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g r a p h i c a l a b s t r a c t
� Compared the effect of O3, Cl2, ClO2

and KMnO4 in controlling TCNM and
its precursors.

� Oxidation with Cl2 and KMnO4 were
more effective in removing nitro-
based PPCPs.

� KMnO4 was the best oxidant in
reducing TCNM formation.

� Nitroaldehyde formation was the
reason for TCNMFP decrease after
oxidation.

� Nitromethane or chloro-
nitromethane formation was a bet-
ter TCNMFP precursor.
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Nitro-based compounds are the direct precursors of trichloronitromethane during chlorination disin-
fection. Two nitro-based pharmaceuticals ranitidine and nizatidine were selected as model compounds
to assess the effect of oxidation on the removal of nitro-based pharmaceuticals, as well as the reduction
of their trichloronitromethane formation potentials (TCNMFPs). The four oxidants were ozone (O3),
chlorine (Cl2), chlorine dioxide (ClO2) and potassium permanganate (KMnO4). The changes in pharma-
ceuticals and their TCNMFPs during oxidation using various oxidants and dosages were quantified. The
relationships between oxidation product structures and TCNMFP changes were also analyzed. The results
showed that oxidation with Cl2 and KMnO4 were more effective than ClO2 and O3 in removing the nitro-
based pharmaceuticals. Meanwhile, decreased TCNMFPs by KMnO4 oxidation but increased TCNMFPs by
Cl2, ClO2 and O3 oxidation were observed. The results of product analysis indicated that chlorine transfer
products had higher TCNMFPs, while oxygen transfer products made little contribution to TCNMFPs after
oxidation. In addition, one possible reaction pathway leading TCNMFP increase was that chloro-
nitromethane or nitromethane, which was a better TCNM precursor, formed when double bond was
attacked by oxidants.

© 2015 Published by Elsevier Ltd.
1. Introduction

Generally, halogenated nitrogenous disinfection byproducts
(DBPs) presented higher toxicity and growth inhibition than the
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currently regulated carbonaceous DBPs (Yang and Zhang, 2013;
2014; Liu and Zhang, 2014). Halonitromethanes (HNMs), a group
of emerging halogenated nitrogenous DBPs, showed much higher
cytotoxicity and genotoxicity than those regulated carbonaceous
DBPs (Richardsona et al., 2007). Trichloronitromethane (TCNM) is
one of the most frequently reported HNMs. It was quantified at
median and maximum concentration of 0.2 and 2.0 mg L�1 in
drinking water plant finishedwater in the United States nationwide
2000e2002 survey (Krasner et al., 2006). Among nine HNMs,
TCNM was list the ninth place in the rank order of chronic cyto-
toxicity (72 h exposure), and the fourth place in the rank order of
genomic DNA damage to the Chinese hamster ovary. It was 32.6
times more cytotoxic than trichloroacetic acid (Plewa et al., 2004).
It was used as a chemical agent in World War I (Wikipedia), and
was metabolized to toxic thiophosgene in mammals, indicating
that this chemical is a potent cytotoxin and genotoxin for humans.

The TCNM formation potential (TCNMFP) was higher during
chlorination than chloramination both in aqueous solution spiked
with 31 organic nitrogen compounds (Yang et al., 2012) and in
wastewater treatment plant effluents (Song et al., 2010). In the
process of chloramination, both organic nitrogen and nitrate
contributed to nitrogen source of TCNM, but monochloramine did
not contribute to nitrogen source of TCNM (Yang et al., 2012). An
effective control strategy for TCNM formation is removing its pre-
cursors before chlorination. Hydrophilic fractions were identified
as the major source for TCNM formation during chlorination (Hu
et al., 2010). Algal cells with high organic nitrogen content gener-
ated high concentration of TCNM during chlorination (Yang et al.,
2011). The TCNM conversion yields from Chlorella vulgaris and
Microcystis aeruginosa were in the range of 0.1e0.8 mg mgC�1.
Some researches were conducted to study TCNM formation using
single model precursor. Among these reported model precursors,
nitromethane and 3-nitrophenol were reported to have the highest
TCNM conversion yields of 45% and 53% respectively during chlo-
rination (Bond et al., 2012). Dinoseb, a member of the dinitrophenol
family of pesticides contains two electron-withdrawing nitro
groups, whose TCNM conversion yield reached as high as 7.7%
during chlorination (Zhang et al., 2013). Among 31 amino acids,
tryptophan and alanine generated the greatest TCNM conversion
yields of 0.12% and 0.06% during chlorination (Yang et al., 2012).
Nitro-based compounds were the direct precursors of TCNM, and
amino-based compounds were the indirect precursors of TCNM
(Bond et al., 2012).

