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ABSTRACT

In this study, the different aluminum (Al) species generated during electrocoagulation (EC),
the humic acid (HA) removal, and the change in HA characteristics were evaluated. The
results show that the distribution of monomeric Al species (Ala), medium polymer Al spe-
cies (Alb), and colloidal or solid Al species (Alc) was dependent on initial pH and current
density (CD). The higher the fraction of Alb and Alc, the faster the HA removal. The fraction
of Alb and HA removal rates were higher at an initial pH of 4.5 than at 6.5. At a CD of
29 A m−2, the fraction of Alb and Alc was higher and HA removal was faster than at
5 A m−2. The results of UV/Vis spectroscopy, fluorescence spectroscopy, and size-exclusion
chromatography show a decrease in aromaticity, degree of conjugation, and average
molecular weight after EC treatment. The decreases were more pronounced at a high CD
than at a low CD, indicating that Alb and Alc, especially Alc, contribute much to the
preferential removal of highly condensed and high molecular weight structures of HA by
adsorption and patch coagulation.

Keywords: Electrocoagulation; Humic acid; Ferron analysis; Fluorescence; Molecular size
distribution

1. Introduction

Natural organic matter (NOM) is present in natural
aquatic systems and has caused problems in the water
industry in terms of purification [1]. NOM can affect
water treatment processes as it is a precursor of disin-
fection byproducts, can stimulate biological regrowth
in water distribution systems, can lead to color, taste,
or odor in waters and can cause organic fouling of
membranes [2].

There are various NOM treatment technologies
such as adsorption, oxidation, and coagulation. The

use of different adsorbents, such as activated carbon
[3], natural zeolite [4], biosorbents [5], and graphite
oxide [6], has been proven to be effective, but these
adsorbents are costly and the spent adsorbent needs
to be disposed of after detoxification. Ozonation effec-
tively transforms the hydrophobic part of NOM into
hydrophilic reaction products [7]. Ozonation also
reduces the aromaticity of NOM, leading to the forma-
tion of smaller size organic compounds with lower
molecular weight. It can also increase the biodegrad-
ability of NOM [8,9]. However, undesirable byprod-
ucts such as aldehydes, organic acids, and aldo- and
keto-acids can be generated after oxidation of NOM
[10]. Coagulation has been proven to be an effective
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method of NOM removal [11]. However, a great vol-
ume of sludge is generated and the sludge requires
further treatment [12].

Recently, electrocoagulation (EC) has been success-
fully tested for wastewater treatment. EC is a process
where the coagulants are supplied by the elec-
trodissolution of metal electrodes, instead of the addi-
tion of metal salts. Therefore, it is generally required
to add background electrolyte to EC reactors [13]. In
addition, separation of the flocs can be difficult
because the O2 and H2 bubbles, produced by the elec-
trolysis of water, can disturb settling and because an
additional floatation device is necessary when the
bubbles are not enough to float the flocs [13,14]. How-
ever, EC offers great advantages of high efficiency,
fast reaction rates, versatility, simplicity, amenability
to automation, cost-effectiveness, easy compact instru-
mentation, minimum use of chemicals, and ease of
operation [13]. Previous studies have proven that EC
is very efficient in NOM removal [5,14,15]. In addition,
pH and current density (CD) play important roles in
the removal of NOM by EC. However, the mecha-
nisms of NOM removal by EC remain unclear. It
seems that the mechanisms of pollutant removal by
EC are similar to those by chemical coagulation (CC),
i.e. charge neutralization precipitation. In CC, using
Al salts, the formation of different Al species affects
pollutant removal.

