Chapter 26
Chemical oxidation processes

Urs von Gunten

26.1 INTRODUCTION

Various chemical oxidants have been widely used for many decades in water
treatment, mainly for disinfection, but also to remove colour, taste and odour, as
well as iron and manganese. In the last two decades, conventional oxidation with
chemical oxidants and advanced oxidation processes (AOPs: use of ‘OH radicals
as the main oxidants) have also come into more widespread use for removing
micropollutants first from drinking water and in recent years also from
wastewater effluents. The knowledge gained in these applications can be used to
assess the feasibility of oxidative treatment of source-separated wastewater
(greywater, urine) and the effluent from decentralized reactors.

26.1.1 Common chemical oxidants

An overview of the main chemical oxidants used in water treatment is given in
Table 26.1. Ozone is the best disinfectant and can even inactivate protozoan cysts
and oocysts such as Giardia lamblia cysts (G. lamblia) and Cryptosporidium
parvum oocysts (C. parvum) with reasonable exposures (integral of ozone
concentration over reaction time). In contrast, these microorganisms (especially
C. parvum) require prohibitive exposures to another oxidant, namely chlorine,
which may lead to high concentrations of disinfection by-products. In any case,
the use of chlorine dioxide is not advised for the inactivation of protozoa.
Although the novel oxidant ferrate(VI) is a good disinfectant for bacteria
(Sharma 2007), it is not expected to efficiently inactivate protozoa in view of
its general reactivity, which is similar to or lower than chlorine (Lee and von
Gunten 2010).
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384 Source Separation and Decentralization

Table 26.1 Oxidants used in water treatment and some of their characteristics. Rate
constants for the reaction with some organic compounds are given in Figure 26.1.

Oxidant Disinfection Oxidation /disinfection
by-products

Virus Bact. Protozoa

Ozone +++ +++ + Bromate, bromo-organics,
AOC™, N-nitrosodimethyl-amine
(NDMA)

Chlorine +4 ++ - Cl-, Br-, I-organics, NDMA

Chlorine dioxide  ++ ++ + Chlorite, chlorate

Ferrate(VI) + + ? AOC™", others?

OH radicals Aoc™

+++ Very efficient; ++ efficient; + partially efficient; inefficient; ? unknown;

(™ AOC; assimilable organic carbon.

Sources: Hoigné and Bader (1994), von Gunten and Hoigné (1994), Hammes et al. (2006),
Schmidt and Brauch (2008), Krasner (2009), Sarathy and Mohseni (2009), von Gunten et al.
(2010), Ramseier et al. (2011).

26.1.2 Oxidation/disinfection by-products

The possible by-products of oxidation/disinfection, which are formed from the
reaction of the selected oxidants with water matrix components, are also shown in
Table 26.1. The main oxidation by-product for ozone is bromate, which is
potentially carcinogenic and has a drinking water standard of 10 ug-L ' (WHO
2004). It is formed during ozonation from bromide via a complex mechanism
involving both ozone and ‘OH radical reactions (von Gunten and Hoigné 1994).
Besides the type and concentration of dissolved organic matter (DOM) and the
alkalinity, the bromide concentration is the critical parameter for the extent of
bromate formation. This is particularly important for oxidative urine treatment,
because the bromide concentration in urine (1.2 7.7 mg-L ') is much higher than
in typical water resources (10 500 ug-L ') (von Gunten and Hoigné 1992).
During ozonation of bromide-containing waters, bromo-organic compounds can
also be formed from the reaction of the intermediate species HOBr with DOM
moieties (von Gunten and Hoigné 1994, Pinkernell and von Gunten 2001).
Assimilable organic carbon (AOC) represents another important class of
oxidation by-products, which are formed during ozonation as well as in other
oxidation processes. It consists mainly of oxygen-rich compounds such as
carboxylic acids, aldehydes and ketones. These are typically easily biodegradable
and can be removed by biological post-filtration (Hammes et al. 2006). It was
recently discovered that nitrosamines such as N-nitrosodimethylamine (NDMA)
can also be formed during ozonation (Schmidt and Brauch 2008, von Gunten
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et al. 2010). These compounds are highly relevant because they are orders of
magnitude more toxic than the generally known by-products of oxidation/
disinfection (WHO 2004). The main products formed during chlorination are
chloro-, bromo- and iodo-organic compounds. Since the discovery of
trihalomethanes (THMs) in treated drinking waters in 1974 (Rook 1974), over
600 individual disinfection by-products (DBPs) have been identified and reported
in chlorinated or chloraminated drinking water (Krasner et al. 2006, Richardson
et al. 2008). Of the total organic halogen species (often expressed as adsorbable
organic halogen, AOX) in chlorinated and chloraminated drinking water, only
20 40% can be attributed to identifiable species, the remainder consisting of
unidentified compounds (Richardson ef al. 2002). In chlorinated water,
halogenated DBPs are formed via direct reaction with chlorine, or with the
secondarily formed bromine and iodine as well as aquatic DOM to form a
complex mixture of halogenated organic compounds. Substantial formation of
bromo-organic compounds is expected during urine chlorination due to high
bromide and DOC levels (see Table 26.2). Furthermore, substantial
concentrations of inorganic and organic chloramines can be expected in this
matrix, which may carry residual oxidants over to the next treatment step. The
main by-products of disinfection/oxidation from the application of chlorine
dioxide are chlorite and to a certain extent chlorate. The WHO recommends
provisional drinking water levels of chlorite and chlorate of 0.7 mg-L ' (WHO
2004). Chlorine dioxide only forms limited chloro-organic compounds and does
not react with bromide, so that no brominated organic compounds are formed
(Werdehoff and Singer 1987, Gordon et al. 1990, Hoigné and Bader 1994).
There is only little information about the formation of disinfection/oxidation
by-products from the application of ferrate. It was recently shown that significant
concentrations of AOC are formed during the treatment of surface waters with
ferrate(VI) (Ramseier et al. 2011). For AOPs, the main oxidation/disinfection
by-products from the reaction of ‘OH radicals with DOM consist of oxygen-rich
compounds that lead to an increase of the AOC (Sarathy and Mohseni 2009).