Nitro-based compounds are important raw materials or syn-
thesizing reagents for the chemical engineering production of
pharmaceuticals, spices, dyes, explosives and so on (Baidupedia).
Epidemiological data indicated that nitro-based compounds are
powerful carcinogens, and are consequently referred to as priority
pollutants (Kulkarni and Chaudhari, 2007). Nitro-based compounds
were readily reduced to more reactive carcinogenic derivatives
when they were introduced into mammalian systems. Non-specific
Nitroreductases, existing in intestinal microflora and mammalian
organs, catalyzed conversion of nitro groups to the more harmful
nitroso and hydroxylamino groups (Nishino et al., 2000). Surveys
showed that large areas of surface water and ground water have
been contaminated by these nitro-based compounds, originating
from facilities for their manufacture and disposal. Pharmaceutical
ranitidine was detected (Radjenovic et al., 2009; Kolpin et al., 2002)
ranging from 70 to 540 ng L�1 in primary effluents of wastewater
treatment plants in Spain and at 10 ng L�1 in several surface waters.

Recently, pre-oxidationwas applied to drinkingwater treatment
with the heavier aquatic pollution and stricter water quality stan-
dard. The purpose of pre-oxidation is to improve water quality at
the origin of water treatment processes. It contains taste and odor
control (Ho et al., 2002), algae removal (Chen et al., 2009; Ma and
Liu, 2002), manganese and iron removal (Ellis et al., 2000; Lin
et al., 2013), coagulation performance improvement and disinfec-
tion precursor deactivation (Jones et al., 2012; Mao et al., 2014;
Zhang et al., 2015; Zhou et al., 2014). The commonly used oxi-
dants include chlorine (Cl2), ozone (O3), and chlorine dioxide (ClO2)
and potassium permanganate (KMnO4) (Gao et al., 2014; Lee and
von Gunten, 2010) in drinking water treatment. Many researches
showed that TCNM formation increased after ozonation during
subsequent chlorination and chloramination. The increase of
TCNMFP varied from 138% for 3-aminophenol and to 3740% for
alaeala after ozonation, which might involve oxidation of an amino
to a nitro group (Bond et al., 2014). Both increased and decreased
TCNMFPs were achieved after ClO2 oxidation under different water
quality and reaction conditions (Yang et al., 2013a, 2013b). A latest
research showed that Fe(VI) oxidation significantly enhanced
TCNMFP frommethylamine, dimethylamine and glycine (Gan et al.,
2015). In addition, some researches were conducted to understand
the reaction mechanisms about TCNM formation from the model
precursors during chlorination and chloramination (Deng et al.,
2014; Yang et al., 2012; Zhang et al., 2013). However, the changes
of TCNMFPs after KMnO4 oxidation have not been found in litera-
ture. Limited research has been reported themechanisms about the
reaction of TCNM precursors with O3, ClO2. Moreover, a systematic
comparison among the changes of TCNMFP by different oxidants
also has not yet been reported.

In this study, ranitidine and nizatidine were selected as model
TCNM precursors (Fig. 1). The two pharmaceuticals with nitro
group and long linear chain structure, which are often used to
prevent gastritis, get more attention due to a high N-Nitro-
sodimethylamine formation potential (Shen and Andrews, 2011).
The objective of this study is to explore the changes of TCNMFPs
come from nitro-based precursors before and after oxidation of Cl2,
ClO2 O3, and KMnO4. Of particular interests was the reaction
mechanisms between the two pharmaceuticals and four oxidants.

