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ABSTRACT

Fenton’s reagent was used as a coagulating agent in the treatment of water samples with
high true color caused by humic substances (HS) extracted from peat. The effects of the
apparent molecular size of HS on coagulation, flocculation, and flotation were studied. Four
distinct water samples having the same true colors were prepared using HS with different
molecular sizes obtained through ultrafiltration fractioning. Through optimization of the
coagulant dosage and coagulation pH and the construction of coagulation diagrams for each
water sample, it was verified that the sample with the smallest apparent molecular size of
HS was the most difficult to treat, requiring higher coagulant (Fenton’s reagent) dosages than
samples prepared with larger HS molecular sizes. Furthermore, filtration experiments after
dissolved air flotation were carried out to simulate conventional treatment. The most repre-
sentative results in filtered water were: absorbance at 254 nm < 0.016 cm™'; apparent color < 3
HU; and residual iron concentration <0.005mgL~". The total organic carbon values of fil-

tered water samples were also very low, always<1.0mgL "

Keywords: Coagulation; DAF; Drinking water; Fenton’s reagent; Humic substances; Molecular

size

1. Introduction aquatic ecosystems and function as effective carbon

Humic substances (HS) are a heterogeneous
mixture of dark-colored organic macromolecules of
complex composition; they are present in soil and

reservoirs that prevent carbon dioxide emission. HS
comprise 60-70% of the total carbon in soil and
60-90% of the dissolved carbon in natural water [1].
HS are not well defined, but can generally be subdi-
vided into three fractions: humins, which represent

*Corresponding author. the insoluble humic components of aqueous solutions
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at all pH values; humic acids (HAs), which are soluble
in alkaline and weakly acidic solutions, but precipitate
at or below pH 2.0; and fulvic acids (FAs), which are
soluble in aqueous solutions at all pH values [2].
Humic materials may be specifically targeted for the
removal from potable water supplies because they can
adversely affect the appearance and taste and they
can react with chlorine to form potentially carcino-
genic chlorinated organic compounds [3,4]. Further-
more, the presence of dissolved organic matter may
reduce the effectiveness of water treatment processes
that employ membranes or microporous adsorbents
[5,6]. Even when not specifically targeted for removal,
macromolecular dissolved organic matter has been
shown to compete with low molecular weight syn-
thetic organic chemicals, reducing their adsorption
rates and equilibrium capacities [7-10]. The removal
of (or the reduction in concentration of) such organic
matter is therefore an important factor in water
treatment.

The flocs formed by HS coagulation are relatively
small and have low specific masses [11], mainly with
low turbidity and high true color. As a result, their
removal by sedimentation is limited. Thus, the use of
dissolved air flotation (DAF) is an interesting
technology for the clarification of water with these
characteristics.

The use of Fenton’s reagent, which entails adding
Fe'? ions and hydrogen peroxide (H,O,) under acidic
conditions, is advantageous for drinking water
treatment because it provides both pre-oxidation and
coagulation in a single process. As shown in Eq. (1),
Fenton’s reaction forms the hydroxyl free radical
(OH"®), which is a highly reactive and nonselective
intermediate oxidant capable of effectively oxidizing
numerous organic substances [12,13]. Because both Fe*?
and Fe* ions form hydrolyzed species that act as coag-
ulants, Fenton’s reagent can have the dual function of
oxidation and coagulation during treatment processes.

Fe'? + H,0, — Fe'® + OH® + OH"~ (1)

The strong oxidative power of Fenton’s reagent
that results from the hydroxyl radical (OH®) is also
advantageous because pre-oxidation is becoming
increasingly necessary to address poor raw water
quality. With Fenton’s reagent, undesirable haloge-
nated by-products are not formed (since no chlorine
or halogenated disinfectants were used). Fenton’s
reagent is further advantageous for natural organic
matter (NOM) removal because the coagulants tradi-
tionally used in water treatment (aluminum or iron
salts) are frequently incapable of removing recalcitrant
NOM [14], making alternative treatment processes

necessary. Advanced oxidative processes (AOP),
including the application of Fenton’s reagent, have
thus been introduced as alternatives.

