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ORIGINAL ARTICLE
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dilute aqueous solution: radical reactions and kinetics
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aInstitute for Energy Security and Environmental Safety, Centre for Energy Research, Budapest, Hungary; bDepartment of Organic
Chemistry and Technology, Budapest University of Technology and Economics, Budapest, Hungary; cDepartment of Chemical and
Environmental Process Engineering, Budapest University of Technology and Economics, Budapest, Hungary; dDepartment of
Pharmacodynamics and Biopharmacy, University of Szeged, Szeged, Hungary

ABSTRACT
The widely used antimalarial drug amodiaquine (AQ) contains a 7-Cl-quinoline unit, a substituted
4-aminophenol part connected through the amino group and a tertiary amine part. The 4-amino-
phenol unit can be easily oxidized through radical intermediates to iminoquinone. This reaction
also takes place in vitro and in vivo enzymatic reactions. The reaction is expected to have an
important role in degradation of AQ in surface waters and also during degradation in advanced
oxidation processes. In this paper by means of radiation chemical techniques the one-electron
oxidation and reduction of AQ were studied using transient kinetics, kinetics of AQ degradation,
formation and decay of end-products of radical reactions. The hydroxyl radicals were shown to
add both to the quinoline (� 38%) and aminophenol (� 50%) parts via formation of hydroxycy-
clohexadienyl radicals and by H-abstraction or by an electron removal from the tertiary amine
part of the molecule (� 12%). The dihydroxycyclohexadienyl radical formed on the aminophenol
part is suggested to transform to aminophenoxy radical. The hydrated electrons can also effect-
ively contribute to AQ degradation. Chemical oxygen demand and total organic carbon content
investigations were also made in order to characterize the ionizing radiation-induced oxidation
and mineralization. In aerated 0.1mmol dm�3 solution, at 2.5 kGy absorbed dose AQ and its
higher molecular mass degradation products demolished completely. Ionizing irradiation is a cap-
able technique for degradation of AQ under both oxidative and reductive circumstances.
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Introduction

The highly effective, and in Africa widely used,
antimalarial drug amodiaquine (AQ) [1] may cause hep-
atotoxicity in man [2]. The molecule (with IUPAC name
4-[(7-chloroquinolin-4-yl)amino] - 2-[(diethylamino)me-
thyl]phenol) contains a 7-Cl-quinoline unit, a substi-
tuted 4-aminophenol part connected through the
amino group and a tertiary amine part (Figure 1). AQ is
a diprotic weak base with pKa at 8.14 and 7.08. These
pKa’s correspond to the proton reaction involving the
side chain terminal nitrogen and the first proton reac-
tion involving the quinoline nucleus [3]. The 4-amino-
phenol unit can be easily oxidized through a radical
intermediate to iminoquinone. The free radical has
been reported to form also in in vitro and in vivo
enzymatic reactions [2,4]. In the last decades, with the
aim of removal of harmful organic contaminants from
water/wastewater, a family of new techniques, called
advanced oxidation processes is under developed.

In these processes inorganic radicals, mainly hydroxyl
radicals (�OH), are produced in photolytic, photocata-
lytic, radiolytic, etc., processes. These radicals attacking
the organic molecules produce organic radicals. AQ is a
frequently detected contaminant of wastewater in cer-
tain areas [5]. Thus studies on the radical reactions of
AQ have importance from both biochemical and envir-
onmental protection point of view.

Radiolysis techniques provide an excellent tool for
studying radical reactions. In the radiolysis of water
hydroxyl radical (�OH), hydrated electron (eaq

�) and
hydrogen atom (H�) reactive radical intermediates
(Reaction (1)) form with yields (G-values) of 0.28, 0.27
and 0.06 mmol J�1 (N2 saturated solution) [6]:

H2O ! OH, eaq�, H� (1)

In the radiation chemical practice the �OH reactions
are generally investigated in N2O saturated solution
(0.025mol dm�3) in order to transform eaq

� to �OH in
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Reaction (2). The eaq
� reactions are usually studied in

the presence of tert-butanol, which solute removes the
hydroxyl radicals from the system (Reaction (3)). In the
presence of dissolved O2 (air saturated solution), O2

��/
HO2

� pair (pKa ¼ 4.8) forms in eaq
� and H� reactions

(Reactions (4) and (5)). In this case, the main reacting
agents are �OH and O2

��/HO2
�:

eaq� þ N2Oþ H2O ! N2 þ �OHþ OH� (2)
�OHþ ðCH3Þ3COH ! H2Oþ �CH2ðCH3Þ2COH (3)

eaq� þ O2 ! O2
�� (4)

H� þ O2 ! HO2
� (5)