2. Material and methods

2.1. Chemicals

Ranitidine (HPLC grade), nizatidine (HPLC grade), TCNM
(EPA552.3 Standard), formic acid (LC-MS grade) and sodium hy-
pochlorite (NaClO) solution (reagent grade) were purchased from
SigmaeAldrich in US. Sodium chlorite (NaClO2) powder (80%) was
purchased from Aladdin® in China. Methanol (gradient grade for
LC) was obtained fromMerck in US. Methyl tert-butyl ether (MtBE)
(LC-MS grade) was obtained from Fisher in US. Sodium perman-
ganate (KMnO4), disodium hydrogen phosphate (Na2HPO4), so-
dium dihydrogen phosphate (NaH2PO4), sodium chloride (NaCl),
sodium thiosulfate (Na2S2O3), ammonium chloride (NH4Cl) (all in
AR grade) were purchased from Xilong Chemical Industry in China.
Indigo carmine (AR grade), phosphoricacid (H3PO4) (85%, AR grade)
and sulfuric acid (H2SO4) (98%, AR grade) were purchased from
Sinopharm in China. Ultra-purewater (18MU) was producedwith a
Millipore system.

2.2. Oxidants preparation

2.2.1. O3 preparation
A saturated O3 solution (about 40mg L�1 as O3) was prepared by

bubbling gaseous O3 into ultra-pure water in a 2 L airtight glass
container in an ice bath. The gaseous O3 was produced from ultra-
pure oxygen (minimum purity of 99.99%) by an ozone generator
(Newland, NLO-A-10, China). The O3 concentrationwas determined
with the modified indigo colorimetric method at 610 nm using a
UVeVIS spectrophotometer (Meipuda, UV-1800, China).



Fig. 1. The structure of the PPCPs.
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2.2.2. ClO2 preparation
ClO2 stock solution (about 350 mg L�1 as ClO2) was prepared as

GB-5750.11 (2006). 20 mL of 10% H2SO4 was slowly added to
750 mL of 10 g L�1 NaClO2 solution with constant stirring by
bubbling nitrogen. The generated ClO2 gas was purified by a satu-
rated NaClO2 solution and captured in water until a desired
amount. The final yellow ClO2 solution was stored into an amber
glass bottle and refrigerated. The ClO2 concentration was deter-
mined by DPD colorimetry (Hach, PCII 58700-51, USA).

2.2.3. Cl2 preparation
Cl2 stock solution (about 4200 mg L�1 as Cl2) was prepared by

diluting a commercial NaClO solution. The Cl2 concentration was
determined by DPD colorimetry (Hach, PCII 58700-00, USA).

2.2.4. KMnO4 preparation
KMnO4 stock solution (10,000 mg L�1 as KMnO4) was prepared

by dissolving 500 mg KMnO4 into 50 mL ultra-pure water. The
KMnO4 concentration was determined with the colorimetric
method at 525 nm using a UVeVIS spectrophotometer (Meipuda,
UV-1800, China).

2.3. Experimental procedure

In order to better understand oxidation reaction mechanisms,
each pharmaceutical was studied individually. The initial pharma-
ceutical concentration in the reaction solution was 25 mM. All
oxidation experiments were carried out at 20 �C, pH 7.0 using a
10 mM phosphate buffer and a certain ionic strength using a 5 mM
NaCl. Each oxidant dosage was conducted at five concentration
levels (e.g., [O3]0 ¼ 1, 2, 3, 4, 6 mg L�1). At each concentration level,
the four oxidant dosages were expressed by normality (equal
electron accepting ability). The detailed calculation method was as
follows. In the process of redox reaction, O in O3 transformed from
0 to �2, Cl in NaClO transformed from þ1 to �1, Cl in ClO2 trans-
formed from þ4 to �1 and Mn in KMnO4 transformed from þ7
to þ2. That is to say, 1 M electron was accepted by 1/6 M O3, 1/2 M
NaClO, 1/5 M ClO2 or 1/5 M KMnO4. For example, in this experi-
ment, 125 mM electron normality equaled to 125/6 ¼ 20.8 mM O3,
125/2 ¼ 62.5 mM NaClO (62.5/2 ¼ 31.2 mM Cl2), 125/5 ¼ 25 mM ClO2
or 125 mM KMnO4. The oxidant dosages are showed in Table 1.

For the samples that were treated with O3, 200 mL initial pre-
cursor solutionwas poured into a reactor (250 mL Erlenmeyer flask
which has a true volume at 290 mL) in a water bath at 20 �C with
continuous stirring. Then, XmL ultrapure water was added. Finally,
Y mL (X þ Y ¼ 90 mL) saturated O3 solution was injected into the
Table 1
The dosages of four oxidants.

