical coagulation experiments. The pH at
which the experiments were conducted was adjusted to
5, the optimal pH at which both alum and ferric chloride
operate as coagulants as specified in previous research
(Wang et al. 2011; Huang and Shiu 1996; Zouboulis
et al. 2004).

Effect of coagulant dose on HA removal

Varying doses of coagulants (0.5–5 mg/L Al or Fe) were
added to 1 L deionized water containing 20 mg of HA.
After 1 min of fast mixing at 100 rpm, 20 min of
flocculation at 30 rpm, the mixing was stopped to allow

flocs to settle. Residual HA concentrations in sampled
aliquots were measured at 254 nm, and recorded results
are depicted in Fig. 3.

Figure 3 clearly indicates that, generally, alum con-
tributes to better and faster removals of HA, especially
at lower coagulant doses. Whereby 1 mg/L of Al is able
to remove 80 % of HA from solution, a dosage of 3 mg/
L of Fe will be able to match the removal. Best removals
(∼ 90 %) are achieved at 4 mg/L for both coagulants.

Effect of initial HA concentration

Based on the outcomes in the previous section, a
concentration of 4 mg/L for both coagulants was
selected, and the initial concentration of HA was
varied between 5 and 80 mg/L. Residual HA con-
centrations in sampled aliquots were measured at
254 nm, and attained HA removals are illustrated
in Fig. 4.

It is clear that for both coagulants, higher removals
are attained at elevated initial HA concentrations. Both
CC processes exhibited HA removals of 90 % or higher
at an initial HA concentration of 40 mg/L, yet CC with
alum performed better at the highest experimented
concentration.

Electrocoagulation experiments

All EC experiments were performed using the
setup detailed in previous sections and by varying
a single parameter per experiment, depending on
the experimental objectives. EC was conducted
with both aluminum and iron plates as the

Electrode 
plates

DC power 
supply

Photometric 
dispersion analyzer

Reactor 
cell

Orbital 
shaker

Fig. 2 Experimental setup of
electrocoagulation process
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electrodes. Removal of HA was monitored by sam-
pling aliquots at an interval of 10 min, filtering,
and measuring the residual HA concentrations.

Effect of solution pH (Al electrodes)

As solution pH was varied from 3 to 9 in intervals of 2
pH units, HA removal was noted to be slower at pH 9
compared to other lower pH levels (Fig. 5). HA re-
movals at pH 3, 5, and 7 were very comparable, yet
pH 5 presented a slight advantage and was therefore
adopted in the remaining experiments.

Effect of varying current density (CD) (Al electrodes)

After several preliminary assessments, it was found
that HA removal will still be possible even at low
current densities; thus, experiments were conducted

to investigate the extent to which the current may
be lowered while still obtaining successful HA
removals. All experiments were conducted in a
minimum of duplicates, at two different initial
HA concentrations (20 and 40 mg/L), and for
durations enough to reach almost 100 % HA re-
movals. Adopted parameter values as well as re-
corded outcomes are summarized in Table 1 for
initial HA concentrations of 20 and 40 mg/L.

The results are as expected; increasing the ap-
plied current to the electrodes will cause a de-
crease in the time needed to reach complete re-
moval as larger amounts of Al will be released
into solution. Contradictory to expectations though
were the outcomes for experiments conducted at a
current density of 0.05 mA/cm2 which consistently
outperformed outcomes of experiments at 0.1 mA/
cm2, reaching higher removal in shorter periods.

Fig. 3 Effect of coagulant dose
on residual HA concentrations

Fig. 4 HA removals in CC with
Al and Fe salts versus initial HA
concentration
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Effect of varying HA concentration (Al electrodes)

Varying initial HA concentrations, ranging from 10 to
80 mg/L, were assessed for their effect on HA removal
efficiency. Each HA concentration was experimented at
two different current densities to ensure reproducibility
of results under varying conditions. It is noteworthy to
mention that all experiments were conducted at an initial
conductivity of 1700μS/cm at 25 °C tomatch that of the
solutions containing 80 mg/L HA. Figures 6 and 7

illustrate HA removal efficiencies under varying initial
HA concentrations and for current densities 0.2 and
0.42 mA/cm2, respectively.

