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Abstract: In this study, we aimed to use ferrate as an all-in-one alternative for the removal of
chlorine-consumed compositions such as organic, color, turbidity, iron, and manganese in river
water for water supply purposes. Ferrate (FeO,*) was simultaneously employed as coagulant and
oxidant for purification of Saigon River water in order to reduce the formation of disinfection by-
products in the produced tap water. The Jartest was conducted using both ferrate for raw river water
and poly-aluminum chloride (PAC) for chlorinated water to determine the optimum concentration
of chemicals and pH values as well as comparing the effectiveness of ferrate and traditional
coagulation with pre-chlorination technology for surface water purification. Results showed that
ferrate could be used to remove organic compounds with high efficiency of 86.2% at pH 5 - 6 and
ferrate concentration of 16 mgFe/L. Moreover, the removal efficiency for turbidity, color, and iron
were at least 90%, indicating that ferrate would be a very promising alternative for chlorine and
PAC for water purification.
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1. Introduction

Saigon River is the main source for tap water
supply in Ho Chi Minh City, where water quality
is degraded year by year due to the poor
upstream pollution management [1]. For
maintaining the tap water quality, more chlorine
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is using by Tan Hiep Water Treatment Plant
(THWTP) in Ho Chi Minh City (Vietnam) for
pre-oxidation of natural organic matters
(NOMs), ammonia, iron, and manganese as well
as to prevent algae growth in treatment units.
This increasing use of chlorine of the plant could
increase in disinfection by-products (DPBSs)
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formation in tap water [2], which were found in
tap water samples of Ho Chi Minh City [1].
During disinfection and chlorination processes,
chlorine (Cl, gas) is dissolved, hydrolyzed, and
reacted with NOMs as well as bromide ion in
water to form trihalomethanes (THMs, a typical
type of DBPs) [3-5]. The formation of THMSs in
water is dependent on chlorine concentration,
concentration and property of NOMs, pH,
temperature, and bromide ion. Most of DPBs are
harmful to human health while some are
recognized as carcinogens [6,7]. The control of
DBPs is mainly focused on the use of
disinfectant and the removal of NOMs content in
water by proper operation of water treatment
plant and pollution control of water source.
Methods for DPBs control and reduction include
using alternative disinfectants (e.g. chloramine,
chlorine dioxide, ozone, UV, and potassium
permanganate), DPBs precursor removal (e.g.,
by enhanced coagulation with activated carbon
(AC)/ozonation/nanofiltration, bio-filtration, ion
exchange, AC adsorption, and membrane
filtration), and removal of DBPs formed in water
(e.g., by air stripping, reverse osmosis, AC
adsorption, and photocatalysis) [8-10]. In case of
Saigon River water treatment, DPB precursor
removal could be the most effective method for
the prevention of DPBs formation and looking
for a multifunctional chemical that could remove
both NOMs and other pollutants is particularly
needed. On the other hand, ferrate (FeO4>) has
attracted many attention because of its high
oxidation ability and onsite supplying of ferric
coagulant, which could be very potential as a
green solution for surface water, ground water,
and wastewater treatment [11-15]. Most of the
studies focused on synthetic water sample for
organics removal. There is very limited information
on the use of ferrate for treatment of actual river
water at supply water treatment plant as an
alternative for pre-chlorination, algae growth
prevention, oxidation, and coagulation- flocculation.

This study is aimed to use ferrate as an
alternative chemical for purification of Saigon
River water as input water for tap water supply
in order to reduce the formation of DBPs. Effects
of pH and ferrate concentration were

investigated for obtaining the optimum operation
condition. The performance of ferrate was also
compared with those of traditional pre-oxidation
with chlorine and subsequent coagulation with
poly-aluminum chloride (PAC).

2. Materials and Methods

Saigon River water samples were taken at
Hoa Phu Pumping station of THWTP (Ho Chi
Minh City, Vietnam), preserved in a storage
room at 4°C, and used within 3 days. Before each
experiment, the water sample with desire volume
was let in ambient environment for increasing
the temperature to 20°C. For comparison
purpose, the pre-chlorinated water samples at
THWTP were also taken for traditional chemical
coagulation test.

Solid ferrate was synthesized in the laboratory
followed a previous published procedure using
analytical grade chemicals [16,17], then stored
in a desiccator, and used within 1 month. Other
chemicals used for analysis are analytical grade
while PAC is at industrial grade (same at the one
is used at THWTP).