Oxidants Dosage mM (mg L�1)

Normality (as electron) 125 250
O3 (as O3) 20.8 (1.0) 41.6 (2.0)
Cl2 (as Cl2) 31.2 (2.2) 62.4 (4.4)
ClO2 (as ClO2) 25.0 (1.7) 50.0 (3.4)
KMnO4 (as KMnO4) 25.0 (3.9) 50.0 (7.8)
reactor. For samples treated with other three oxidants, oxidant
stock solutionwas added directly into 60mL amber vials containing
sample solution. After 2 h oxidation reaction, all the sample treated
with pre-calculated Na2S2O3 (as normality) according to residual
oxidants. A part of these samples were prepared for residual
pharmaceutical and transformation product detection. The other
part of the samples were prepared for TCNMFP tests.

TCNMFP tests were conducted in 40 mL amber vials with Teflon
caps. 20 mgL�1 of Cl2 was added to ensure that there was enough
residual Cl2 to predict the ultimate formation potential. Reactions
were halted after 24 h by the addition of excess NH4Cl water so-
lution (at approximately 50 mg L�1). Then the samples were pre-
pared for TCNM detection within 1 h. All experiments were
conducted in duplicates.

2.4. Pharmaceuticals and TCNM analysis

Pharmaceuticals and a part of oxidation products were analyzed
using liquid chromatography tandem mass spectrometry (LC-MS/
MS) (Agilent 1290 LC coupled with 6460MS/MS). The HPLC column
Agilent Zorbax SB-C18 (2.1 mm � 100 mm, 1.8 mm). The mobile
phase was composed of methanol (solvent A) and 0.1% formic acid
in ultrapure water (v/v, solvent B). The flow rate was 0.35 mL/min.
The sample injection volume was 1 mL. The multiple reaction
monitoring (MRM) detection mode was used to quantify ranitidine
and nizatidine. The MS detection modes for product identification
were MS2 scan and MS2 product ion scan. The main source pa-
rameters were set as follows: Gas temperature at 300 �C, Gas flow
at 5 Lmin�1, Nebulizer at 45 psi, Sheath gas heater at 300 �C, Sheath
gas flow at 11 L min�1, Capillary at 3500 V and Charging at 500 V.
The MRM transitions of ranitidine and nizatidine werem/z 315/176
and m/z 332/58. TCNM was analyzed using GC-ECD (Agilent 6890)
with liquideliquid extraction pretreatment as US.EPA551.1 (1985).

3. Results and discussion

3.1. Effects of oxidation on precursor degradation

Ranitidine seemed to be removed by oxidation of Cl2, ClO2 and
KMnO4 more easily than O3 (Fig. 2). When the oxidant dosage was
125 mM, only 10% ranitidine was removed by ozonationwhile more
than 60% ranitidine was removed by the other three oxidants.
When the oxidant dosage was increased to 250 mM, only about 30%
of ranitidine was removed by ozonation while more than 90% ra-
nitidine was removed by the other three oxidants. When the
oxidant dosage was increased to 375 mM, it was removed
375 500 750
62.5 (3.0) 83.2 (4.0) 125.0 (6.0)
93.7 (6.6) 124.8 (8.8) 187.5 (13.2)
75.0 (5.0) 100.0 (6.8) 150.0 (10.0)
75.0 (11.8) 100.0 (15.6) 150.0 (23.7)



Fig. 2. Precursors degradation with increasing oxidants dosage ([precursor]0 ¼ 25 mM,
oxidation contact time ¼ 2 h).

Fig. 3. Changes of TCNMFP with increasing oxidant dosage ([precursor]0 ¼ 25 mM,
oxidation contact time ¼ 2 h, TCNM incubation time ¼ 1 d).
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completely by Cl2, ClO2 and KMnO4 oxidation while 50% ranitidine
was remained after ozonation.