There is a dearth of reports on the degradation of
HS using Fenton’s reagent [8,15-17]. Some studies
have shown the influence of the apparent molecular
sizes of HS on coagulation with traditional coagulants,
flocculation, and sedimentation [18,19], but data on
the use of DAF and Fenton’s reagent to treat water
with high true color are limited.

Thus, the main objective of this study was to
evaluate the absorbance removal efficiency from water
samples containing HS with different apparent
molecular sizes, but with the same true color. For this,
coagulation, flocculation and flotation tests were per-
formed using Fenton coagulation to determine the
most suitable pH ranges and the dosages of Fe' in
the Fenton process and then how to improve the
following coagulation efficiency.

2. Materials and methods
2.1. Collection and extraction of HS

HS were extracted from peat soil collected from
the banks of the Mogi Guagu River in Brazil (latitude
21.5° S and longitude 47.9° W). Peat samples were
dried and then coarsely ground in an agate mortar.
The HS extraction method was as follows: the peat
was added to a KOH extraction solution (0.5molL ")
in a 1:20 (m/v) ratio; this solution was mixed for 4h
at room temperature (~25°C) and then allowed to
sediment for 48h, after which the supernatant was
stored in semi-permeable paper bags. These bags were
placed in a hydrochloric acid solution (HCl 1%) until
the HS extracts reached a pH close to 6.0. Finally,
residual CI- was removed via dialysis in non-
chlorinated water until HS samples tested negative for
chloride (using an AgNO;-based test).

Following extraction, the HS solution was frozen
and stored in plastic bottles.

2.2. Ultrafiltration (UF) fractionation of HS

The extracted HS were diluted to a concentration
of 1.0mgmL ™" using groundwater. The solution was
vacuum filtered using a 0.45 pm (Millipore) membrane
for subsequent UF fractionation (polyethersulfone mem-
branes, Vivaflow 50, Sartorius group, tangential flow,
Vivascience). During HS fractionation, a sample con-
centration method using recirculation was adopted
[20]. The maximum applied flow rate was
300mLmin ' with 1.5bar pressure. The following
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apparent molecular size fractions were obtained:
between 100kDa and 0.45um; between 30 and
100kDa; and <30kDa. A composite sample containing
all size fractions was also obtained, which was only
filtered through the 0.45 um membrane.

2.3. Water samples

Four distinct water samples were prepared for
each of the three HS size fractions (100 kDa-0.45 pm,
30-100kDa and <30kDa) and the composite fraction
(0.45 um filtered). Each HS fraction was added sepa-
rately to groundwater. The four water samples exhib-
ited true color values of 100 +5HU (Hazen units), and
the pH of each sample was adjusted to 5.0+0.1.

2.4. Coagulation, flocculation, and flotation tests

Coagulation diagrams were built for the four water
samples by varying the coagulant dosage (Fenton’s
reagent) and the coagulation pH; 0.1M sodium
hydroxide (NaOH; AR Mallinckrodt) and hydrochloric
acid (HCl; 36.5-38%, P.A., Synth) solutions were used
to vary the coagulation pH. The temperature of the
water samples was maintained at 20+1 °C.

Ferrous sulfate (P.A.—ACS, ].T. Baker) and a 0.1 M
solution of hydrogen peroxide (29%, P.A.—ACS, Syn-
thy) were applied as Fenton’s reagent. A stock solu-
tion of ferrous sulfate was prepared at a concentration
of 10gL™".