26.1.3 Kinetics of oxidation/disinfection processes

Figure 26.1 summarizes the second-order rate constants for the reaction of oxidants
with selected functional groups of organic molecules such as activated aromatic
systems (phenols, anilines), olefins and amines. The data in this figure allow an
estimate of how high the second-order rate constants need to be to reach half-life
times for micropollutants of for example, <2 min for a typical oxidant
concentration of 1 mg-L ' (ca. 10 20 umol-L 1):
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ty 2 is the half-life of micropollutant P, [ox] is the concentration of the oxidant, &, p
is the second-order rate constant for the reaction of the oxidant with
a micropollutant. For a half-life t;,, =120s, k,.p is in the range of 250 to
500 mol "L-s .

Phenol Aniline Butenol (olefin
1010 =_L - _L o ( _l_)
‘OH ‘OH “TOH |
= 10° =7 lo|__ on
'w _-"103 L ——_%
A el 0
' |
o - 2 —_ 3
g 104 7 e o =TTt~ H‘OCI————
fl ~. S
< 402 7 HoClI ~. j‘\.
TeerIIY ~o — 3
100 - Ft‘eo‘; HF?Q;\ T~ HF?O“
| | | | ; | | | | | | | | | | | | |
|| Glycine | | | Dimethylamine | | Trimethylamine |
1010 (1° amine) i (2° amine) i (3° amine) i
‘OH_ . o -
— 108 - oH ")'-OH
‘n — — N ) o
- 106 03/ 03,
p --Heel -~ ~Tio
8 104 ol 6j777 ,4‘{;|-(-)—cT:W?7 //’ | 2
= - r/ —”’/ /’
~ 102 28 // 8 /’,// ‘ /‘/ ﬁ:.;pl
- - CIO z— -
— P HFeO; 27
- HFeO Femd—. 4
100 L~ 41 =T
5 6 7 8 9 10 5 6 7 8 9 10 5 6 7 8 9 10

Figure 26.1 Second-order rate constants k for the reaction of oxidants (-OH, O3,
ClO,, HFeOg, HOCI) with selected functional groups as a function of pH.
Source: Lee and von Gunten (2010) with permission.

To achieve significant transformation of a micropollutant at an oxidant
concentration of about 1 mg-L 1, the second-order rate constants should therefore
be >250 mol '-L-s '. If oxidants have short lifetimes, as is typical for loaded
water matrices such as source-separated urine or greywater, the ko p-values need
to be even higher to achieve significant transformation. Figure 26.1 shows that
activated aromatic compounds, amines and olefins are generally reactive to
ozone, activated aromatic compounds and tertiary amines to chlorine dioxide,
anilines, ammonia, primary and secondary amines to chlorine, and aniline,
olefins, primary and secondary amines to ferrate. Ozone has the widest range of
applications for micropollutant oxidation in water treatment and ozone-based
processes are consequently widely used. The rate constants for ozone and
chlorine dioxide cover a range of more than ten orders of magnitude, and over
about seven orders of magnitude for chlorine. The rate constants for ferrate (VI)
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cover a range of only four orders of magnitude. So although the latter’s reaction rate
constants are relatively low, it is a much less selective oxidant and hence attractive
for water treatment because it can treat a large variety of organic chemicals. Ferrate
was also shown to be an excellent coagulant for precipitating phosphate from
wastewater (Lee et al. 2009). However, since it is not produced industrially in
high volumes, it is currently too expensive for application in municipal
wastewater treatment.