The hydrolysis Al species formed during the coag-
ulation process can be classified into fast-reacting
monomeric (Ala), slow-reacting medium polymeric
(Alb), and nonreacting polymeric (Alc) Al species
based on the kinetic reactions between the aluminum
and Ferron reagent [16,17]. According to Yan et al.
[18], Ala is mainly composed of monomeric species
such as Al3+, Al(OH)2+, dimer ðAl2ðOHÞ4þ2 Þ, and trimer
ðAl3ðOHÞ5þ4 Þ. Alb is the intermediate polymer species
formed during Al(III) hydrolysis, and Alb content is
correlated to the content of tridecamer
ðAl13O4ðOHÞ7þ24 Þ, often denoted as Al13 [19]. The col-
loidal or solid Alc species is an inert large polymer or
colloidal species formed during Al(III) hydrolysis,
with a molecular weight normally larger than 3 kDa
[18]. Ala reacts with organic matter, forming aggre-
gates to be removed. Alb is superior to other species
in charge neutralization, which could destabilize col-
loids and organic matter to form smaller flocs. In
addition, Alc can adsorb particles and organic matter
to form larger flocs through patch coagulation [18].

The effects of Al species distribution on humic acid
(HA) removal have been investigated for CC with Al
salts [20,21]. When polyaluminum chloride sulfate
(PACS) was used, the highest HA removal efficiency
was achieved when the fraction of Alc was the highest

and that of Ala and Alb was the lowest at low Al
doses (total Al < 0.15 mM) [21]. On the other hand,
DOC and turbidity removal efficiency from eutrophic
lake water were positively correlated to the amount of
Alb at pH > 6 when AlCl3 or polyaluminum chloride
(PACl) was used [20]. It is evident that Al speciation
significantly affects organic pollutant removal
efficiency by coagulation.

The distribution of Al species is controlled by pH
and dosage of Al coagulant. In EC, the electric current
and the oxidation–reduction reactions in the vicinity
of the electrodes significantly affect the solution pH
and the formation of Al species. Therefore, investiga-
tion of the relationships between Al species distribu-
tion and HA removal could provide valuable
information about the mechanisms of HA removal by
EC. In this study, the formation of Al species was
explored and correlated to HA removal at different
EC conditions. In addition, the changes in HA charac-
teristics by EC were investigated using spectroscopic
analysis and molecular weight distribution analysis.

2. Materials and methods

2.1. EC experiment

Al electrodes of 25 × 150 mm (thickness: 5 mm)
were used for both anode and cathode, at a distance
of 14 mm. The electrodes were scrubbed with sandpa-
per, soaked with 1% HCl, and rinsed with deionized
water (DIW) several times to remove the passivation
on the surface [13]. Batch EC experiments were carried
out in a 1 L beaker. The electrodes were immersed
into the solution in the beaker and the solution was
agitated at 100 rpm with a mechanical stirrer. EC was
applied immediately after starting agitation with a DC
power supply (SI-30200A, CNG, Korea).

2.2. Al species determination and floc characterization

To investigate the Al species distribution during
EC, batch experiments were conducted with Al elec-
trodes and DIW containing 1 g L−1 NaCl as the back-
ground electrolyte [22]. The initial pH was 4.5 and 6.5
with a CD of 29 A m−2, where the final pH was 6.8
and 7.8, respectively, and the CD was 5 and 29 A m−2

at an initial pH of 6.5, where the final pH was 6.9 and
7.8, respectively. The initial pH was adjusted using
1 M NaOH or HCl. Aliquots were taken periodically
to analyze the Al species distribution.

The Ferron method was used to analyze the dis-
tribution of Ala, Alb, and Alc species in the flocs [5]
generated during EC in the absence of HA. Reagent A
(0.2%, w/v, Ferron) was prepared by dissolving 2 g
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Ferron (8-hydroxy-7-iodoquinoline-5-sulfonic acid,
Sigma Chem. Co., USA) in 1 L preboiled and cooled
DIW. Reagent B (20%, w/v, sodium acetate) was pre-
pared by dissolving 200 g sodium acetate in 1 L DIW.
Reagent C (1:9, v/v, HCl) was prepared by mixing
100 mL hydrochloric acid (37%) into 900 mL DIW. All
reagents were filtered with a 0.45 μm PVDF filter
before use. The Ferron colorimetric solution was
obtained by mixing reagent B and C prior to the addi-
tion of reagent A. The volume ratio of the reagents A,
B, and C was 2.5:2:1. The Ferron reagent was kept in a
refrigerator and used within 3 weeks [23]. A 5 mL Al
suspension was diluted with 14.5 mL DIW, and then
5.5 mL of Ferron reagent was added and shaken for
homogeneity. The content of Ala was measured by the
absorbance at 366 nm using a UV/Vis spectropho-
tometer (UV mini 1240, Shimadzu) after 1 min of reac-
tion, while that of Ala + Alb was measured by the
absorbance at 366 nm after 120 min. The total Al con-
tent (AlT) was measured by inductively coupled
plasma (OPTIMA 5300 DV, Perkin–Elmer, USA). The
content of Alc was obtained by the difference between
the content of Ala + Alb and that of AlT.