Fenton’s reagent was applied as a coagulant as fol-
lows: first, FeSO,-7H,0O was added, followed by H,O,.
Immediately after the addition of these chemical prod-
ucts, a sample was collected for oxidation pH mea-
surement (this pH value was a little lower than the
water sample pH—see Table 1—because of the addi-
tion of ferrous sulfate); 1.5 min was allowed for oxida-
tion time (the average velocity gradient of this step
was the same as for the rapid-mix step). After this
time, the alkalinizing or acidifying agent was added
(marking the start of rapid-mix time) and another
sample was collected for coagulation pH measure-
ment. The hydrogen peroxide dosage was equal to
three times (3x) the stoichiometric dosage required
for Fenton’s reagent (Eq. (1)); this ratio was employed
for all tested ferrous sulfate dosages. For example, the
mass of 1mol of FeSO,7H,0 is 278.02 g, which corre-
sponds to a Fe*? mass of 55.85g. According to Eq. (1),
1mol of Fe*? reacts with 1mol of H,O, (with a weight
ratio of 34.01/55.85). Thus, a FeSO47H,O dosage of
15mgL~" corresponds to 3.01mgL ' of Fe™
(15 % 55.85/278.02); 1:1 stoichiometry calls for a HO,
dosage of 1.83mgL~" (3.01 x 34.01/55.85). For a 3x
dosage, 5.5mgL " of H,O, (3 x 1.83) is required.

All experiments were performed in flotest equip-
ment (Nova Etica, Brazil) using three square 2L flasks
under the following conditions: rapid mix (time,
Tim=10s; velocity gradient, G,m,=1,000 s7Y); floccula-
tion (Tq=15min; Gp=25s"Y); and DAF (saturation
chamber pressure=400kPa; saturation time=8min;
recirculation rate=15%; flotation velocities (Vy) of 15,
10, and 5cm min ). The measured parameters during
these experiments were oxidation pH, coagulation pH
(Digimed), remaining UVss54 absorbance (cm™; subna-
tant), and remaining apparent color (DR/4,000U,
Hach, spectrophotometer). During all pH measure-
ments, samples were stirred using a magnetic stirrer
(Quimis). In all absorbance and color measurements,
the dilution caused by the introduction of saturated
water was taken into account.

For each water sample, a pair of ‘coagulant dosage
versus coagulation pH” values was selected in the
respective diagrams based on remaining UV,s4 absor-
bance and apparent color removal and taking into
account the three flotation velocities studied.
Although twenty-four coagulation diagrams were gen-
erated, only the diagrams for UV,s, absorbance and
Vi=5cmmin ' are presented.

In the coagulation diagrams, the absorbance is
reported as the percentage [(A/Ap) x 100], where A is
the remaining UV,s4 absorbance (ecm™") and A, is the
UV,s, absorbance (cm™!) of the water sample. The
abbreviation CI indicates that coagulation was ineffi-
cient. Floc formation was not observed for these
points and, consequently, absorbance and color were
not measured.

2.5. Coagulation, flocculation, flotation, and filtration tests

With the selected pair of ‘coagulant dosage versus
coagulation pH’ values for each water sample, two
coagulation, flocculation, flotation, and filtration tests
were carried out to simulate a conventional treatment
process. The following parameters were measured in
filtered water: UV,s, absorbance; apparent color; tur-
bidity (2100P, Hach, Turbidimeter); total organic car-
bon (TOC analyzer 5,000A, Shimadzu); and total iron
concentration (atomic absorption spectrophotometer,
model AA-1,275, Varian).

The filtration step employed a filter column cou-
pled immediately downstream from the flotest flask.
The filter column was a 19-mm internal diameter
acrylic tube containing sand as the filter media (10 cm
deep) with a granulometric range between 0.59 and
141mm. The average filtration flow rate was
16mLmin ' (corresponding to a filtration rate of
80m® m?d)™Y), and samples of the filtered water
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were collected 30 min after the flotation time (flotation
velocity 5cmmin'). Because the filters were back-
washed with tap water, it was necessary to filter for
30min to flush this water out of the filters before col-
lecting samples.

3. Results and discussion
3.1. Coagulation diagrams

Figs. 14 show the coagulation diagrams for the
four water samples. Hydrogen peroxide and ferrous
sulfate dosages are shown in the left-hand y-axes,
while the correspondent iron-II dosages are shown in
the right. The coagulation pH is plotted as the
abscissa. The main characteristics of each water
sample are also shown.

According to classical theories, there are two
predominant mechanisms of metal ion coagulation:
‘charge neutralization’ and ‘sweep coagulation’; the
former occurs at lower pH conditions with the coagu-
lant in the cationic form (e.g. Fe(OH)**, Fe(OH),") and
the latter at higher pH and higher doses where the
coagulant precipitates as a metal hydroxide [21].

