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Wastewater disinfection and organic matter removal
using ferrate (VI) oxidation
Erick R. Bandala, Jocelyn Miranda, Margarita Beltran, Mabel Vaca,
Raymundo López and Luis G. Torres

ABSTRACT
The use of iron in a +6 valence state, (Fe (VI), as FeO22
4 ) was tested as a novel alternative for
wastewater disinfection and decontamination. The removal of organic matter (OM) and index
microorganisms present in an effluent of a wastewater plant was determined using FeO22
4
without any pH adjustment. It was observed that concentrations of FeO22
4 ranging between 5 and
14 mg l21 inactivated up to 4-log of the index microorganisms (initial concentration c.a.
106 CFU/100 ml) and achieved OM removal up to almost 50%. The performance of FeO22
4 was
compared with OM oxidation and disinfection using hypochlorite. It was observed that
hypochlorite was less effective in OM oxidation and coliform inactivation than ferrate. Results
of this work suggest that FeO22
4 could be an interesting oxidant able to deactivate pathogenic
microorganisms in water with high OM content and readily oxidize organic matter without
jeopardizing its efficiency on microorganism inactivation.
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INTRODUCTION
Lack of water is a complex problem worldwide. It has been

preventing further recycle. From these arguments, reduction

reported that 1.2 billion people have no access to safe and

of water withdrawn for agriculture is imperative.

affordable water for their basic needs (Rijberman 2006).

Municipal wastewater reuse is an emerging approach

Owing to this water scarcity crisis, the management of

with interesting results for agricultural water substitution. In

current water resources has become an important issue in

Mexico, the area used for agriculture is about 2 £ 107 ha;

several regions, mainly those with low rainfall and relatively

over 30% of this area is devoted to intensive agricultural

high population density. Agriculture represents one of the

activities involving irrigation. Agricultural wastewater reuse

most water-demanding human activities. It is well docu-

is a common practice; yearly, 3.4 km3 of wastewater is used

mented that, for example, producing one kilogram of cereal

for agricultural irrigation. The use of municipal wastewater

requires one cubic metre of water (Rijberman 2006). On

for agriculture has some advantages, such as the improve-

average, it takes 70 times more water to grow food for

ment of yields when compared with the use of surface or

people than the volume that is used directly for domestic

underground water; or the more efficient use of nutrients in

purposes (IWMI 2004). Most of the water provided for

the long term and the cost reduction associated with the

domestic duties is returned as wastewater after its use and

reduced or null use of fertilizers (Garcı́a et al. 2007).

is able to be reused. In contrast, a considerable percentage

On the other hand, municipal wastewater is also a

of agricultural water (up to 90%) is evapotranspired

source of a wide variety of pathogenic agents able to cause
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diseases as result of accidental direct ingestion of untreated
or poorly treated wastewater, skin contact, and ingestion of
aquatic food species or by the consumption of agricultural
food products grown using untreated wastewater. In the
best cases, municipal wastewater effluents are disinfected by

2
2
FeO22
4 þ 4H2 O þ 3e ! FeðHOÞ3 þ 5HO

ð2Þ

E0 ¼ þ0:72 V
3
3þ
þ O2 þ 10HO2
FeO22
4 þ 5H2 O ! Fe
2

ð3Þ

chlorination. However, it has been well documented that
many pathogenic species are resistant to chlorine-based

In addition to molecular oxygen, as observed from

disinfection (Corona-Vasquez et al. 2002; Orta et al. 2004;