Floc size distribution was analyzed for the flocs
generated at 10 mg C L−1 HA, 5 A m−2 and at an ini-
tial pH of 6.5. The samples were collected periodi-
cally and were carefully handled to avoid the
breaking up of macro flocs. The size of the flocs was
monitored with an optical microscope (Optimus
BX43, Japan). The floc size distribution was obtained
with the aid of an image analysis technique, ImageJ,
which is a public domain image processing tool
developed by the National Institutes of Health
(http://rsbweb.nih.gov/ij/). The zeta potential of the
flocs was measured with a zeta potential analyzer
(ZetaPlus, Brookhaven, USA) for the flocs obtained
during EC at an initial pH of 4.5 or 6.5, either in the
presence or absence of 10 mg C L−1 HA.

2.3. HA removal experiments

HA was obtained from the Aldrich Co. and puri-
fied according to Jee et al. [24]. The purified Aldrich
HA (PAHA) stock solution was prepared by dissolv-
ing 1 g PAHA in 1 mL DIW and filtering with a
0.45 μm PVDF filter. The effects of initial pH were
investigated at a pH range of 4.5–7.5 at 5 A m−2, while
those of CD were investigated at 5 and 29 A m−2, at
an initial pH of 6.5. The initial HA concentration was
10 mg C L−1. Samples were taken periodically and fil-
tered through 0.45 μm PVDF filters. HA concentration

of the filtrates was measured using a TOC analyzer
(TOC-VCPH, Shimadzu, Japan).

2.4. HA characterization

The characteristics of HA during EC were investi-
gated for the samples taken during EC at an initial pH
of 6.5, at a CD of 5 and 29 A m−2 and at an initial HA
concentration of 36.7 mg C L−1. The initial HA concen-
tration was higher than that for HA removal experi-
ments (10 mg C L−1), because the residual HA
concentration was too low for proper characterization
when the initial HA concentration was 10 mg C L−1.
The samples were filtered through a 0.45 μm PVDF
filter. The filtrates were analyzed with a dual-beam
UV/Vis spectrophotometer (UV mini 1240, Shimadzu,
Japan) at wavelengths from 800 to 200 nm. The excita-
tion–emission matrix (EEM) was generated by scan-
ning excitation wavelengths from 240 to 400 nm with
5 nm increases, and detecting emission between 300
and 600 nm at 1 nm steps with a spectrofluorometer
(RF5301PC, Shimadzu, Japan). Synchronous fluores-
cence (SF) spectra were also collected with constant
offsets of 21, 32, 44, 55, 66, and 77 nm between excita-
tion and emission wavelengths. The excitation wave-
lengths in the SF spectra were increased from 240 to
700 nm. The EEM and SF spectra of 1.0 mg C L−1 HA
were obtained in the presence and in the absence of
dissolved Al to identify the effects of dissolved Al on
the EEM and SF spectrum of HA. The concentration
of Al3+ from AlSO4 was 1.0 mg L−1, because it was
found in a separate experiment that the maximum dis-
solved Al3+ concentration was 0.27 mg L−1 during
60 min of EC, when CD was 29 A m−2 and the initial
pH was 6.5. The results showed that the EEM or SF
spectrum of HA was not affected by the presence of
dissolved Al (data not shown).