Water Treatment 46 (2012) 139-148 143

An analysis of Figs. 14 reveals two regions in
which coagulation with Fenton’s reagent and subse-
quent flocculation and flotation produce removal effi-
ciencies > 50 and 60% for the first (lower pH) and
second (higher pH) regions, respectively. A similar
behavior was observed by Edwards and Amirtharajah
[22], who also worked with a water sample with a true
color of 100 HU (caused by the addition of HA) and a
turbidity equal to zero, using aluminum sulfate (alum)
as a coagulant. These researchers concluded that in the
first region, corresponding to approximate coagulation
pH values of 3.6-4.6 in the current study (Figs. 1-4), the
hydrolyzing species adsorption mechanism was
probably dominant, causing charge neutralization of
HS molecules. In the second region, which is approxi-
mately between pH 5.6 and 6.6 in the current study, Fe
(OH); precipitate formation was observed and removal
possibly occurred via adsorption of HS molecules and
their incorporation into the precipitate. Furthermore,
coagulant dosages (Fenton) were lower in the first
region than in the second region. As observed by
Edwards and Amirtharajah [22], there seems to be a
restabilization region between the two regions in which
coagulation resulted efficient.
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Fig. 1. Fenton dose versus pH coagulation diagram—percentage absorbance at 254 nm remaining [(A/Ao) x 100] for the
water sample with the HS fraction filtered through a 0.45um membrane (Vi=5cm min~!). Note: CI indicates that the

coagulation was inefficient.
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Fig. 2. Fenton dose versus pH coagulation diagram—percentage absorbance at 254 nm remaining [(A/A) x 100] for the
water sample w1th the HS fraction filtered through a 0.45um membrane with apparent molecular size >100kDa

(Vi=5cmminY).

While the Fenton reaction is a combination of
oxidation and coagulation, these results suggest that
coagulation using Fenton’s reagent produces behavior
similar to those observed in studies using other coag-
ulants such as ferric chloride and alum. Moreover,
oxidation and coagulation probably both remove HS,
the former changes the chemical structures of HS mol-
ecules and the latter transfers HS from one phase to
another. Typically, at a low pH, the removal of hydro-
xyl radical-induced oxidation is maximized, so that
the overall removal (due to oxidation and coagulation)
may peak in the first region (low pH side). In contrast,
at neutral pH, coagulation efficiency may be maxi-
mized, so that the overall removal peaks in the second
region.

For the water sample with the HS fraction filtered
through a 0.45um membrane and with an apparent
HS molecular size >100kDa, it is evident that the
regions formed in the coagulation diagram are wider
and the isoefficient curves containing the best results
(lower percentage absorbance remaining) comprise a
larger area in Fig. 2 than in Fig. 1. Furthermore, the
highest absorbance removal efficiency was observed at
a ferrous sulfate dosage of 7.5mgL ™' for the water
sample with an apparent HS molecular size fraction

between 100kDa and 0.45um, whereas for the water
sample with the HS fraction filtered only through a
0.45 pm membrane, the dosage was between 10 and
15mgL~" (with similar coagulation pH values). These
results can be explained by the hypothesis that for this
water sample (between 100kDa and 0.45pm), the
smallest HS molecules (<100kDa) were removed.
According to Campos et al. [19], these molecules have
higher FA than HA concentrations and have higher
proportions of bound oxygen groups. These authors
concluded that these groups therefore have greater
amounts of negative charge due to the non-bonded
electrons, which favor repulsion between these
electrons and colloidal particles thereby negatively
influencing the coagulation process.

Campos et al. [19] worked with the same HS used
in the present research and characterized the different
fractions using nuclear magnetic resonance (NMR)
and infrared spectroscopy (IR) in addition to
determining the percentage of HA and FA.