It is evident that higher HA concentrations are re-
moved at a slower rate, but it is noteworthy to observe
that as EC progresses, a high HA removal rate will be
attained for all initial HA concentrations. It is also
important to note that doubling the concentration of
HA in solution does not cause the removal rate to
decrease proportionally.

Fig. 5 Effect of pH on HA
removal efficiency using Al
electrodes (initial HA = 23 mg/L,
current density = 1.6 mA/cm2,
conductivity = 1000 μS/cm)

Table 1 Effect of varying current density on HA removal efficiency at initial HA of 20 and 40 mg/L

HA = 20 mg/L, pH = 5, EC = 1000 μS/cm at 25 °C

Time
(min)

CD = 0.05 mA/cm2 CD = 0.1 mA/cm2 CD = 0.2 mA/cm2 CD = 0.42 mA/cm2

HA conc.
(mg/L)

HA removal
(%)

HA conc.
(mg/L)

HA removal
(%)

HA conc.
(mg/L)

HA removal
(%)

HA conc.
(mg/L)

HA removal
(%)

0 14.37 0.0 19.51 0.0 14.37 0.0 21.06 0.0

10 1.06 92.7 10.93 44.0 0.07 99.5 0.31 98.5

20 0 100 0 100

30 0.14 99.0 0.36 98.2
40 0.00 100.0 0.21 98.9
50

60 0 100

HA = 40 mg/L, pH = 5, EC = 1000 μS/cm at 25 °C

Time
(min)

CD = 0.05 mA/cm2 CD = 0.1 mA/cm2 CD = 0.2 mA/cm2

HA conc.
(mg/L)

HA removal
(%)

HA conc.
(mg/L)

HA removal
(%)

HA conc. (mg/L) HA removal (%)

0 40.64 0.0 41.52 0.0 40.64 0.0

10 2.81 93.1 14.03 66.2 1.06 97.4

20 0.96 97.6 0.64 98.4

30 0.43 99.0 2.40 94.2 0.40 99.0

40 0.05 99.9 1.13 97.3 0.33 99.2

50 0.88 97.9

60 0.14 99.6 1.04 97.5 0.29 99.3

80 0.51 98.8
90 0.98 97.6
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Effect of varying electrode distance (Al electrodes)

For this experimental objective, the distance between the
electrodes was varied while maintaining all other param-
eters in an attempt to assess the effect of distance between
the electrode plates on HA removal efficiency. Table 2
summarizes HA removal efficiencies as electrode distance
was varied in increments of 1 cm, between 1 and 3 cm.

Increasing the distance between the anode and the
cathode will cause a decrease in the current passing

through the cell. In turn, this decrease in current will lead
to a decrease in amount of metal released into solution as
shown by Faraday’s law (Eq. 1) (Escobar et al. 2006;
Harif et al. 2012). Therefore, an increase in the electrode
distance will lead to slower or insufficient HA removal
from solution. This conforms with what was obtained
and summarized in Table 2, whereby when the elec-
trodes were 1 cm apart, the highest and fastest removal
was obtained, followed by the distance of 2 cm, and
when they are 3 cm apart, the reaction was slower.

w ¼ I*t*M

Z*F

w ¼ metal dissolving gM=cm2
� �

I ¼ current intensity Að Þ
t ¼ time sð Þ
M ¼ molecularweightof metal g=molð Þ
Z ¼ numberof electrons involved in theoxidation=reduction reaction
F ¼ Faraday’sconstant 96; 485Cð Þ

ð1Þ

Fig. 6 Effect of initial HA
concentration on HA removal
efficiency(pH 5, CD = 0.2 mA/
cm2, EC = 1700 μS/cm)

Fig. 7 Effect of initial HA
concentration on HA removal
efficiency (pH 5, CD = 0.42 mA/
cm2, EC = 1700 μS/cm)
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Effect of varying solution conductivity (Al electrodes)

Conductivity of the solution was increased by adding
the required volume of potassium chloride (KCl) solu-
tion. Increasing the conductivity of the solution should
render metal solubility easier, therefore making the
removal reaction faster and more complete. The
experimental parameters and recorded outcomes
for different conducted experiments are summa-
rized in Table 3.