The main oxidants in advanced oxidation processes (AOPs), namely ‘OH
radicals, have to be produced in situ by various processes such as Oz;/H,0,,
UV/O; and UV/H,0,, because their lifetimes are in the us range in water. AOPs
will not be discussed in detail here but a good compilation can be found in von
Sonntag (2008). As shown for drinking water and wastewater, the O3;/H,0,
process is typically more than 5 20 times more energy-efficient than the
UV/H,0, process (Katsoyiannis et al. 2011). Nevertheless, the latter has the
advantage that no bromate and only limited concentrations of bromo-organic
compounds are formed (von Gunten and Oliveras 1998). Therefore, despite the
higher energy demand of the UV/H,0, process compared to Os;/H,0,, it is
better suited for water matrices containing higher bromide concentrations
(e.g., urine). ‘OH radicals react with most organic compounds with rate constants
in the range of 10° 10'°mol "L-s ', which is almost diffusion-controlled.
This allows the oxidation of a wide spectrum of micropollutants. Although
these rate constants are extremely high compared with other oxidants, the
transformation rate of micropollutants in AOPs is typically lower for a similar
oxidant dose (in this case ‘'OH). This is because ‘OH are consumed very quickly
by the water matrix components, leading to low ‘OH exposures (Lee and von
Gunten 2010).

The degree of oxidation is related to the second-order reaction rate constant and
the oxidant exposure as follows:

— % =koxp - [P] - [ox] = ln% =koxp - [0xX] -t = koyp - j[ox] dr  (26.2)

P is the microorganism or micropollutant; k. p is the second-order rate constant for
the reaction of an oxidant with the microorganism/micropollutant P and f [ox] dtis
the oxidant exposure.

Since the extent of disinfection and degree of transformation of micropollutants
depends on the product of the rate constants and the oxidant exposures, a high
rate constant does not necessarily mean a high efficiency. The achievable
oxidant exposure depends greatly on the stability of an oxidant in a given water
matrix and decreases in the following sequence: drinking water > municipal
wastewater > greywater > source-separated urine. This effect can be partially
overcome by increasing the oxidant doses in the more highly charged water
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matrix. However, this has its limitations due to by-product formation and the
economic feasibility of the processes. Pre-treatment of charged water matrices
mainly for the removal of DOC can lead to a higher efficiency of the chemical
oxidation step.

Ozone, UV, chlorine, chlorine dioxide and possibly ferrate(VI) are good
candidates for the inactivation of microorganisms in all matrices (drinking water,
greywater, wastewater and urine) on the basis of their disinfection efficiency.
However, pre-treatment (removal of particles, ammonia, DOC etc.) may be
necessary to avoid shielding of microorganisms and/or to improve the efficiency
of the process. If micropollutants have to be oxidized at the same time, chlorine
and chlorine dioxide become less attractive due to their high selectivity
(Figure 26.1). Chlorine also leads to substantial formation of undesired
halogenated compounds.

26.1.4 Transformation products and their
biological activity
In the early studies on oxidation of micropollutants, the disappearance of the target
compounds was of sole interest. This can be predicted from the kinetics of the
oxidant-micropollutant reaction (see above). Because oxidation under typical
water treatment conditions does not lead to full mineralization of the target
micropollutants, interest in the transformation products and their biological
effects has increased in recent years (von Sonntag and von Gunten 2012). Some
recent studies have shown that ozone and ‘OH lead to stoichiometric removal of
the estrogenicity of estrone, 17(-estradiol, estriol, nonylphenol, bisphenol A
(Zhang et al. 2008) and 17a-ethinylestradiol (EE2) (Huber et al. 2004, Lee et al.
2008). Moreover, they also inhibit the activity of 12 antibacterial compounds
(Lange et al. 2006, Dodd et al. 2009) and the biocide triclosan (Suarez et al.
2007). In the case of penicillin G and cephalexin, the primary ozone attack failed
to remove the antibacterial activity completely, but the secondary attack
succeeded in doing so (Dodd et al. 2009). So far there is only one known case of
the formation of a more toxic compound from the oxidative transformation of a
micropollutant: during ozonation, N,N-dimethylsulfamide, a non-toxic metabolite
of the fungicide tolylfluanide, is transformed into N-nitrosodimethylamine, a
potent mutagenic agent (Schmidt and Brauch 2008, von Gunten et al. 2010).
Numerous in vitro and in vivo studies were carried out to investigate the effect of
ozonation on various biological endpoints (Cao et al. 2009, Escher et al. 2009,
Petala et al. 2009, Macova et al. 2010, Reungoat et al. 2010, Stalter et al. 2010,
Stalter et al. 2010). In vivo tests showed some adverse effects after
ozonation/AOPs. These were mostly due to the oxidation products formed from
the reaction with matrix components such as the dissolved organic material. They
could typically be removed by biological filtration (Stalter et al. 2010).
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26.2 APPLICATION OF OXIDATION PROCESSES
TO SOURCE-SEPARATED WASTE STREAMS
26.2.1 General considerations

Oxidation/disinfection processes can be applied in households on the drinking
water side as point-of-entry or point-of-use treatments and for treating
source-separated urine, greywater and wastewater (Dodd et al. 2008). Oxidative
treatment of faeces or blackwater does not make much sense. Both disinfection
and oxidation of micropollutants can be achieved. Once the wastewater is
collected, oxidation may be carried out as post-treatment of secondary wastewater
effluent.