Nizatidine seemed to be more easily degraded by Cl2 and
KMnO4 than ClO2 and O3 (Fig. 2). When the oxidant dosage was
125 mM, only 50% and 30% nizatidine was removed after oxidation
of ClO2 and O3 while more than 70% nizatidine was removed after
oxidation of Cl2 and KMnO4. When the oxidant dosage was
increased to 250 mM, only 80% and 50% nizatidine was removed
after oxidation of ClO2 and O3 while it was removed completely
after oxidation of Cl2 and KMnO4. When the oxidant dosage was
increased to 375 mM, it was removed completely by Cl2, ClO2 and
KMnO4 oxidation while 30% nizatidine was remained after
ozonation.
3.2. The changes of TCNMFPs

The TCNMFPs of ranitidine and nizatidine without oxidation
were 1.5 ± 0.16 mMand 1.3 ± 0.3 mM, and themolar conversion rates
were 5.8 ± 0.6% and 5.0 ± 1.1%. For the two pharmaceuticals, they
achieved similar rising and falling trend after oxidation of the
selected oxidants (Fig. 3). The TCNMFPs initially increased, then
reached the maximum value, and finally decreased with increasing
ClO2 dosage. The TCNMFPs kept increasing with increasing Cl2
dosage while kept decreasing with increasing O3 and KMnO4

dosage. However, different results were observed after ozonation at
the highest level for the two precursors. For ranitidine, TCNMFP
kept decreasing with increasing O3 dosage. However, for nizatidine,
TCNMFP increased after ozonation at the highest level. As shown in
the pharmaceutical degradation curves in Fig. 2, nizatidine was
easier to be degraded than ranitidine by ozonation. A possible
reason for TCNMFP increase was that a e precursor with higher
TCNMFP formed in nizatidine solution after ozonation at the
highest level. Some researches (Bond et al., 2014) demonstrated
that the increase of TCNMFP is involved in transformation from an
amino to a nitro after ozonation.

3.3. TCNMFPs of products after oxidation

In order to understand the relationships between the degrada-
tion products and TCNMFPs, the product TCNMFPswere differences
between the measured TCNMFPs and the calculated TCNMFPs from
residual pharmaceuticals after various oxidant oxidation. The latter
was calculated through the following Formula 1.

[TCNM]i ¼ [pharmaceutical]i � [TCNM]0/[pharmaceutical]0 (1)

[TCNM]0 and [pharmaceutical]0 were the measured results
without oxidation,

[pharmaceutical]i was the measured result after oxidation with i
mM oxidant,

[TCNM]i was the calculated result with residual pharmaceutical
after oxidation with i mM oxidant.

The results indicated that some products had higher TCNMFPs
after oxidation with Cl2 and ClO2 (Fig. 4). Maybe chorine transfer
products formed after oxidation with Cl2 and ClO2 due to the two
oxidant containing chorine atom. In contrast, products made little
contribution to TCNMFPs after oxidation with KMnO4. Some
research showed that organic matters were mineralized after
oxidationwith KMnO4 and O3 (Gao et al., 2014). However, we didn't



Fig. 4. Changes of product TCNMFP with increasing oxidant dosage (measured TCNMFPs (white bar), calculated TCNMFPs (striped bar), [precursor]0 ¼ 25 mM, oxidation contact
time ¼ 2 h, TCNM incubation time ¼ 1 d).
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observe decreased total organic carbon of the two pharmaceuticals
after oxidation with KMnO4 maybe because of short reaction time.
Products had a low TCNMFPs after ozonation at a low level but a
high TCNMFPs after ozonation at a high level.
3.4. The relationship between oxidation products and TCNMFPs

The transformation products (TPs) were investigated as details
in the Materials and Methods section. A summary of the detected
TPs is shown in Table 2. The TPswere identified initially inMS2 scan
mode and the structure of the TPs were further elucidated by in
product ion scan mode by LC-MS/MS instrument.

A smaller amount of oxygen transfer productsm/z 331 [315þ O]
from ranitidine and m/z 348 [332 þ O] from nizatidine were
detected after oxidation by O3 than the other three oxidants. The
long linear chain structure of the two pharmaceuticals might be
easy to be destroyed by ozonation. However, other products that
contributed to TCNMFP were not detected in the ranitidine or
nizatidine solution. Maybe these products were small molecule and
volatile which were difficult to be detected by LC-MS/MS. As Von
Gunten (2003) reviewed that O3 is an electrophile with a high
selectivity to the functional structure of organic matters. It reacts
mainly with double bonds, activated aromatic systems, non-
protonated amines and sulfidic groups. For ranitidine and nizati-
dine, the attack of O3 on CeC double bond is of great concern due to
the site attached to nitro group which is the essential functional
group for TCNM formation. The reaction of olefins with ozone is
initiated by the formation of an ozonide, an unstable cyclic trioxide
(Gottschalk et al., 2002). It decomposed into a carbonyl compound
Table 2
Oxidation products identified by LC-MS/MS and GCeMS/MS.