In this study, the optimum conditions of pH
and ferrate concentration were obtained by using
Jartest experiments with 5 beakers containing
1000 mL of water sample at 20°C. Ferrate was
then added with amounts of 4, 8, 12, 16, 20
mgFe/L and pH was adjusted from 5 to 9 by acid
(for low pH) or basic (for high pH) solution [18].
The samples were then followed by rapid mixing
at 180 rpm for 2 min for reaction and coagulation,
then slow mixing at 60 rpm for 20 min for
flocculation, and finally quiescent sedimentation
for 30 min. These contact/reaction times are
typical for treatment of water at THWTP and
other surface water treatment processes. The
supernatant was then taken for water quality
analysis. Performance of current coagulation
technology at THWTP was investigated by using
similar PAC as used in THWTP to coagulate
pre-chlorinated water samples. To obtain
optimum condition of pH (6-8) and PAC
concentration (5-25 mg/L) in typical range of
testing in THWTP, Jartest was also performed.
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Water quality parameters were analyzed at
Environmental Analysis Laboratory (Faculty of
Environment and Natural Resources, Ho Chi
Minh City University of Technology). pH was
measured using HI 98107 pH meter (Hanna
Instruments) and turbidity by DR890
colorimeter (Hach Company). Color, iron, and
manganese were analyzed using HI 83099
Spectrophotometer (Hanna Instruments). The
concentration of natural organic matter (NOMSs)
was evaluated via Permanganate index
(CODwn), following the procedure given in ISO
8467:1993.

3. Results and Discussion

In order to compare the performance of
ferrate and PAC for water purification, the
coagulation, flocculation, and sedimentation
times were kept at 2, 20, and 30 min,
respectively. Concentration of ferrate would
have strong effect on the efficiency of raw river
water treatment. As observed in Figure 1, the
removal of turbidity reached highest efficiency
of 95.2% at ferrate concentration of 8 mgFe/L,
where both lower and higher concentration
reduced the removal efficiency. In contrast, the
removal of NOMs (as CODwn) increased from
44.8 to 86.2% when ferrate concentration
increased from 4 to 20 mgFe/L. The removal of
color reached highest efficiency of 94.4% at 16
mgFe/L and around 90% in concentration range
of 8 — 20 mgFe/L. These results could be
explained by the bifunctional of ferrate as a
coagulant and an oxidant [12,14,16,17,19]. At
concentration of 4 mgFe/L, the coagulation
efficiency of ferrate is limited as little flocs was
observed during the experiment, thus affected
the removal of turbidity. At pH 5, when
concentration increased to 8 mgFe/L, the
formation of Fe(OH)," and Fe(OH)* could
neutralize the colloids with negative charge in
the solution and promote the coagulation -
flocculation. At higher concentration, the colloid
charge became positive and therefore decreased
the coagulation efficiency. However, higher
concentration had the benefit of oxidation under
acidic condition, and more ferrate means more

oxidant for removal of NOMs and colored
compounds, proven by the increase of NOMs
and color removal efficiency with the increase of
ferrate concentration.
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Fig. 1. Effect of ferrate concentration on turbidity,
NOM s (as COD), and color removal efficiency (at pH 5).

Figure 2 illustrates the effect of pH on the
removal of turbidity, NOMs, and color in raw
river water. Results showed that the performance
of ferrate strongly depended on pH of the
environment, which determines the decay rate of
ferrate as well as its characteristic and its role
mainly as coagulant or oxidant. For turbidity, the
removal efficiency reached the highest value of
97.6% at pH 6 and concentration of 8 mgFe/L
and remained stable at higher concentrations.
This proven the relatively stable coagulation
ability of ferrate at pH 6, which involving both
colloid charge neutralization and sweep
flocculation by amorphous iron hydroxide
precipitates [14]. The removal of NOMs and
color at pH 6 was similar to those at pH 5,
indicating the effect of both coagulation (i.e.
predominant at pH 6) and oxidation (i.e.
favorable at pH 5) capability of ferrate.
Moreover, the removal efficiency of turbidity,
NOMs, and color mostly decreased when pH
increased from 6 to 7, 8, and 9 due to the
decrease of ferrate oxidation ability and slow
decomposition of ferrate at neutral or basic
condition. High ferrate concentration at high pH
environment also produces more precipitates
which could even increase the color and turbidity
of water. And the mechanism mainly depended
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on the sweep flocculation at high ferrate
concentration for relative stable colloid at
neutral or high pH value. It can be concluded that
ferrate have both oxidation and coagulation
functions, but these two abilities were not
optimized at the same pH condition. Therefore,
pH 6 was chosen as optimum condition due to
the high removal efficiency of turbidity, NOMs,
and color in water, as well as less chemical
consumption for neutralization.

100 = -
@ DO
e\i 80 A
IS
é 60 -

b

£ 40 -

=)

2

=}

F 20 —o—pH5 —&—pH6 pH7

0 —6— pH8 .—x—pHg . .
4 8 12 16 20
Ferrate concentration (mgFe/L)
100
(b)

80 A
S
'S 60
o
5 4
S 40 i
g
(@] 20 | —o—pH5 —=—pH6 pH7

—e—pH8 —*—pH9
0 + T + T + ; +
4 8 12 16 20
Ferrate concentration (mgFe/L)
100
(c) e

Color removal (%0)

-20 T T T
4 8 12 16 20
Ferrate concentration (mgFe/L)

Fig. 2. Effect of pH and ferrate concentration on (a)
turbidity, (b) NOMs, and (c) color removal.
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Fig. 3. Effect of pH and PAC concentration on (a)
turbidity, (b) NOMs, and (c) color removal.