26.2.2 Efficiency of oxidation/disinfection processes: role
of water matrix components

The water quality in each compartment is decisive for the efficiency of
oxidation/disinfection processes. The main parameter is the content of the
organic matter, typically expressed as the DOC concentration. However,
parameters such as pH, alkalinity, ammonium/ammonia, nitrite and bromide may
also play an important role, depending on the chemical oxidant applied. The
chloride concentration is not important because none of the oxidants can oxidize
chloride to a significant extent under circumneutral pH conditions. Table 26.2
gives an overview of the water quality parameters of hydrolyzed urine,
greywater, wastewater and the water resources used for drinking water production.

Table 26.2 Water quality parameters relevant for oxidation processes.

Water type pH DOC Alkalinity Tot.ammonia Nitrite Bromide
[[] [mgL"] [mmolL™"] [mgN-L™"] [mgL"] [ugL"]

Hydrol. urine 9 ~2,000 ~300 ~4,000 <d.l.® 1,200 7,700
Greywater 78 ~35 similar 117 <d.l.®  similar
to surf. to surface
water water
Wastewater 78 ~520 24 ~20 <1 30 1,000
effluent
Surface 78 120 12 <0.005 to >1 low™ 10 1,000
water("
Groundwater™™ 7 8 <1 20 15 <0.005 to >1 low" 10 1,000

M Nitrite levels in waters used for drinking water production are typically very low by the time
oxidants are used for controlled disinfection and oxidation;

@ d.1. detection limit.

Sources: Udert et al. (2003), Pronk et al. (2006), Dodd et al. (2008).
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It can be seen that the DOC decreases dramatically from hydrolyzed urine to
wastewater effluent. This is caused partially by dilution and partially by the DOC
removal during activated sludge treatment. The DOC concentration in surface
waters and groundwaters is typically dominated by other natural processes (soil
weathering, algal growth, etc.) and is even lower. Because the oxidant demand is
closely related to the DOM concentration, it is evident that waste streams with
high concentrations of particulate organic substances, such as faeces, brownwater
or blackwater, are not well suited for chemical oxidation treatment. However, it
has to be considered that human urine represents <1% of the total flow of
municipal wastewater and contains a disproportionately high fraction of many
biologically active compounds (Larsen and Gujer 1996, Lienert et al. 2007).
Therefore, it might still be a feasible option to eliminate the micropollutants from
source-separated urine.

Chlorine is a special case in terms of its reactivity, because unlike the other
chemical oxidants it reacts quickly with ammonia to form chloramines (Wolfe
et al. 1984). Since these are significantly less efficient disinfectants (about 500
times less than HOCI), waters with high ammonia concentrations (e.g., hydrolyzed
urine, non-nitrified wastewater) are only properly disinfected at high chlorine
doses above the breakpoint (Wolfe er al. 1984). However, very high chlorine
doses may be required, so that upstream ammonia removal (biological or physical,
see Udert and Jenni and Siegrist et al. 2013) before chlorination may be a better
solution to this problem. In the following, the effect of the DOC concentration on
the oxidation efficiency is illustrated for ozonation because sufficient data are
available to make such a comparison for this oxidant. Similar considerations apply
to other oxidants.

26.2.3 Efficiency of oxidation/disinfection with ozone:
the role of DOC concentration

Table 26.3 shows the required ozone doses for 90% elimination of two selected
micropollutants during ozonation of hydrolyzed urine, electrodialized urine
diluate, wastewater effluent and two surface waters. Data are given for
17a-ethinylestradiol (EE2), a synthetic steroid estrogen, and ibuprofen (IP), an
antiphlogistic. This exercise can also be done for other micropollutants as
discussed by Kiimmerer (2013). While EE2 reacts quickly with ozone and
‘'OH (pH 7: koz~3x10°mol "Ls !, koy=9.8x10°mol "L-s '), IP reacts
mostly with ‘OH, which are formed as secondary reactions from ozone
decomposition (pH 7: koz & 9.6 mol LLs b kou= 7.4x10° mol 'L-s l) (Huber
et al. 2003).