Molecular size distribution of HA was analyzed
using size exclusion chromatography by an absor-
bance detector (UV 730 D, Younglin, Korea) and a
Waters Protein Pak 125 column. The pH of the mobile
phase was maintained at 6.8 by adding phosphate buf-
fers (0.002 M NaH2PO4·H2O and 0.002 M Na2HPO4) to
0.1 M NaCl solution, and the flow rate was
0.8 mL min−1. Four sodium polystyrene sulfonate
(PSS) samples with actual apparent weight average
molecular weights (MWw) of 15.200, 6.530, 4.950, and
1.430 kDa (Polysciences, Inc., USA) and acetone
(58 Da, HPLC grade, Aldrich, USA) were used as stan-
dards. All standards and samples were measured at a
detection wavelength of 254 nm.
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3. Results and discussion

3.1. Al species and size distribution of EC flocs

Fig. 1 presents the Al concentration obtained from
the EC system at 1 g L−1 NaCl and the theoretical Al
concentration calculated based on Faraday’s law as in
(Eq. (1)):

m ¼ ItM

zF
(1)

where I is current (C s−1), t is time (s), M is the molar
mass of Al (g mol−1), z is the valence of the dissolved
metal in solution (equivalents per mole), and F is
Faraday’s constant (96,485 C mol−1). Al concentration
obtained from the experiments was higher than the
theoretical value calculated from Faraday’s law. This
may be attributed to the dissolution of the cathode
due to corrosion, in addition to the dissolution of the
anode [25]. Mouedhen et al. [26] described the origin
of excess dissolution as a chemical attack due to the
acidity and alkalinity in the vicinity of the electrodes
as follows:

In the vicinity of the anode:

2Alþ 6Hþ � 2Al3þ þ 3H2 (2)

In the vicinity of the cathode:

2Alþ 6H2 þ 2OH� � 2 Al OHð Þ4
� ��þ3H2 (3)

AlðOHÞ3 þOH� � ½AlðOHÞ4�� (4)

As shown in Fig. 1, Al concentration increased as
CD increased from 5 to 29 A m−2. It seems that initial
pH did not affect the Al dissolution. It is reported that
the rate of Al dissolution and metal hydroxide forma-
tion on an electrode is not significantly different at an
initial pH of 4.5–6.5 [27].

Fig. 2 shows the distribution of Al species during
EC at different initial pHs and CDs. Regardless of ini-
tial pH and CD, Ala was dominant and Alb and Alc
increased as reaction time increased as shown in
Fig. 2(a) and (b). At the same CD of 29 A m−2, initial
pH did not affect the fraction of Ala, while the fraction
of Alb was slightly higher at pH 4.5. However, the
fraction of Alc was notably higher at initial pH 6.5
than 4.5 (Fig. 2(a)), indicating more Alb transformed
into Alc at pH 6.5 than at pH 4.5. It has also been
reported that the fraction of Alc increases as pH
increases [20]. Meanwhile, the total Al concentration
during EC was not significantly dependent on initial
pH (data not shown). Fig. 2(b) shows that CD affects
the Al concentration and species distribution more sig-
nificantly than initial pH. The decrease in Ala and the
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increase in Alc were a lot more dramatic at 29 A m−2

than at 5 A m−2. It is regarded that the rapid increase
in Alc at high CD is due to the rapid increase in pH,
via the OH− generation at the cathode during
electrolysis and coagulant amount. In addition, more

colloidal or solid Alc is formed at a high coagulant
dose similar to sweep coagulation [13,20].

Fig. 3 provides images of EC flocs and the floc size
distribution as a function of reaction time, when the
initial HA was 10 mg C L−1, initial pH was 6.5 and

Fig. 3. Micrographs of the Al flocs formed during EC after (a) 17.5 and (b) 30 min (initial HA: 10 mg C L−1, initial pH: 6.5,
CD: 5 A m−2, NaCl: 1 g L−1).
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CD was 5 A m−2. No floc was observed during the
first 15 min of the reaction, likely because of the high
Ala fraction. As expected, floc size increased as the
reaction progressed from 17.5 to 30 min, due to the
formation of Alb and Alc species. The mean diameter
of the flocs at 17.5, 20, 25, and 30 min was 10.15
± 6.94, 24.74 ± 11.74, 26.67 ± 12.81, and 30.01 ± 19.68
μm, respectively. The rapid increase in floc size during
minutes 17.5–20 is thought to be due to the collision
of the flocs. Spicer et al. [28] suggested that aggregates
collisions produce larger irregular flocs until a steady
state is reached.