Equation (1), generation of Fe(III), considered to be

Garcı́a et al. 2007). Additionally, the use of chlorine for

innocuous in the environment, is also reported as an

disinfection of wastewater with a high content of organic

Fe(VI) by-product ( Jiang et al. 2001, 2007; Jiang & Lloyd

matter is known to produce chlorinated disinfection by-

2002; Read et al. 2003; Jiang 2007). The reaction rate for

products, widely documented as animal carcinogens and

Equation (1) is slow at pH 9 – 10 and it increases at lower

some of them suspected as human carcinogens (Gelover

pH values. The actual reaction scheme for ferrate ion is

et al. 2000; Liberti et al. 2002). Alternative oxidants such as

proposed by Sharma et al. (1998) starting by the production

ozone, bromine and chloramines, among others, have been

of a dimmer further reduced by water to produce oxygen:

considered for use instead of chlorine; however they also
generate by-products, many of them toxic to aquatic biota
and potentially to humans (Pinagiota & Graham 2002).
Another problem related to the use of these alternative

2
2
FeO22
4 þ H2 O ! HFeO4 þ HO

ð4Þ

2
22
2
HFeO2
4 þ FeO4 ! Fe2 O7 þ HO

ð5Þ

2
2
Fe2 O22
7 þ 2H2 O ! O2 þ H2 FeO4 þ H2 FeO3

ð6Þ

disinfectants is that, as with chlorine, high organic matter
concentrations interfere with the disinfection process. The
use of ultraviolet (UV) radiation has been proposed as an
alternative for municipal wastewater treatment to be

Ferrate (VI) oxidant is considered environmentally

applied in agriculture and its use has increased recently

friendly and able to treat a wide range of contaminants

with attractive results (Liberti et al. 2002). However, the

(Waite 1979; Sharma 2007; Tiwari et al. 2007), including

lack of residual effect in UV disinfection is probably its

unconventional and emerging microorganisms without side

major inconvenience; it has been demonstrated that

reactions or by-products generation (Sharma et al. 2005). It

reactivation of bacteria is commonly observed mainly

has been evaluated for water and wastewater treatment

when water is disinfected with low UV doses (Zimmer

(Sharma 2004), oxidation of cyanide (Sharma et al. 1998),

et al. 2003; Otaki et al. 2003).

phenols (Graham et al. 2004), hydrogen sulfide (Sharma

A novel alternative for water disinfection and deconta-

et al. 1997), thiourea (Sharma et al. 1999, 2003), organic

mination included in emerging oxidation processes is the

matter (Qu et al. 2003), cyanotoxins (Xing et al. 2002),

use of iron in a þ6 valence state, Fe (VI), as FeO22
4 (Sharma

surfactants (Eng et al. 2005), with satisfactory results.

2007; Yngard et al. 2007; Yuan et al. 2008). Ferrate (VI) is

Water disinfection using ferrate (VI) has been tested

a powerful oxidant in aqueous media as suggested by

over the last three decades achieving disinfection at

their reduction potentials in reactions (1) and (2) (Sharma

relatively low dosages for different pH values (Sharma

et al. 2005). Under acidic conditions, the redox potential

2004, 2007; Sharma et al. 2006; Jiang 2007). Most of these

(2.2 V, Jiang et al. 2007) of Fe(VI) ion is higher than those of

works were published at the end of the 1970s, 1980s and

many other oxidants used for wastewater treatment.

early 1990s, mainly focusing on surface water treatment

Spontaneous reduction of FeO22
in aqueous solutions is
4

(Murmann & Robinson 1974; Gilbert et al. 1976; Schink &

shown in Equation (3) (Goff & Murman 1971; Sharma

Waite 1980; Kato & Kazama 1983, 1990; Kazama 1989, 1994,

et al. 2007a,b):

1995). Despite the interesting results obtained in the
application of this oxidant agent in water disinfection,

þ
2
3þ
FeO22
þ 4H2 O E0 ¼ þ2:20 V
4 þ 8H þ 3e ! Fe
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wastewater are currently available in recent literature (Kato

analysed for TOC and turbidity. For comparison purposes,

& Kazama 1991). The aim of this work is to test the

the organic matter oxidation was also tested using sodium

effectiveness of FeO22
4 in the removal of organic matter and

hypochlorite. The hypochlorite concentrations tested and

pathogenic index microorganisms present in effluent of a

the reaction conditions were the same as those previously

wastewater plant focusing on its application for reuse in

described for ferrate experiments. In both cases, every

agricultural irrigation.

experiment was performed by triplicates and a blank
sample (without the addition of oxidant) was carried out
for every experimental set.