For the water sample with the HS apparent molec-
ular size fraction between 30 and 100kDa (Fig. 3), the
isoefficiency curves leading to the most effective coag-
ulation were shifted to a slightly lower coagulation
pH range (for the second region in the diagrams). For
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Fig. 3. Fenton dose versus pH coagulation diagram—percentage absorbance at 254 nm remaining [(A/A) % 100] for the

water sample with the HS fraction with apparent molecular size between 30 and 100 kDa (V¢

the size fraction <30kDa (Fig. 4), these curves showed
a more accentuated shift, indicating that the smallest
HS molecules, which present higher FA concentrations
in relation to HA and higher proportions of bound
oxygen groups [19], required a somewhat inferior
coagulation pH range in comparison with the larger
HS molecules.

For the fraction <30kDa, ferrous sulfate dosages of
up to 15mgL~" (for the second region on the coagula-
tion diagrams) were required for floc formation,
indicating that lower dosages were insufficient to
destabilize the HS. However, for the larger apparent
HS molecular sizes (Fig. 2), higher removal efficiencies
were reached at dosages lower than or equal to this
value.

As previously mentioned, the coagulation diagrams
were constructed for flotation velocities of 15, 10, and
5cmmin~' and for remaining apparent color and
UV,s5,4 absorbance. All of these factors were taken into
account when the selected point (which corresponds to
a pair of ‘coagulation dosage versus coagulation pH’
values) was chosen, and because of this, the lowest
percentage absorbance remaining found in the dia-
grams for Vi=5cmmin™ was not always selected.

A general analysis of all the coagulation diagrams
(Figs. 1-4) reveals that the selected point for the HS

=5cmmin ).

fraction with an apparent molecular size between 30
and 100kDa required a coagulant dosage (Fenton;
4.02mg Fe™ L' and 7.34mg H,O,L ") close to 166%
higher (in relation of Fe*®) than that required for the
selected point for the HS fraction between 100 kDa and
0.45um (1.51mg Fe*?L' and 2.75mg H,O,L ") and
close to 33% higher than that required for the water
sample having the HS fraction only filtered through a
0.45um membrane (3.01lmg Fe?’L~' and 5.50mg
H,O,L7 Y. The selected point for the HS fraction
<30kDa (8.04mg Fe™ L' and 14.68mg H,O,L™ ")
required twice the dosage needed for the fraction
between 30 and 100kDa, and approximately 432%
higher than that for the fraction between 100kDa and
0.45 pm.

Ratnaweera et al. [18] also fractionated HS (com-
posed of NOM extracted from natural water by
reverse osmosis) using UF (employing polyethersulfone
membranes with tangential flow) in different apparent
molecular sizes (<10kDa, between 10 and 50kDa,
between 50 and 100kDa, and >100kDa) and observed
that the HS of larger apparent molecular size required
lower coagulant dosages in comparison with those of
smaller apparent molecular size. These experiments
were performed in a jar test apparatus and included
coagulation, flocculation, and sedimentation. Campos



146 M. De Julio et al. | Desalination and Water Treatment 46 (2012) 139-148
] 70 I L I L] l L] I L) I Ll I L I Ll I L I Ll I L I L I L] l L] I L) I L] l L I L 14
24 - 65 - ’ e TR L 13
] ] Water Sample / 39 DR A AN
22 4 60 — DH=50101 { 0 0 0 . 0(-'-‘0""- oll \ - 12
12 ] True Color = 100 + 5 HU / 33 3 49/ I
20 | & 55 | Absorbance =0.298 +0.018 cm |/ . s . L 14
g = ] TOC =4.145 mg L 37) 363639\ 46 i
] 50 | Turbidity < 1 NTU . . [ 10
~ 18 % { Alkalinity = 3.45 £ 0.55 mgCaCO; L[/ 4 33 37 394 L .
- 45 —| Conductivity = 75.1 + 1.9 uS cm-! -9 4
g 1671 L { Temperature = 20 + 1°C 3030 30) 3338 s g
S 1% 404 : L <
14 'é 1 a cl '32 38 -8
{E 354 . . edpomt . 7
12 - 1 & dl 71 27 [
$ 10 . 307 186 136 104 31 - 6 "}
g 4 25 100 . ’ - 5
$ g ] E ] 76\\ 96 N 69| 40) 38//62/143130 I
- R \ . . A - 4
§ 13 27 st M\ w:r 129 124 I
& ] 15 100 . / . - 3
2 é 1@ 3 d y 56 cid & ¢ [
4 A 10 < . . - - 2
18 ] L‘,_lﬂ_il/ c o, cl cl, cl, . i
2 s | £ ci, al, . Cl c , < [ 4
l 1 a cl cl cl ci I
0 - 0 I L I Ll l L] I L) l Ll I L l Ll l L I L l L] I L I Ll l L] I Ll I L l L] . L o