3.2. HA removal by EC

3.2.1. Effect of pH

It has been reported that pH has a significant effect
on the efficiency of the EC process in the removal of a
variety of pollutants [5], because pH affects the sur-
face charge of the flocs and the Al species distribution.

Fig. 4(a) shows that the HA removal rate increased as
the initial pH decreased, although the total Al concen-
tration was similar regardless of pH. It is thought that
the increase in HA removal at low pH is attributed to
the enhanced charge neutralization by Alb, which is
generated more at low pH than at high pH (Fig. 2(b)).
In addition, it is also thought that the results can be
partly attributed to the HA characteristics at different
pHs. When the pH value is low, acidic functional
groups, i.e. carboxyl and phenol, of HA exist in the
chemical form of –COOH and –OH. When pH is
increased, they become deprotonated and exist in the
form of –COO– and –O−, which gives them a more
negative charge [29]. This means that more positively
charged Al3+ is necessary to neutralize the negatively
charged HA [5]. The values of the pKa’s of the ioniz-
able sites in carboxylic groups in Aldrich HA were
reported to be 3.29 ± 0.03, 5.01 ± 0.04, and 6.38 ± 0.02,
while those in phenolic groups were reported to be
7.95 ± 0.07 and 9.41 ± 0.06, at 1.0 mol L−1 NaCl [30].
Also, the values of pKa’s of gray HA was also
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reported to be 3.99 and 8.05 [29]. Meanwhile, the final
pH was 5.95, 6.72, 7.32, and 7.83 when the initial pH
was 4.5, 5.5, 6.5, and 7.5, respectively.

In addition, the fraction of Alb, the positively
charged intermediate polymer Al species, was higher
at pH 4.5 than pH 6.5 (Fig. 2(a)), indicating that more
positively charged Al flocs are provided at a lower
pH. This is partly supported by the results in
Fig. 4(b), which suggest that the zeta potential of the
flocs formed at the initial pH of 4.5 was more positive
than at 6.5, regardless of the presence of HA. Fig. 4(b)
also shows that the flocs formed in the presence of
HA were more negatively charged than the flocs
formed in the absence of HA, regardless of initial pH.
This indicates the adsorption of negatively charged
HA onto the flocs. It also indicates that charge neutral-
ization significantly affects the HA removal rate of EC.

On the other hand, visible flocs began to form fas-
ter in the presence of HA than in the absence of HA.
At the initial pH of 6.5, flocs were observed after
5 min in the presence of HA, while they were
observed after 17.5 min in the absence of HA. It is
thought that the early floc formation is attributed to
the binding of Al species with HA. HA can form com-
plexes with Al3+ or AlOH2+, which is the dominant
form of Al [31]. They correspond to Ala, which is
dominant at the early stage of EC (Fig. 2).

3.2.2. Effect of CD

As shown in Fig. 5(a), HA removal was a lot faster
at 29 A m−2 than at 5 A m−2. Fast removal at a high
CD can be related to the higher fraction of Alb and
Alc, as presented in Fig. 2(b). In particular, Alc was
significantly higher at high CD than at low CD. High
Alc content can lead to turbidity and organics removal
via adsorption and electrostatic patch coagulation [18].
The floc size can also be increased by the coagulation
induced by the local contact between the part
(“patches”) of the surface neutralized by adsorbing
oppositely charged ions [32]. This improves pollutant
removal efficiency by sweep flocculation [18]. The
results from Fig. 5(a) strongly indicate that the dis-
tribution of Al species significantly affects HA
removal. This result was additionally supported by
the finding that a similar HA removal efficiency was
achieved with a lower Alt at 29 A m−2 than at 5 A m−2

(Fig. S1 in supporting information).
Fig. 5(b) shows that the pH during EC was higher

in the presence of HA than in the absence of HA. This
is attributed to the adsorption of organic acids to the
flocs. The COO− groups of the organic acid can
replace the surface OH on oxides and the OH ions are
released, resulting in the increase in pH [33].