The efficiency of this process increases with decreasing DOC concentrations.
This is mainly due to the competition between DOM and micropollutants for the
chemical oxidant. For 90% elimination of EE2, the ozone dose varies over more
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than three orders of magnitude, reflecting the difference in DOC concentration
between hydrolyzed urine and the pre-treated river water used for drinking water.
While this difference seems quite large, it has to be considered that the volumes
of urine and wastewater differ by at least two orders of magnitude. This is
reflected by the ozone dose normalized to the DOC concentration, which results
in similar values for hydrolyzed urine and wastewater (within a factor of 2) for
compounds with high ozone reactivity and ozone resistance. Table 26.3 also
shows the absolute amount of ozone in g-pers '-d ' for the case of ibuprofen
(IP). These data show that the treatment of wastewater effluent is about three
times more efficient than for hydrolyzed urine, although the values become more
comparable when the urine is pre-treated (e.g., by electrodialysis). Urine
treatment at household level consequently seems feasible with pre-treatment, but
as mentioned above, only part of the micropollutant load in the wastewater will
be treated at this level. Furthermore, Table 26.3 illustrates that for compounds
reacting quickly with ozone, the ozone doses involved in drinking water
treatment are again significantly lower. A similar approach can be taken for
disinfection processes. The ozone doses would probably lie between the values
for EE2 and IP elimination.

Table 26.3 Ozone doses required (mg-L~") for 90% elimination of
17a-ethinylestradiol (EE2) and ibuprofen (IP) in various water.

Water type EE2 IP

O;dose O3;/DOC Ojz;dose O3/DOC Oj; per pers.
ImgL™" [gg" [mgL"l [gg'] [gp "d']

Hydrolyzed urine ~500 0.25 1000 0.5 1.3
Urine diluate ~150 0.375 ~600 1.5 0.78
(electrodialysis)®

Wastewater 1 >1 >0.13 n.d.(" n.d.(" n.d.(
(7.7 mgDOC-L™")

Wastewater 2 0.5 0.1 ~4 0.8 0.4
(5.0 mgDOC-L™")

Lake water 0.1 0.03 n.d.(" n.d.(" n.d.®"
(3.0mgDOC-L™")

River water <0.1 <0.08 >2 >2 0.28

(1.0 mgDOC-L™")

Mn.d.: not determined:;
@contained some methanol from dosing of micropollutants.
Sources: Huber et al. (2003), Huber et al. (2005), Dodd et al. (2008), Lee and von Gunten (2010).
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26.2.4 Application of oxidation/disinfection processes
to source-separated urine

On the basis of the data shown in Table 26.3 and further discussions (Dodd et al.
2008), it can be concluded that ozonation of source-separated urine to remove
micropollutants reacting quickly with ozone is significantly more energy-
intensive than the same process for wastewater, whereas the difference is smaller
for ozone-resistant compounds. If the treatment of source-separated urine is
combined with nutrient recovery (N, P), the overall energy requirement even
becomes favourable for urine treatment (Dodd et al. 2008). However,
micropollutants from sources other than urine cannot be treated by this approach.
Disinfection of source-separated urine may be achieved for ozone doses similar to
those required for IP oxidation. Significant improvement can be achieved by
pre-treatment of urine, for example, by electrodialysis. For urine disinfection by
chlorine, the ammonia level has to be reduced significantly before this oxidant
can be considered (see above). No data is available for urine disinfection with
chlorine dioxide or ferrate(VI).

26.2.5 Application of oxidation/disinfection processes
to greywater

There is not much if any information on applying oxidation processes to greywater.
The main purpose of these processes is disinfection and decoloration. Oxidation of
undesired micropollutants can also be an issue. On the basis of the water matrix
composition of greywater shown in Table 26.2 and the ozone doses shown in
Table 26.3, ozone doses of the order of 3.5 35 mg-L ' can be expected for the
inactivation of bacteria (Zimmermann et al. 2011). Decoloration is an important
factor with regard to aesthetics, especially if greywater is reused for toilet
flushing, for instance. An 80% removal of true colour (455 nm) was achieved for
two wastewaters for an O3/DOC (w/w) ratio of 0.6 0.8 (Wert et al. 2009). This
is in a similar range of ozone doses as for disinfection and transformation of
ozone-resistant micropollutants. So if greywater is optimized for colour removal,
efficient inactivation of its bacteria can be expected. Since greywater has a
significantly lower DOC concentration than urine, other disinfectants such as
chlorine or chlorine dioxide may also be feasible for inactivating microorganisms.
Disinfection may require pre-treatment for particle removal to avoid reduced
efficiency due to the association of microorganisms with particles.

26.2.6 Application of oxidation/disinfection processes to
effluents of biological reactors

There is a wealth of information on ozone application to secondary wastewater
effluents (von Sonntag and von Gunten 2012). These results are well transferrable
to biological reactors. It has been shown in laboratory tests (ferrate, ozone; Huber
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et al. 2003, Lee et al. 2009, Wert et al. 2009, Lee and von Gunten 2010), at pilot-
scale (ozone; Ternes et al. 2003, Huber ef al. 2005) and in full-scale operation
(ozone; Hollender et al. 2009, Reungoat et al. 2010, Zimmermann et al. 2011)
that micropollutants can be efficiently removed from secondary wastewater
effluents by oxidative processes with ozone (ferrate). Furthermore, a high degree
of inactivation of microorganisms can be achieved with the same ozone doses
(Zimmermann et al. 2011). Compared to household treatment, this also allows
micropollutants derived from sources other than households to be oxidized (e.g.,
hospitals, industries, etc.).