36 3.8 40 42 44 46 48 50 52 54 56 58 6.0 6.2 64 66 68 7.0
Coagulation pH

Fig. 4. Fenton dose versus pH coagulation diagram—percentage absorbance at 254 nm remammg [(A/Ap) x 100] for the
water sample with the HS fraction with apparent molecular size <30kDa (V¢=5cmmin ).

et al. [19] also performed jar test experiments using
coagulation, flocculation, and sedimentation with
alum as a coagulant and found similar results. Thus,
it is possible to conclude that, regardless of the coagu-
lant used (even Fenton’s reagent, which is both an
oxidant and a coagulant) and the clarification technol-
ogy (sedimentation or flotation) employed, waters pre-
dominantly containing HS molecules of smaller
apparent sizes are more difficult to treat.

As verified by Campos et al. [19], the smallest HS
fraction presented a higher percentage of FAs in rela-
tion to HAs. The FAs have smaller chains with struc-
tures dominated by aliphatics, a higher number of
functional carboxylic groups and phenolic and
alcoholic hydroxyls. These characteristics make the HS
more hydrophilic and acidic [2]. These findings
suggest that not only the apparent molecular size but
also the structural characteristics of HS fractions play
a significant role in the coagulation process.

3.2. Filtration experiments after DAF

Table 1 shows the results of filtration experiments
following DAF (two replicate experiments for each
water sample). The chemical product dosages applied
correspond to the dosages of the selected points on

the coagulation diagrams (Figs. 1-4) for each water
sample.

An analysis of Table 1 shows that the remaining
apparent colors and turbidities after filtration were
always <3 HU and 0.50 NTU (except for the last
experiment, in which this value was <0.55), respec-
tively. Total iron concentrations after filtration were
<0.005mgL~" (below the detection limit for all sam-
ples). The new Brazilian drinking water standard [23]
set a maximum value for apparent color after filtration
of 15 HU (the same value recommended by the WHO
[24] and the US-EPA [25]) and a maximum turbidity
value of 1 NTU after rapid filtration (the same value
required by the Council Directive [26] for the treat-
ment of superficial waters), and established that the
turbidity must be <5 NTU in at least 95% of the sam-
ples taken in any month (having a four-year period to
achieve this, since the new Brazilian standard was
published in December 2011). The US drinking water
standards [25] establish that, for systems that use
conventional or direct filtration, at no time should tur-
bidity go higher than 1 NTU and the turbidity must
be < 0.3 NTU in at least 95% of the samples taken in
any month. The maximum total iron concentrations
for Brazilian [23] and US [25], and European [26]
drinking water standards are 0.3 and 0.2mgL’,
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respectively. Thus, the coagulation, flocculation, DAF
and the filtration treatment employing Fenton's
reagent as coagulant meets Brazilian and European
drinking water standards (in relation to the measured
parameters) for the four water samples studied. In
relation to US standards, only the turbidity standard
was not met; this could be accomplished in a real
treatment plant by optimization of the filtration
process (with the use of a deeper filter).

Water samples prepared with the smallest
apparent HS molecular sizes also had higher TOC
concentrations in the filtered water compared to
water prepared with larger apparent HS molecular
sizes (Table 1), indicating that the smallest HS size
fractions were more difficult to remove (however, it
should be noticed that the initial TOC of Water
sample 4 was also the highest—4.145mg/L). An
et al. [27] verified that coagulation, flocculation,
sedimentation, and sand filtration were more effi-
cient at removing the larger molecular size fractions.
This supports the results found in coagulation dia-
grams. Even with a membrane process [28], the
smallest HA molecules were more difficult to
remove and a pre-treatment step with coagulation/
flocculation with ferric chloride was necessary to
improve the removal (up to 90%).