In comparison with ferrate, the experiments
using PAC at different concentrations (5-25
mg/L) and pH (6-8) were conducted with pre-
chlorinated water sample from THWTP. Results
in Figure 3 reveal similar trends in the removal
of turbidity, NOMs, and color regardless pH
value, possibly because of the only coagulation
function of PAC. The highest removal
efficiencies were 97.8, 84.6, and 87.7% for
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turbidity, NOMs, and color, respectively, at pH
7 and PAC concentration of 20 mg/L. These high
removal efficiencies prove that the pre-
chlorination step has enhancement effect on the
removal of NOMs and color via oxidation and
precipitation of dissolved contaminants such as
iron and manganese by chlorine. In addition, the
excess use of PAC showed insignificant negative
effect on turbidity and color removal as ferrate.
However, ferrate was superior in terms of NOMs
removal since it provided the removal efficiency
of 86.2% as compared to the efficiency of 84.6%
achieved by the combination of pre-chlorination
and PAC at pH 6 — 7 and PAC concentration of
20 mg/L. This showed a very potential
application of ferrate as oxidant and coagulant
for practical water treatment which could reduce
the formation of DBPs while maintain high
treatment efficiency of the water treatment plant.

Since Fe® is a product of ferrate treatment,
iron removal efficiency using ferrate and PAC
was investigated to find either ferrate provide
negative or positive effect on iron removal. At a
low concentration of 4 mgFe/L, ferrate was not
only unable to remove iron in raw water sample
(initial concentration of 0.8 mg/L) but also
increased iron content in the treated water (2.95
—3.30 mg/L in pH range of 5 —9), which did not
meet the limit of National technical regulation on
drinking water quality (QCVN 01:2009/BYT,
0.3 mg/L). With the increase of ferrate
concentration, iron removal was enhanced, as
can be seen from Figure 4. It was also clear that
increase of pH value from 5 - 9 resulted in the
decrease of iron removal efficiency. This trend
can be explained by the low decay ability of
ferrate which resulted in high iron content in
water sample. However, with the increase of
ferrate concentration, the removal of iron was
significantly improved and reached the highest
efficiency of 96.4% at concentration of 20
mgFe/L and pH 5 due to the strong oxidation of
ferrate under acidic condition. The iron removal
was also tested using PAC for pre-chlorinated
water with a high removal efficiency of 98.8% at
PAC concentration of 25 mg/L due to the
coagulation enhancement via oxidation of iron

by chlorine. Although the efficiency was not
high as current technology of pre-oxidation by
chlorine and coagulation by PAC, ferrate still
have high ability to removal total iron in water
with suitable concentration and pH.
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Fig. 4. Effect of pH and concentration on iron
removal using (a) ferrate and (b) PAC.

Manganese usually co-exists with iron in
organic colloidal form in surface water. The
removal of manganese requires oxidation of
dissolved Mn(Il) species to Mn(1V) precipitates,
which is done by chlorine oxidation in THWTP.
In this study, ferrate was applied as alternative to
remove manganese and the results are presented
in Figure 5. As can be seen, a relative stable
removal efficiency of manganese was achieved
at around 50% in a wide range of pH and ferrate
concentration. Actually, manganese
concentrations before (0.2 mg/L) and after
treatment (< 0.1 mg/L) were low and both met
the standard (0.3 mg/L, QCVN 01:2009/BYT).
These indicate the less dependence of
manganese removal on coagulation- flocculation
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by ferrate. This low efficiency also implies that
manganese is more stable and harder to be
oxidized and hydrolyzed than iron under the
tested condition.
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Fig. 5. Effect of pH and concentration on manganese
removal using ferrate.

4. Conclusion

The use of ferrate could significantly reduce
the formation of DBPs due to the reduction of
both NOMs and chlorine consumption during
the purification of Saigon River water as input
water for water supply. Experiment results
showed that ferrate is very potential and
effective for river water purification in terms of
turbidity, NOMs, color, iron, and manganese
removal. Both pH and ferrate concentration had
strong effect on the performance of ferrate for
water treatment. Ferrate is more effective under
acidic condition (i.e. pH range of 5-6) due to its
both roles as oxidant and coagulant. The suitable
pH is at 6 while ferrate concentration could be
chosen based on the purification purposes (e.g.
low concentration of 8 mg/L for turbidity and
maybe higher concentration up to 16 mgFe/L for
NOMs removal). In some conditions, ferrate is
not as a good coagulant as PAC but the removal
efficiency using ferrate was higher or
competitive ~ with  pre-chlorination  and
coagulation due to its oxidation property. Future
works should focus on the mechanism of iron
and manganese removal in river water
purification as well as the formation/reduction of
DBPs
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