26.3 CONCLUSIONS

Several chemical oxidants are available for oxidative water treatment in the urban
water cycle. Depending on the location of the oxidation process, micropollutants
from different sources can be treated. Typically, pre-treatment steps are necessary
(particle removal, removal of DOC, ammonia and nitrite) to increase the lifetime
of the oxidants and the overall efficiency of the processes. Ozone, ‘OH radicals
and possibly ferrate are the oxidants with the best overall performance for the
elimination of micropollutants on the basis of their reaction kinetics, oxidant
stability and by-product formation. It has been shown that ozonation can be used
for disinfection and removal of micropollutants from source-separated urine,
greywater, and for wastewater effluent polishing. Chlorine is not well suited for
micropollutant removal, but can be used for disinfection. Pre-treatment for
ammonia removal is then necessary to avoid the formation of less efficient
chloramines.

Micropollutants are typically not mineralized in oxidative water treatment and
the toxicity of the transformation products is a major concern. In vivo tests have
shown that ozonation leads to reduced toxicity, and the same applies to in vitro
test systems in combination with biological filtration or other separation steps.
Only a few cases of the formation of more toxic products are known so far. More
information is needed to fully assess this issue.

Oxidation/disinfection by-products are formed from the reaction of chemical
oxidants with water matrix components. Bromide plays an important role here,
since it can be oxidized to bromine by chlorine and ozone. This results in the
formation of bromo-organic compounds during chlorination, whereas both
bromo-organic compounds and bromate can be formed during ozonation. Higher
concentrations of these toxicologically relevant compounds can be expected to
occur with increasing bromide levels.

REFERENCES

Cao N., Yang M., Zhang Y., Hu J., Ike M., Hirotsuji J., Matsui H., Inoue D. and Sei K. (2009).
Evaluation of wastewater reclamation technologies based on in vitro and in vivo
bioassays. Science of The Total Environment, 407(5), 1588 1597.



394 Source Separation and Decentralization

Dodd M. C., Kohler H. P.E. and von Gunten U. (2009). Oxidation of Antibacterial
Compounds by Ozone and Hydroxyl Radical: Elimination of Biological Activity
during Aqueous Ozonation Processes. Environmental Science and Technology, 43(7),
2498 2504.

Dodd M. C., Zuleeg S., von Gunten U. and Pronk W. (2008). Ozonation of Source Separated
Urine for Resource Recovery and Waste Minimization: Process Modeling, Reaction
Chemistry, and Operational Considerations. Environmental Science and Technology,
42(24), 9329 9337.

Escher B. 1., Bramaz N. and Ort C. (2009). JEM Spotlight: Monitoring the treatment
efficiency of a full scale ozonation on a sewage treatment plant with a mode of action
based test battery. Journal of Environmental Monitoring, 11(10), 1836 1846.

Gordon G., Slootmaekers B., Tachiyashiki S. and Wood D. W. (1990). Minimizing Chlorite
Ion and Chlorate Ion in Water Treated with Chlorine Dioxide. Journal American Water
Works Association, 82(4), 160 165.

Hammes F., Salhi E., Koster O., Kaiser H. P., Egli T. and von Gunten U. (2006). Mechanistic
and kinetic evaluation of organic disinfection by product and assimilable organic carbon
(AOC) formation during the ozonation of drinking water. Water Research, 40(12),
2275 2286.

Hoigné J. and Bader H. (1994). Kinetics of reactions of chlorine dioxide (OClO) in water 1.
Rate constants for inorganic and organic compounds. Water Resesarch, 28(1), 45 55.

Hollender J., Zimmermann S. G., Koepke S., Krauss M., McArdell C. S., Ort C., Singer H.,
von Gunten U. and Siegrist H. (2009). Elimination of Organic Micropollutants in a
Municipal Wastewater Treatment Plant Upgraded with a Full Scale Post Ozonation
Followed by Sand Filtration. Environmental Science and Technology, 43(20),
7862 7869.

Huber M. M., Canonica S., Park G. Y. and von Gunten U. (2003). Oxidation of
pharmaceuticals during ozonation and advanced oxidation processes. Environmental
Science and Technology, 37(5), 1016 1024.

Huber M. M., Gobel A., Joss A., Hermann N., Loffler D., McArdell C. S., Ried A., Siegrist
H., Ternes T. A. and von Gunten U. (2005). Oxidation of pharmaceuticals during
ozonation of municipal wastewater effluents: A pilot study. Environmental Science
and Technology, 39(11), 4290 4299.

Huber M. M., Ternes T. A. and von Gunten U. (2004). Removal of estrogenic activity and
formation of oxidation products during ozonation of 17 alpha ethinylestradiol.
Environmental Science and Technology, 38(19), 5177 5186.

Katsoyiannis 1. A., Canonica S. and von Gunten U. (2011). Efficiency and energy
requirements for the transformation of organic micropollutants by ozone, O3;/H,0,
and UV /H,0,. Water Research, 45(13): 3811 3822.