MATERIALS AND METHODS
Reagents

Water disinfection

All chemicals used in this study were (ACS) grade

Tests of water disinfection were carried out using, for the

reagents (Sigma-Aldrich) and were used as received without

case of FeO22
4 , the same concentrations as described

further purification. Potassium ferrate (K2FeO4) of high

above with a reaction time of 5 minutes. In the case of

purity (97%) was prepared by the method reported by

hypochlorite, three oxidant concentrations, 9, 12 and

Hrostowski & Scott (1950).

14 mg l21, and twice the contact time of that reported for
ferrate, were used. The sample wastewater was put in
contact with the oxidant in Erlenmeyer flasks as described

Wastewater analysis

earlier for OM oxidation assessments. After the reaction

All the experiments were carried out using the effluent of a

time was completed, samples were analysed for fecal and

conventional wastewater treatment plant. The initial

total coliforms as described above. Disinfection tests were

characterization of the wastewater sample was carried out

carried out without any pH adjustment because the actual

for the following parameters: turbidity was measured in

pH value determined in the wastewater samples was in the

accordance with Mexican regulations (NOM-AA-38-1981)

pH range described by Jiang et al. (2007) as proper for

using a Hanna Instruments turbidimeter LP-2000; electric

disinfection tests using either FeO22
4 or chlorine.

conductivity was determined with a YSI 85 conductimeter.
Total and total dissolved solids were measured using the
2540 B and 9540 C Standard Methods (1992), respectively.
Total and fecal coliforms were determined by the filtrating
membrane method (9222 B and 9222 D Standard Methods

RESULTS AND DISCUSSION
Wastewater characterization

1992, respectively). Total organic carbon (TOC) was

Table 1 shows the results of the initial characterization of

measured under the USEPA 9060 method, using a Beckman

the wastewater sample. Despite the fact that this sample was

Industrial 915-B apparatus. Total residual chlorine was

obtained from a secondary effluent, a high concentration of

determined in the samples using the DPD colorimetric

solids (620 ^ 2 mg l21) as well as a considerable concen-

method (HACH DR-100).

tration of organic matter (measured as TOC) ranging
between 80 and 110 mg l21, were observed. Total and fecal

Oxidation of organic matter

coliform concentrations were quite high, in the order of 106
CFU/100 ml. Since these parameters are considered as

21
Six FeO22
4 concentrations, 2, 5, 7, 9, 12 and 14 mg l , were

indexes of the presence of pathogenic microorganisms in

tested for organic matter oxidation, adding the correspond-

the effluent, it is clear that reuse of this water for agriculture

ing quantity of potassium ferrate to a 500-ml effluent sample

could involve important health risks for potential users. In

without pH adjustment. The mixture was allowed to react

terms of the quality of this effluent, it is evident that the

under continuous magnetic agitation for 10 min. After this

secondary treatment producing this wastewater was per-

time, the reaction mixture was filtered and the filtrate was

formed unsatisfactorily. In fact, the total, suspended and
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Results of the initial characterization of the wastewater sample used in this study

Parameter

Value range 6 d
21

Parameter

Value range 6 d

TOC

80– 110 ^ 3 mg l

Dissolved solids

500 ^ 3 mg l21

Turbidity

5.10– 6.39 ^ 0.06 NTU

Suspended solids

120 ^ 3 mg l21

pH

7.12– 7.89 ^ 0.05

Total coliforms

12 – 15 £ 106 CFU/100 ml

Fecal coliforms

8 – 13 £ 106 CFU/100 ml

Electric conductivity

923 – 850 ^ 0.01 mScm

Total solids

620 ^ 2 mg l21

21

dissolved solids of the sample fall within the ranges that

treatment of OM-rich waters not only by chemical

have been reported for raw municipal wastewater generated

oxidation but also by serving as a coagulant.