It is noted that when using both current densi-
ties (0.2 and 0.42 mA/cm2), HA removal is faster
in the solution with higher conductivities, although
all solutions will eventually reach almost complete
removal.

Additionally, a limited set of experiments were con-
ducted using iron plates as electrodes in the EC process
because of difficulties in monitoring HA removal effi-
ciencies accurately as iron oxide dissolving into the
solution during the EC process was rendering the solu-
tion yellow and interfering with the UVabsorption at the
same wavelength as the HA in solution. Samples taken
at the beginning of the experiments were most affected
by the interference, probably due to the fact that iron
oxide is still present in solution and has not formed any
flocs yet; therefore, samples from the first 20 min were
not considered in the calculations. The experiment, al-
though not as comprehensive as those conducted with
aluminum electrodes, helped in determining the param-
eters at which HA is best removed with iron electrodes.

Table 2 Effect of electrode distance on HA removal efficiency

HA = 40 mg/L, CD = 0.2 mA/cm2, EC = 1300 μS/cm at 25 °C

Time (min) 1 cm 2 cm 3 cm

HA conc. (mg/L) HA removal (%) HA conc. (mg/L) HA removal (%) HA conc. (mg/L) HA removal (%)

0 41.06 0.0 41.06 0.0 41.06 0.0

10 1.38 96.6 2.18 94.7 4.70 88.6

20 0.00 100.0 0.00 100.0 0.64 98.4

30 0.00 100.0

Table 3 Effect of solution conductivity on HA removal efficiency at current densities of 0.2 and 0.42 mA/cm2

HA = 40 mg/L, pH 5.5, CD = 0.2 mA/cm2

Time (min) 1000 μS/cm at 25 °C 2000 μS/cm at 25 °C 3000 μS/cm at 25 °C

HA conc. (mg/L) HA removal (%) HA conc. (mg/L) HA removal (%) HA conc. (mg/L) HA removal (%)

0 43.72 0.0 42.74 0.0 41.06 0.0

10 24.00 45.1 11.66 72.7 13.86 66.2

20 6.24 85.7 3.02 92.9 3.91 90.5

30 2.32 94.7 1.71 96.0 2.08 94.9

40 1.85 95.8 1.62 96.2 1.90 95.4

50 1.80 95.9 1.43 96.6 1.43 96.5

HA = 40 mg/L, pH 5.5, CD = 0.42 mA/cm2

0 43.72 0.0 42.74 0.0 41.06 0.0

10 23.35 46.6 11.43 73.3 6.10 85.1

20 1.62 96.3 1.43 96.6 0.82 98.0

30 0.54 98.8 0.50 98.8 0.12 99.7

40 0.00 100.0 0.21 99.5 0.17 99.6

50 0.36 99.2 0.00 100.0
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Effect of solution pH (Fe electrodes)

To test the effect of pH on HA removal efficiency,
the experiments were initially conducted under two
different solution pH values, 5 and 9, and results
are illustrated in Fig. 8 for an HA solution with an
initial HA concentration of 20 mg/L, a solution
conductivity of 1000 μS/cm at 25 °C, and an
applied current density of 0.6 mA/cm2. It is clear
that at pH 5, the iron electrodes are more efficient
at removing HA and in shorter periods of time.
Note that the experiment performed at pH 9 was
stopped at 120 min because it was considered to
be unrealistic to go beyond that duration. No fur-
ther pH values were considered as obtained results
agreed with the literature which considers pH 5 to
be the optimal pH at which HA is removed by CC
and EC using iron electrodes (Koparal et al. 2008;
Katal and Pahlavanzadeh 2011; Bazrafshan et al.
2012).

Effect of varying current density (Fe electrodes)

Preliminary experiments showed that although employed
iron and aluminum plates have the same dimensions, iron
plates apparently required a higher current density to
exhibit the ability to remove HA as listed in Table 4.

The molar mass of Fe (55.8 g/mol) is larger than that of
Al (26.98 g/mol), and according to Eq. 1, this indicates that
at the same conditions, more Fe should be dissolved into
solution and will be free to react with the HA. However, at
a current density of 0.42 mA/cm2 for instance, and al-
though more Fe is being released into solution, removal
of HA is much slower when using the Fe electrodes as
compared to the Al electrodes. This is an indicator that Fe
is effectively less efficient in settling HA from solution.