Oxidants TPs

Ranitidine
O3 331 [315 þ O]
Cl2 349 [315 þ Cl], 365 [315
ClO2 331 [315 þ O], 349 [315
KMnO4 347 [315 þ 2O]
Nizatidine
O3 348 [332 þ O]
Cl2 348 [332 þ O], 382 [332
ClO2 348 [332 þ O], [332 þ Cl
KMnO4 364 [332 þ 2O]
and a hydroxyhydroperoxide. This hydroxyhydroperoxide then
slowly decomposes into a carbonyl compound and hydrogen
peroxide. Two aldehyde compounds formed when the double bond
was broken by ozonation in ranitidine and nizatidine solution.
TCNM was thought to be produced after liberation and then chlo-
rination of an existing nitromethane moiety contained within
larger molecules (Thibaud et al., 1988). However, nitromethane
formation would be impossible if ozone attack the double bond
directly (Fig. 5). In this situation, a nitroformdealde formed through
an intermediate ozonide. Nitromethane formation perhaps took
place at a high O3 level where a majority of hydroxyl free radicals,
an efficient oxidant without selectivity existed.

Oxygen or chlorine transfer products m/z 349 [315 þ Cl], 365
[315 þ O þ Cl],m/z 399 [315 þ O þ 2Cl] were detected in ranitidine
solution, and m/z 348 [332 þ O], m/z 382 [332 þ O þ Cl], m/z 398
[332 þ 2O þ Cl], m/z 432 [332 þ 2O þ 2Cl] were detected in niza-
tidine solution after Cl2 oxidation. The number of chlorine atom in
the products was confirmed according to the special ratio of isotope
abundance (m/z 35:37 ¼ 3:1) (Pretsch et al., 2009). Cl2 oxidation
tended to add chlorine and oxygen to sulfur, primary and secondary
amines, not tertiary amine and double bonds (Debordea and von
Gunten, 2008). Generally, rate constants for the reaction Cl2 with
sulfur are typically 1e2 orders of magnitude higher than primary
and secondary amines, and 5e6 orders of magnitude higher than
tertiary amines. Shen and Andrews (2013) also mentioned that
sulfur in ranitidine was the primary site attacked by Cl2. The Cl2
attack on sulfur ether would form a chlorosulfonium cation inter-
mediate. After hydrolysis, sulfoxide compounds were formed.
However, Cl2 attacked the double bond site under excessive Cl2
þ O þ Cl], 399 [315 þ Oþ2Cl]
þ Cl], 302 [286 þ O], 320 [286 þ Cl], 336 [286 þ O þ Cl]

þ O þ Cl], 398 [332þ2O þ Cl], 432 [332þ2O þ 2Cl]
], 319 [303 þ O], 337 [303 þ Cl], 353 [303 þ O þ Cl]



Fig. 5. Oxidation products related to TCNMFP of ranitidine.
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conditions. A chloro-intermediate formed through an addition re-
action leading to chloro-nitromethane formation during further
chlorination. It was worth mentioning that only a small quantity of
TCNM formed while numerous mochloronitromethane (CNM) and
dichloronitromethane (DCNM) formed after 2 h pre-chlorination.
The CNM and DCNM were better TCNM precursors. As shown in
Fig. S2, the amount of TCNM during 2 h pre-chlorination was much
less than TCNMFP from the products which formed in 2 h pre-
chlorination. TCNM formation from DCNM was likely a rate-
determining step during chlorination.
ClO2 is also a selective powerful oxidant. While aromatic hy-