in Mexico City: for example, from the Gran Canal and the

The use of ferrate to enhance coagulation has also been

deep drainage flows, 465 – 925 mg l21, 355– 751 mg l21 and

reported mainly in surface water (Liu & Ma 2002) and even

110– 154 mg l21, respectively, as reported by Mijaylova et al.

for adsorption and coagulation processes for drinking water

(1996). In contrast, the total coliform concentrations

treatment (De Luca et al. 1983). We monitored the turbidity

reported for the Mexico City wastewaters were 0.9–

of the wastewater after addition of ferrate in a settling flask

3.4 £ 108 CFU/100 ml, while in this work, wastewaters

for 20 hours in order to determine the actual potential of the

6

had a level of 8 – 13 £ 10 CFU/100 ml.

process to promote coagulation besides the oxidation
reaction. It was observed that the highest FeO22
concen4
tration (14 mg l21) was able to remove up to 88% of initial
turbidity after 20 hours of settling. Wei & Yong (2004)

Organic matter oxidation
The removal of organic matter (OM) content, as TOC, in
the wastewater using both oxidants, FeO22
4 and hypochlorite, is depicted in Figure 1. For FeO22
4 , as shown, overall
OM removal was directly related to oxidant concentration

obtained a turbidity removal of 40% using 2 mg l21 of ferrate
followed by 50 mg l21 of alum after 30 minutes of settling.
Higher or lower ferrate concentrations and alum dosages
produced lower turbidity removal.

(correlation coefficient R 2 ¼ 0.995): the higher the FeO22
4
concentration, the higher the OM removal. For a FeO22
4
concentration of 14 mg l

21

, the removal of TOC concen-

tration reached 48%; when the FeO22
concentration was
4
2 mg l21, a removal of only 28% was attained after one
hour of reaction.
Previous work dealing with OM oxidation with ferrate

Water disinfection
The results from the application of the different FeO22
4
concentrations for inactivation of fecal and total coliforms
present in the wastewater effluent are presented in Table 2.
As shown, except for the lowest FeO22
4 concentration where
60

Using fulvic acid as a model for OM in drinking water, Qu

50

et al. (2003) observed up to 87% of OM removal when a
ferrate (VI) concentration of 25 mg l21 was applied, for 30
minutes of reaction time. These removal results are higher
than those reported in this work; nevertheless the OM
concentration (as fulvic acid) used by Qu et al. (2003) was
considerable lower, 2 mg l21, than the 80 mg l21 of TOC we
have tested. Wei & Yong (2004) reported an oxidation of

TOC removal (%)

(VI) have shown similar results to those obtained here.

Fe (VI)
Hypochlorite

40
30
20
10
0

2

dissolved organic carbon (DOC) up to 19% using 5 mg l21 of
ferrate dosage in surface water with a high DOC concentration (14.8 mg l21). They claim that ferrate enhances the
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Results obtained from the application of the different FeO22
4 concentrations to inactivation of fecal and total coliforms present in the wastewater effluent
Initial total coliforms,
CFU/100 ml 6 s*

Final total coliforms,
CFU/100 ml 6 s†

Initial fecal coliforms,
CFU/100 ml 6 s*

Final fecal coliforms,

21
)
FeO22
4 doses (mg l

2

9 £ 106

3 £ 106

4 £ 106

1 £ 106

5

9 £ 106

ND

4 £ 106

ND

9

8 £ 10

6

ND

6 £ 106

ND

12

8 £ 10

6

ND

6 £ 10

6

ND

14

8 £ 106

ND

6 £ 106

ND

CFU/100 ml 6 s†

*Total

coliforms standard deviation (s ¼ 5%).
Fecal coliforms standard deviation (s ¼ 10%).
ND, Non Detected.
†

a removal of 66% of total and 75% of fecal coliforms was

in water, and observed that relatively higher doses and

concentrations tested inactivated
reached, all the FeO22
4

contact times were required for hypochlorite disinfection

over 4 log of the index microorganisms in the wastewater.