According to Edzwald [29] and Selcuk et al. [4],
disinfection by-product (DBP) concentrations depend
on several factors, predominant among which are
TOC, UVyss, disinfectant type, and disinfectant
concentration. One way to minimize the by-product
formation is to limit the TOC concentration of filtered
water. To adequately reduce the risk of DBP forma-
tion, according to Singer [30], TOC concentrations (in
filtered water) must be <2.0mgL~". In this work, TOC
concentrations were well below safe levels (always
<1.0mgL™"), with an average removal efficiency for
all HS fractions of 80%. Then, this treatment is capable
of reducing the DBPs in treated water (Brazilian stan-
dards also require that water be disinfected with chlo-
rine and an adequate residual be maintained).

The results of this study suggest that the applica-
tion of Fenton’s reagent in water treatment plants
(WTP) may be beneficial because this product does
not contribute to the formation of halogenated pre-
oxidation by-products. In addition, Fenton’s reagent
accomplishes both pre-oxidation and coagulation, and
as observed, conventional treatment (coagulation, floc-
culation, DAF, and filtration) using Fenton’s reagent
as a coagulant results in lower TOC and UVjs,
absorbance values for the filtered water produced.
Therefore, Fenton’s reagent seems to be a promising
alternative for the treatment of waters containing high
concentrations of organic compounds.

4. Conclusions

(i) The water samples prepared with the same true
color but with different apparent HS molecular
sizes and different HA and FA percentages
showed different coagulation behaviors. For
water samples with the smallest apparent
molecular size fractions, higher dosages of
coagulant were needed (up to 432% higher),
mainly because these water samples contained
higher concentrations of FAs, which have a
larger number of negatively charged groups.

(ii) It is recommended that the coagulation behav-
iors of waters from different sources never be
extrapolated, even when such waters have simi-
lar true color values. It is necessary to conduct
treatability studies to determine appropriate
coagulation conditions and design parameters
for each water type.

Coagulant dosage versus coagulation pH values

were optimized and coagulation diagrams were

constructed. Two distinct regions were observed
in these diagrams in which coagulation, floccula-

tion, and DAF using Fenton’s reagent as a

coagulant produced HS removal efficiencies

> 50-60%. The first region occurred at a lower
pH range (approximately 3.6-4.6) and required
lower coagulant doses (Fenton). The second
region occurred at a higher pH range (approxi-
mately 5.6-6.6) and required higher coagulant
doses. In the first region, coagulation was domi-
nated by the hydrolyzing species adsorption
mechanism, resulting in charge neutralization of

HS molecules. In the second region, Fe(OH); pre-

cipitate formation was the likely removal mecha-

nism, resulting in the adsorption of HS molecules

and their incorporation into this precipitate. A

restabilization region also appears to exist

between the two regions of efficient coagulation.

(iv) With filtration experiments following DAF, the
filtered water had remaining apparent color,
turbidity, and total iron values of <3 HU,
0.50 NTU (except for the last experiment, in
which the value was <0.55) and 0.005mgL ",
respectively. These results comply with
Brazilian and European drinking water stan-
dards (with respect to these parameters), and
suggest that Fenton’s reagent can be effectively
used not only as an oxidant (as vastly applied
in the literature) but also as a coagulant.
Furthermore, the replacement of alum (one of
the most widely used coagulants) by an iron
salt (such as Fenton’s reagent) may yield
additional benefits because researchers have

(iii)
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questioned the use of alum on the grounds that
this product may cause health problems. It is
therefore recommended that Fenton’s reagent
be added to the list of chemical products to be
tested in treatability studies.
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Symbols

CI — coagulation inefficient

DAF — dissolved air flotation

FA — fulvic acids

Gq — flocculation average velocity gradient
Gim — rapid-mix average velocity gradient
HA — humic acids

HS — humic substances

kDa - kilo Dalton

NOM — natural organic matter

Tq — flocculation time

Tim — rapid-mix time

TOC — total organic carbon

UF — ultrafiltration

UVys4 — ultraviolet absorbance at 254 nm

Vi — flotation velocity

WTP — water treatment plant
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