Krasner S.W. (2009). The formation and control of emerging disinfection by products of
health concern. Philosophical Transactions of the Royal Society A Mathematical
Physical and Engineering Sciences, 367(1904), 4077 4095.

Krasner S. W., Weinberg H. S., Richardson S. D., Pastor S. J., Chinn R., Sclimenti M. J,,
Onstad G. D. and Thruston A. D. (2006). Occurrence of a new generation of
disinfection byproducts. Environmental Science and Technology, 40(23), 7175 7185.

Lange F., Cornelissen S., Kubac D., Sein M. M., von Sonntag J., Hannich C. B., Golloch A.,
Heipieper H. J., Moder M. and von Sonntag C. (2006). Degradation of macrolide



Chemical oxidation processes 395

antibiotics by ozone: A mechanistic case study with clarithromycin. Chemosphere, 65
(1), 17 23.

Larsen T. A. and Gujer W. (1996). Separate management of anthropogenic nutrient solutions
(human urine). Water Science and Technology, 34(3 4): 87 94.

Lee Y., Escher B. I. and von Gunten U. (2008). Efficient removal of estrogenic activity during
oxidative treatment of waters containing steroid estrogens. Environmental Science and
Technology, 42(17), 6333 6339.

Lee Y. and von Gunten U. (2010). Oxidative transformation of micropollutants during
municipal wastewater treatment: Comparison of kinetic aspects of selective (chlorine,
chlorine dioxide, ferrate(VI), and ozone) and non selective oxidants (hydroxyl
radical). Water Research, 44(2), 555 566.

Lee Y., Zimmermann S. G., Kieu A. T. and von Gunten U. (2009). Ferrate (Fe(VI))
Application for Municipal Wastewater Treatment: A Novel Process for Simultaneous
Micropollutant Oxidation and Phosphate Removal. Environmental Science and
Technology, 43(10), 3831 3838.

Lienert J., Giidel K. and Escher B. 1. (2007). Screening Method for Ecotoxicological Hazard
Assessment of 42 Pharmaceuticals Considering Human Metabolism and Excretory
Routes. Environmental Science and Technology, 41(12), 4471 4478.

Kiimmerer K. (2013). The issue of micropollutants in urban water management. In: Source
Separation and Decentralization for Wastewater Management, T. A. Larsen, K.
M. Udert and J. Lienert (eds.), IWA Publishing, London, UK, pp. 71 84.

Macova M., Escher B. 1., Reungoat J., Carswell S., Chue K. L., Keller J. and Mueller J. F.
(2010). Monitoring the biological activity of micropollutants during advanced
wastewater treatment with ozonation and activated carbon filtration. Water Research,
44(2), 477 492.

Petala M., Kokokiris L., Samaras P., Papadopoulos A. and Zouboulis A. (2009).
Toxicological and ecotoxic impact of secondary and tertiary treated sewage effluents.
Water Research, 43(20), 5063 5074.

Pinkernell U. and von Gunten U. (2001). Bromate minimization during ozonation:
mechanistic considerations. Environmental Science and Technology, 35(12),
2525 2531.

Pronk W., Biebow M. and Boller M. (2006). Electrodialysis for Recovering Salts from a
Urine Solution Containing Micropollutants. Environmental Science and Technology,
40(7), 2414 2420.

Ramseier M. K., Peter A., Traber J. and von Gunten U. (2011). Formation of assimilable
organic carbon during oxidation of natural waters with ozone, chlorine dioxide,
chlorine, permanganate, and ferrate. Water Research, 45(5), 2002 2010.

Reungoat J., Macova M., Escher B. 1., Carswell S., Mueller J. F. and Keller J. (2010).
Removal of micropollutants and reduction of biological activity in a full scale
reclamation plant using ozonation and activated carbon filtration. Water Research, 44
(2), 625 637.

Richardson S. D., Fasano F., Ellington J. J., Crumley F. G., Buettner K. M., Evans J. J.,
Blount B. C., Silva L. K., Waite T. J., Luther G. W., McKague A. B., Miltner R. J.,
Wagner E. D. and Plewa M. J. (2008). Occurrence and Mammalian Cell Toxicity of
Iodinated Disinfection Byproducts in Drinking Water. Environmental Science and
Technology, 42(22), 8330 8338.



396 Source Separation and Decentralization

Richardson S. D., Simmons J. E. and Rice G. (2002). Disinfection byproducts: The next
generation. Environmental Science and Technology, 36(9), 198A 205A.

Rook J. J. (1974). Formation of haloforms during chlorination of natural waters. Water
Treatment and Examination, 23, 234 243.

Sarathy S. and Mohseni M. (2009). The fate of natural organic matter during UV /H,0,
advanced oxidation of drinking water. Canadian Journal of Civil Engineering, 36(1),
160 169.