22
than those for FeO22
4 . Overall performance of FeO4 was

This is consistent with a previous report of an achievement

superior to hypochlorite in eliminating E. coli. We think that

of more than a 99.9% kill rate of total coliforms in drinking

this could be due to the high content of OM present in the

water using ferrate (Sharma et al. 2005). The inactivation of

effluent. It is well known that OM competes with micro-

Escherichia coli using Fe(VI) has also been examined ( Jiang

organisms in the chlorine disinfection reaction to form

& Wang 2003). It was determined that ferrate was capable

disinfection by-products, decreasing the disinfection effi-

of inactivating almost 3 log (99.9%), depending on the

ciency of chlorine (Kitis et al. 2001; Sharma et al. 2005).

oxidant concentration, in 15 min of reaction time.

If the high TOC concentration in the effluent is considered, it

In Figure 2, total and fecal coliform inactivation as a

seems reasonable that hypochlorite will react with OM (as

function of C £ t product is shown. It can be readily noted

we have demonstrated) before killing the bacteria, reducing

disinfection, microorganism inactivation up

its efficiency in the disinfection process. However, FeO22
4 has

to 4 log was reached for C £ t values under 20 (mg l21)-min,

proven to have enough potential for simultaneous oxi-

whereas when coliform inactivation was carried out using

dation of the organic matter and disinfection of the treated

hypochlorite, it was necessary to add an oxidant concen-

effluent under similar or less concentrated conditions.

that, for

FeO22
4

followed by twice the reaction time

It has been demonstrated that FeO22
is a very
4

(C £ t . 120 (mg l21)-min) to reach complete disinfection of

interesting emerging alternative for water treatment; never-

the water. Jiang & Wang (2003) carried out a comparative

theless FeO22
4 preparation is complicated in the laboratory

study for E. coli inactivation using FeO22
4 and hypochlorite

and it is very unstable under storage after preparation.

Microorganisms (N/N0)

tration of 12 mg l

21

1

Total coliforms
Fecal coliforms
Total coliforms
Fecal coliforms

0.8
0.6

Currently, our research group is focusing on the investigation of novel synthetic methodologies for FeO22
pre4
paration as well as the in situ generation of this reagent by
electrochemical methods for application in environmental
problems.

0.4

CONCLUSIONS

0.2
0
0

Figure 2

|

20

40

60
80
100
Cxt (mg l –1).min

120

140

160

Total and fecal coliform inactivation using FeO22
(open and closed circles)
4
and hypochlorite (open and closed triangles) as a function of C £ t values.

Downloaded from https://iwaponline.com/jwh/article-pdf/7/3/507/397256/507.pdf
by guest

OM removal, as TOC, was directly related to the oxidant
concentration: the higher the FeO22
concentration, the
4
higher the OM removal. For a FeO22
concentration of
4
14 mg l21, TOC concentration removal reached 48%,

512

E. R. Bandala et al. | Ferrate (VI) disinfection and organic matter removal

whereas when ferrate concentration was 2 mg l21, OM
removal reached only 28% after one hour of reaction.
For FeO22
4 disinfection, microorganism inactivation up
to 4 log was reached for C £ t values under 20 (mg l21)-min,
whereas when coliform inactivation was carried out using
hypochlorite, it was necessary to add an oxidant concentration of 12 mg l21 and to leave twice the reaction time
(C £ t . 120 (mg l21).min) to achieve complete disinfection
of the water.
Wastewater oxidation and disinfection using FeO22
4
is a promising technology, though more research is
necessary.
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