3.3. HA characterization

3.3.1. SUVA

Variations in DOC and SUVA during EC are pre-
sented in Fig. 6. DOC and SUVA decreased during
EC, both at 5 and 29 A m−2. The decrease in SUVA
indicates that the average molecular weight and aro-
maticity decreased in residual HA, as a result of the
removal of more aromatic and high molecular weight
fractions of HA [34]. It also indicates that the
hydrophobicity of the HA decreased. Karanfil et al.
[35] suggested that natural waters with high SUVA
values, i.e. ≥0.04 L mg−1 cm−1, have a relatively high
content of hydrophobic, aromatic, and high molecular
weight NOM fractions, whereas waters with SUVA
values of ≤0.03 L mg−1 cm−1 contain largely nonhumic,
hydrophilic, and low molecular weight materials. The
SUVA of HA was 0.10 L mg−1 cm−1, while it decreased
to 0.0273 and 0.0189 L mg−1 cm−1 at 5 A m−2 (80 min)
and 29 A m−2 (14 min), respectively.

The decrease in DOC and SUVA was faster at high
CD. In addition, it was observed that the decrease in
DOC and SUVA was greater at high CD at the same
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Alt (Fig. S2 in supporting information). Based on the
Al species analysis shown in Fig. 2(a), it is thought
that the greater decrease in SUVA is attributed to the
relative abundance of Alb and Alc at high CD. There-
fore, it is suggested that the medium polymer and/or
colloidal Al (Alb and Alc) are more effective in the
removal of high molecular weight and more
conjugated HA fractions.

3.3.2. Fluorescence spectroscopy

The samples for fluorescence spectroscopic analy-
sis and molecular weight analysis were taken at 50

and 6.5 min of reaction at 5 and 29 A m−2, respec-
tively. The HA concentration was 23.1 and
18.5 mg C L−1, respectively. The pH of the samples
was adjusted to 6.0 and the samples were diluted to
1 mg C L−1 for fluorescence spectroscopic analysis.
Fig. 7(a) shows the characteristic peak of HA around
Ex/Em 280/490 nm for untreated HA. The fluo-
rophore at Ex/Em 250–260/380–420 nm corresponds
to HA [34,36,37]. After EC, the intensity of the fluo-
rophore decreased and the fluorophore shifted to a
shorter emission wavelength, regardless of CD
(Fig. 7(a) and (b)). The “blue shift” also appeared in
SF spectra (Fig. 7(d)).

Fig. 7. Excitation–emission maps of (a) untreated HA, (b) the filtrate of HA treated using EC at a CD of 5 A m−2, (c) the
filtrate of HA treated using EC at a CD of 29 A m−2, and (d) synchronous fluorescence spectra of HA and the filtrates of
HA treated using EC (1 mg C L−1, NaCl: 1 g L−1).
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The position, shift, and intensity of fluorophore
can be correlated to the structural information of
NOM such as polycondensation, aromaticity, and the
content of functional groups [38]. The decrease in the
intensity of HA-characteristic fluorophore is attributed
to the removal of carboxylic functional groups and
aromatic structures [39]. The “blue shift” indicates the
transformation of condensed aromatic moieties to
smaller molecules, the reduction in the degree of
π-electron systems such as decreasing the number of
aromatic rings or conjugated bonds in a chain struc-
ture and the elimination of functional groups such as
carbonyl, hydroxyl, and amine [39]. This is often
observed as a result of the oxidation of humic sub-
stances [40,41], suggesting a potential mechanism for
HA molecules with higher molecular weight and with
a higher degree of aromaticity to be preferentially
removed during EC.