drocarbon, primary and secondary amine, aldehyde, and acetone
are unreactive with ClO2 under water treatment conditions, sulfur,
phenol and tertiary amine are reactive (Sharma and Shon, 2012).
Sulfur and tertiary amine are two preferential sites in ranitidine and
nizatidine when attacked by ClO2. A reported mechanism for sulfur
and ClO2 was involved in the reaction of ClO2 and cysteine, an
amino acid containing sulfur (Ison et al., 2006), where a cysteinyl-
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ClO2 adduct formed and then the adduct degraded to cysteine
sulfonic acid. ClO2 attacked initially the site of tertiary amine to
yield unstable primary product, which then degrade to m/z 286
[315-NC2H5þO] and m/z 303 [332-NC2H5þO] through N-deal-
kylation and hydroxylation. The change of m/z odd-even parity
suggested the cleavage of DMA functional groups (Ning, 2000). The
work of Rosenblatt's group (1967) provided a strong evidence that
ClO2 attack of tertiary amines leads to the cleavage of CeN bond. In
the case of the macrolide antibiotics, this reaction will result in the
loss of a methyl group or the loss of thewhole amino group. Oxygen
transfer productm/z 331 [315þO] and chlorine transfer productm/
z 349 [315 þ Cl] were detected after ClO2 oxidation in ranitidine
solution. In addition, oxygen and chlorine transfer products m/z
302 [286 þ O],m/z 320 [286 þ Cl] andm/z 336 [286 þ O þ Cl] from
the N-dealkylation product m/z 286 were also detected in the ra-
nitidine solution. Similarly, oxygen transfer product m/z 348
[332 þ O] and chlorine transfer product m/z 366 [332 þ Cl] were
detected after ClO2 oxidation in nizatidine solution. Oxygen and
chlorine transfer products m/z 319 [303 þ O], m/z 337 [303 þ Cl]
and m/z 353 [303 þ O þ Cl] from the N-dealkylation product m/z
303 were detected in the nizatidine solution. These chlorine
transfer products perhaps made a larger contribution to TCNMFPs.
These chlorine transfer products initially increased, then reached to
a maximum value, finally decreased with increasing ClO2 dosage. A
possible reason for the decrease of TCNMFP was that chlorine in
chlorine transfer products was replaced by oxygen at a higher ClO2
dosage (Debordea and von Gunten, 2008). The new oxygen prod-
ucts made little contribution to TCNMFPs.

Oxygen transfer productm/z 347 [315þ 2O] was detected in the
ranitidine solution and m/z 364 [332 þ 2O] was detected in the
nizatidine solution after KMnO4 oxidation. Reduced sulfur and CeC
double bond were two primary sites at which oxygen transfer took
place. Sulfur ether was very easy to be oxidized to sulphone or
sulfoxide by KMnO4 (Cremlyn, 1996). There was a symmetry-
adapted configuration between empty 3d orbital in sulfur and 2p
orbital in oxygen. A feedback coordination bond was formed when
the sulfur accepted lone pair electrons of oxygen. The oxidation of
CeC double bond by KMnO4 is an important and well-known re-
action in organic chemistry. Under alkaline conditions, olefins are
converted into the corresponding diols in good yield (Dash et al.,
2009). While in neutral or slightly basic solutions, a-hydroxyl ke-
tones are produced. These reactions are always accompanied by a
certain amount of CeC bond cleavage and under acidic conditions,
the cleavage products predominate. Supposing that oxygen trans-
ferred to the CeC double bond site, a syn addition reaction like a
beayer's reagent would occur leading to a diol formed. Finally a
nitroaldehyde not a nitromethane formed when the diol deeply
oxidation by subsequently chlorination.

4. Conclusions

KMnO4 was an ideal water treatment oxidant for removing the
nitro-based pharmaceuticals and controlling TCNM formation.
Although KMnO4 dosages in this study were higher than traditional
drinking water treatment, less than 2 mgL�1 KMnO4 were
consumed after 2 h reaction time. Oxidation with Cl2 and KMnO4

were more effective than ClO2 and O3 in removing the selected
model precursors. The precursors were removed over 95% by
250 mM election equivalent Cl2 or KMnO4 oxidation. However,
TCNM formation increased after Cl2, ClO2 and O3 oxidation but
TCNM formation decreased after KMnO4 oxidation. TCNMFP were
reduced about 50% by 250 mM election equivalent KMnO4
oxidation.

Some products had higher TCNMFPs after oxidation with Cl2,
ClO2 and O3. In contrast, products made little contribution to
TCNMFP after oxidation with KMnO4. Products had a low TCNMFP
after ozonation at a low level but a high TCNMFP after ozonation at
a high level. One possible reaction pathway that led to TCNMFP
increase was the formation of nitromethane or chloro-
nitromethane, which was a better TCNM precursor.
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