Further increasing the current density, as shown in
Table 5, did not exhibit significant improvements in HA
removal efficiencies. It was noted during these experi-
ments that the amounts of flocs formed are more than
what was obtained with lower current densities, and this

Fig. 8 Effect of initial pH on HA
removal efficiency using Fe
electrodes (HA 20 mg/L,
CD = 0.6 mA/cm2,
EC = 1000 μS/cm)

Table 4 Effect of varying current density on HA removal efficiency when using Fe electrodes

HA = 20 mg/L, pH 5.5, EC = 1000 μS/cm at 25 °C

Time (min) CD = 0.42 mA/cm2 CD = 0.6 mA/cm2 CD = 0.8 mA/cm2

HA conc. (mg/L) HA removal (%) HA conc. (mg/L) HA removal (%) HA conc. (mg/L) HA removal (%)

0 22.41 0.0 22.41 0.0 22.41 0.0

30 3.25 85.5 3.30 85.3 0.82 96.3

40 1.10 95.1 0.17 99.2
50 0.00 100.0
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probably caused more interference with UVabsorption.
However, at a current density of 2 mA/cm2, it was noted
that formation of flocs started at 20 min, earlier than any
other experiment with iron electrodes in this study.

Effect of initial HA concentration on HA removal
efficiency (Fe electrodes)

The effect of varying the initial HA concentration on
HA removal efficiency was investigated for the lower
HA concentrations, as at higher concentrations, removal
was very slow and a large amount of flocs were formed
with significant interference with analytical procedures.
As recorded in Table 6, at higher HA concentrations, the
EC process using iron electrodes needs prolonged dura-
tion to exhibit successful HA removals.

Characterization of flocs

Photometric dispersion analysis

Characteristics of flocs, generated under varying
experimental conditions, were investigated with a
PDA. This technology monitors the state of the flocs by
passing illumination through a small volume of the
sample, peristaltically pumped from the solution
through a clear tubing, at a rate of 25 mL/min, for this
study. The data obtained will indicate changes in the
state of aggregation suspension (flocculation–aggrega-
tion/de-flocculation–disaggregation–dispersion) versus
the progression of the experiment, thus assisting in
assessing the onset of floc formation, as well as the size
and strength of formed flocs by monitoring the ratio of
root mean squared (RMS) voltage to direct current (DC)
voltage.

Characterist ics of f locs during EC with Al
electrodes Characteristics of flocs during the EC process
utilizing aluminum electrodes with solution pH adjusted
to 3, 5, or 9 are graphed in Fig. 9. The graph clearly shows
a difference among process reactions at the three pH
values whereby at pH 3, and although complete HA
removal was achieved, formed flocs are too small and
do not cause a change in the RMS/DC ratio. This was
confirmed by visual inspection as contrary to other exper-
iments, almost no visible flocs were formed at pH 3. At
pH of 5, it is evident that floc formation starts earlier when
compared to that at pH 9 (600 s compared to 1500 s).
Furthermore, the lower ratio achieved in the experiment
conducted at pH 5 compared to that at pH 9was caused by

Table 5 Effect of higher current density on HA removal efficiency when using Fe electrodes

pH 5.5, EC = 1000 μS/cm at 25 °C

Time
(min)

Initial HA = 20 mg/L Initial HA = 40 mg/L

CD = 1.2 mA/cm2 CD = 2 mA/cm2 CD = 1.2 mA/cm2 CD = 2 mA/cm2

HA conc.
(mg/L)

HA removal
(%)

HA conc.
(mg/L)

HA removal
(%)

HA conc.
(mg/L)

HA removal
(%)

HA conc.
(mg/L)

HA removal
(%)

0 21.24 0.00 21.24 0.00 37.74 0.00 37.74 0.00

20 4.70 77.87 1.34 93.71 0.79 36.24 3.16 91.63

40 0.45 97.89 0.17 99.21 0.12 4.56 1.48 96.09

60 0.07 99.65 0.04 1.10 1.10 97.08

80 0.02 0.17

Table 6 Effect of varying initial HA concentration on HA remov-
al efficiency when using Fe electrodes

pH 5, CD = 0.6 mA/cm2, EC = 1000 μS/cm at 25 °C

Time
(min)

20 mg/L 40 mg/L

Conc. (mg/L) % removal Conc. (mg/L) % removal

0 20.87 0.0 43.67 0.0

30 1.90 90.7 19.33 55.8

40 0.00 100.0 N/A N/A

60 1.34 96.9

75 0.78 98.2

N/A not available
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lower RMS values, not by higher DC values, which
indicates that flocs formed at pH 9 were both larger and
stronger than those formed at pH 5.