3.3.3. Molecular weight distribution of HA

The molecular size distributions of HA, untreated
and treated by EC, are provided in Fig. 8. Fig. 8 shows
that molecules >1 kDa decreased and molecules
<1 kDa increased after EC. The decrease in >1 kDa
fractions and the increase in <0.5 kDa fractions were
more significant at a high CD than at a low CD. The
weight average molecular weight (MWw), the number
average molecular weight (MWn), and polydispersity
of HA were 985.40, 900.95, and 3.27 Da, respectively.
They decreased to 729.39, 282.31, and 2.58 Da, respec-
tively at a CD of 5 A m−2, and continued to decrease
at a high CD of 29 A m−2, to 603.50, 240.96, and
2.50 Da, respectively. The decrease in MWw and MWn

indicates the removal of more condensed large
molecular weight fractions of HA, which is in agree-
ment with the results of UV/Vis spectroscopy and
fluorescence spectroscopy. The decrease in polydiver-
sity indicates a decrease in heterogeneity of HA due
to the preferential removal of large molecular weight
fractions of HA. Meanwhile, the more significant
decrease in average molecular weight at a high CD
suggests that Alb and Alc are effective in the removal
of high molecular weight fractions of HA.

Meanwhile, partial oxidation of HA by HOCl in
the vicinity of anode might partly be responsible for
the changes in SUVA254, fluorescence intensity and
MW distribution provided in Figs. 6(b)–8. The chloride
ions can be oxidized to form active chlorine species,
such as chlorine, hypochlorous acid, and hypochlorite,
on anode surface and in the bulk solution (Eqs.
(5)–(7)) [42]. The active chlorine species can improve
the oxidation of organic compounds.

2Cl� �Cl2 þ 2e� (5)

Cl2 þH2O�HOClþHþ þ Cl� (6)

HOCl�Hþ þOCl� (7)

The pH of the bulk solution during the EC was higher
than 6.5 where OCl– is the dominant active Cl species.
However, H+ is generated from anode and there can
be a layer with low pH, i.e. lower than 6.5 where
HOCl is dominant, near the anode [43]. Therefore, the
oxidation of HA can be more active on this layer than
in bulk solution, because HOCl is more reactive than
OCl–.

It has been known that NOM molecules are par-
tially oxidized by O3 or H2O2 to lower molecular
weight, higher polarity, and less condensed moieties,
rather than to complete oxidation products [44]. It was
reported that the oxidation of effluent organic matter
with O3 resulted in the decrease in UV254 and fluores-
cence intensity without a significant decrease in DOC
[45]. Zhang et al. [46] also confirmed that NOM con-
centration was decreased after chlorination. In addi-
tion, the partial oxidation products of NOM are
known to be aldehydes and carboxylic acids [47],
which are the electron-withdrawing groups, reducing
the fluorescence intensity [48].

4. Conclusions

In this study, HA removal mechanisms by EC using
Al electrodes were investigated based on the generated
Al species distribution and HA characteristics. During
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Fig. 8. Molecular weight distribution of HA and EC-trea-
ted HA (initial pH: 6.5, initial HA: 36.7 mg C L−1, NaCl:
1 g L−1, reaction time was 50 and 7 min for CD of 5 and
29 A m−2, respectively).
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EC, monomer Ala was generated initially and trans-
formed to medium polymer Alb, then finally the col-
loidal or solid Alc was formed. The distribution of Ala,
Alb, and Alc was highly affected by initial pH and CD.
The fraction of Alb was higher at an initial pH of 4.5,
while that of Alc was higher at 6.5. The fractions of Alb
and Alc were much higher at a CD of 29 A m−2 than of
5 A m−2. In addition, the floc size increased as reaction
time and Alc increased. The HA removal rate increased
as the initial pH decreased, indicating that Alb con-
tributes much to HA. HA removal was faster at
29 A m−2 than at 5 A m−2, in addition, the required Al
amount for similar HA removal was less at 29 A m−2

than at 5 A m−2. The results indicate that Alb and Alc
play a dominant role in HA removal and that the pre-
dominant HA removal mechanism was adsorption and
patch coagulation or bridging.

The EC-treated HA showed a decrease in SUVA,
the “blue shift” of fluorophore, and a decrease in aver-
age molecular weight and polydispersity, indicating
the preferential removal of highly conjugated,
hydrophobic, high molecular weight fractions and car-
boxylic functional groups of HA by EC. In addition,
the decrease in SUVA, average molecular weight and
polydispersity was more significant at a high CD, evi-
dencing that Alc contributes much to the removal of
high molecular weight fractions of HA.

Supplementary material

The supplemental material for this paper is
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