Schmidt C. K. and Brauch H.J. (2008). N,N Dimethylsulfamide as Precursor for
N Nitrosodimethylamine (NDMA) Formation upon Ozonation and its Fate During
Drinking Water Treatment. Environmental Science and Technology, 42(17),
6340 6346.

Sharma V. K. (2007). Disinfection performance of Fe(VI) in water and wastewater: a review.
Water Science and Technology, 55(1 2). 225 232.

Siegrist H., Laureni M. and Udert K. M. (2013). Transfer into the gas phase: ammonia
stripping. In: Source Separation and Decentralization for Wastewater Management,
T. A. Larsen, K. M. Udert and J. Lienert (eds.), IWA Publishing, London, UK,
pp- 337 350.

Stalter D., Magdeburg A. and Oehlmann J. (2010). Comparative toxicity assessment of ozone
and activated carbon treated sewage effluents using an in vivo test battery. Water
Research, 44(8): 2610 2620.

Stalter D., Magdeburg A., Weil M., Knacker T. and Oehlmann J. (2010). Toxication or
detoxication? In vivo toxicity assessment of ozonation as advanced wastewater
treatment with the rainbow trout. Water Research, 44(2), 439 448.

Suarez S., Dodd M. C., Omil F. and von Gunten U. (2007). Kinetics of triclosan oxidation by
aqueous ozone and consequent loss of antibacterial activity: Relevance to municipal
wastewater ozonation. Water Research, 41(12), 2481 2490.

Ternes T. A., Stuber J., Herrmann N., McDowell D., Ried A., Kampmann M. and Teiser B.
(2003). Ozonation: a tool for removal of pharmaceuticals, contrast media and musk
fragrances from wastewater? Water Research, 37(8), 1976 1982.

Udert K. M., Larsen T. A., Biebow M. and Gujer W. (2003). Urea hydrolysis and precipitation
dynamics in a urine collecting system. Water Research, 37(11), 2571 2582.

Udert K. M. and Jenni S. (2013). Biological nitrogen conversion processes. In: Source
Separation and Decentralization for Wastewater Management, T. A. Larsen, K.
M. Udert and J. Lienert (eds.), IWA Publishing, London, UK, pp. 291 305.

von Gunten U. and Hoigné J. (1992). Factors controlling the formation of bromate during
ozonation of bromide containing waters. Journal of Water Supply Research and
Technology Aqua, 41(5), 299 304.

von Gunten U. and Hoigné J. (1994). Bromate formation during ozonation of
bromide containing waters: Interaction of ozone and hydroxyl radical reactions.
Environmental Science and Technology, 28(7), 1234 1242.

von Gunten U. and Oliveras Y. (1998). Advanced Oxidation of bromide containing waters:
bromate formation mechanisms. Environmental Science and Technology, 32(1), 63 70.

von Gunten U., Salhi E., Schmidt C. K. and Arnold W. A. (2010). Kinetics and Mechanisms
of N Nitrosodimethylamine Formation upon Ozonation of N,N Dimethylsulfamide
Containing Waters: Bromide Catalysis. Environmental Science and Technology, 44
(15), 5762 5768.



Chemical oxidation processes 397

von Sonntag C. (2008). Advanced oxidation processes: mechanistic aspects. Water Science
and Technology, 58(5), 1015 1021.

von Sonntag C. and von Gunten U. (2012). Chemistry of Ozone in Water and Wastewater
Treatment; from Basic Principles to Applications. IWA publishing, London.

Werdehoff K. S. and Singer P. C. (1987). Chlorine Dioxide Effects on THMFP, TOXFP, and
the Formation of Inorganic By Products. Journal American Water Works Association,
7909), 107 113.

Wert E. C., Rosario Ortiz F. L. and Snyder S. A. (2009). Effect of ozone exposure on the
oxidation of trace organic contaminants in wastewater. Water Research, 43(4),
1005 1014.

Wert E. C., Rosario Ortiz F. L. and Snyder S. A. (2009). Using Ultraviolet Absorbance and
Color To Assess Pharmaceutical Oxidation during Ozonation of Wastewater.
Environmental Science and Technology, 43(13), 4858 4863.

WHO (2004). Guidelines for drinking water quality. World Health Organisation, Geneva,
Switzerland.

Wolfe R. L., Ward J. F. and Olson G. R. (1984). Inorganic Chloramines as Drinking Water
Disinfectants: A Review. Journal American Water Works Association, 77(5), 74 88.

Zhang H., Yamada H. and Tsuno H. (2008). Removal of Endocrine Disrupting Chemicals
during Ozonation of Municipal Sewage with Brominated Byproducts Control.
Environmental Science and Technology, 42(9), 3375 3380.

Zimmermann S. G., Wittenwiler M., Hollender J., Krauss M., Ort C., Siegrist H. and von
Gunten U. (2011). Kinetic assessment and modeling of an ozonation step for
full scale municipal wastewater treatment: Micropollutant oxidation, by product
formation and disinfection. Water Research, 45(2), 605 617.