Furthermore, floc formation was also investi-
gated for EC with aluminum electrodes while

varying initial HA concentrations as illustrated
in Fig. 10.

At a concentration of 10 mg/L, HA is removed very
rapidly and with the formation of a very small amount of
flocs that do not significantly change the PDA readings.

Fig. 9 Floc analysis at different pH values during EC with Al electrodes

Fig. 10 Floc analysis at different initial HA concentrations during EC with Al electrodes

Environ Monit Assess (2015) 187: 670 Page 11 of 15 670



It is noticed though that floc formation starts at the same
time for 20- and 40-mg/L HA solutions, but as expected
at 40 mg/L, more flocs are formed, thus larger aggrega-
tion leading to a higher ratio.

Characterist ics of f locs during EC with Fe
electrodes Floc formation was also investigated for EC
with iron electrodes while varying initial HA concentra-
tions as illustrated in Fig. 11. It can be noted that
although the onset of flocculation is earlier with the
40-mg/L HA solution, yet flocs formed with the 20-
mg/L HA solution are larger and of higher strength

which translated into faster and higher HA removals
during the EC process.

Microscopy imaging

Flocs generated from EC processes using both types of
electrodes were imaged with a compound microscopy
system with imaging capabilities (Carl Zeiss Axiostar
Plus, Germany). Images indicate Fe flocs to be larger
and denser than flocs generated with aluminum elec-
trodes (Fig. 12), although this does not correlate with
HA removal efficiencies.

Time (min)

R
M

S
/D

C
R

Fig. 11 Floc analysis at different initial HA concentrations during EC with Fe electrodes

Fig. 12 Flocs formed during EC with Al electrodes (a) and Fe electrodes (b), visualized at ×100 in oil immersion
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For further details, flocs were also investigated by
scanning electron microscopy at higher magnifications,
and produced images (Fig. 13) illustrate a larger size and
a denser as well as a more geometric shape of iron flocs.

Conclusions and recommendations

The efficiency of electrocoagulation for the removal of
humic acid from contaminated waters and the effect of
varying contributing parameters (matrix pH, humic acid
concentration, type of electrode, current density,

solution conductivity, and distance between electrodes)
on the process were thoroughly investigated in the pres-
ent study. Outcomes of experiments allow the following
conclusions:

& Electrocoagulation of humic acid at a solution pH of
5.0–5.5 was optimum for both electrode types.

& With aluminum electrodes, a current density of
0.05 mA/cm2 outperformed 0.1 mA/cm2 yet not
higher densities, whereas iron electrodes needed
higher current densities (0.8 mA/cm2) to exhibit
comparable humic acid removal efficiencies.

Fig. 13 SEM images of flocs formed during EC with Al electrodes (a) and Fe electrode (b)
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& With both electrode types, higher initial humic acid
concentrations were removed at a slower rate but
ultimately attained almost complete removals.

& Also, removal rates were higher in solutions with
higher electrical conductivity (3000 μS/cm at 25 °C)
and an electrode distance of 1 cm.

& It was evident by SEM that iron flocs were larger,
denser, and more geometrical in shape compared to
aluminum flocs.

& The electrocoagulation process was compared to
optimized conventional chemical coagulation of hu-
mic acid by aluminum and iron salts whereby it
proved to be faster in the removal of humic acid
and produced less amounts of sludge.

Based on the above outcomes and as recommenda-
tions for more efforts towards further optimizing the
process of electrocoagulation, it remains of high signif-
icance to study the effect of combination of the param-
eters and evaluate the most contributing parameter(s) for
the best humic acid removals. This entails an experi-
mental design with a representative sample size that
allows statistical analysis and leads to bivariate correla-
tions with credible significance levels. Cost implications
as well as large-scale applicability of the process ought
to also be investigated for the proper selection of the
optimum process.
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