Using pulse radiolysis technique, the radical reac-
tions of AQ were studied by Bisby [2]. However, the rad-
ical reactions of its structural unit 4-aminophenol [7,8]
and also of the analgesic and antipyretic type drug mol-
ecule acetaminophen (paracetamol) [9–14] were investi-
gated by several research groups. The hydroxyl radicals
in their reactions with the aromatic molecules generally
add to the conjugated ring, direct oxidation (i.e. picking
up an electron from the attacked molecule) rarely
occurs. In pulse radiolysis studies direct oxidation
experiments applying N3

�, Cl2
��, (SCN)2

�� or Br2
�� one-

electron oxidants were also conducted with all the
three compounds. In these experiments such radical
intermediates were observed whose characteristics
were different from that of the phenoxyl radical (radical
site on the oxygen atom) generally observed in one-
electron oxidation of phenol type molecules. In
Reaction (6) the direct oxidation reaction is shown on
the example of the N3

� reaction with 4-aminophenol:

N3
� þ NH2C6H4OH ! NH2C6H4O� þ Hþ þ N3

� (6)

The phenoxyl radicals have characteristic absorption
bands around 400 nm with well-defined fine structure
and molar absorption coefficients of c.a. 3000mol�1

dm3 cm�1 [15]. However, in the cases of the formerly
mentioned compounds (e.g. 4-aminophenol), the band
is shifted to longer wavelength by about 50 nm and the
molar absorbance is higher by at least a factor of two.
Tripathi devoted several papers to the radical

intermediate that forms in 4-aminophenol reaction
[7,16–18]. The structure of the radical was established
to be more similar to that of a semiquinone than to
that of the phenoxyl radical. It means a considerable
part of spin density is concentrated on the nitrogen
atom. The radical is also called aminophenoxy radical.

In the transient spectrum of the
�OHþ acetaminophen reaction 1 ms after the pulse (sol-
ute concentration 0.5mmol dm�3) Bisby and Tabassum
[10] detected the absorbance of the typical hydroxycy-
clohexadienyl intermediate with absorption maximum
at 330 nm. It means, in the reaction, as a first step, a
radical adduct formed. However, 20 ms later a well
resolved peak appeared with kmax at 450 nm (Reaction
(7)). This absorbance also appeared when acetamino-
phen was directly oxidized by N3

�, Cl2
�– or Br2

�– to ami-
nophenoxy radical. In �OH reaction the 450 nm
absorbance was also attributed to the aminophenoxy
radical forming in dehydration of the hydroxycyclohex-
adienyl intermediate. The dehydration is fast process
taking place on the few ms timescale [10,14,19]. Bisby
[2] suggested a similar mechanism for the �OHþAQ
reaction:

OHþ NH2C6H4OH ! NH2C6H4
�ðOHÞOH ! NH2C6H4O

� þ H2O

hydroxycyclohexadienyl aminophenoxy

(7)

This work serves dual purposes. On the one hand,
we determine further details of the radical reactions
and suggest mechanism. On the other hand, for the
purpose of water purification we follow the course of
AQ decomposition and determine the efficiency in
irradiation technology.

Materials and methods

AQ hydrochloride, methyl viologen dichloride hydrate
(MV), 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), hydroquinone (H2Q)
were supplied by Sigma-Aldrich. KH2PO4 and K2HPO4

Figure 1. Structures of p-aminophenol, acetaminophen, and amodiaquine.
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for preparing buffers were provided by Reanal. Tert-
butanol was obtained from Molar Chemicals.

The samples in the end-product experiments were
irradiated in a panoramic type 60Co-c irradiation cham-
ber with doses 0, 0.2, 0.4, 0.6, 0.8, 1, 2.5, 5, 7.5 and 10
kGy under different conditions. The c-irradiations were
carried at room temperature at a dose rate of 10 kGy
h�1. The dose was determined using alcoholic chloro-
benzene dosimetry [20]. The samples were saturated
with N2O, N2 or air. In some experiments they were
gently bubbled during irradiations in order to avoid
oxygen depletion. The initial AQ concentration was
0.1mmol dm�3. The samples before and after irradi-
ation were characterized by using a JASCO 550 ultravio-
let–visible (UV–vis) spectrophotometer in 1 cm cell and
applying appropriate dilutions before taking
the spectra.

The transient intermediates of degradation reactions
were investigated by the pulse radiolysis technique.
Our microsecond pulse radiolysis experiments were per-
formed using 4MeV accelerated electrons with electron
pulse length of 800 ns and utilizing kinetic spectro-
photometric detection with 1 cm path length cell [21].
Pulse dosimetry was carried out with air saturated,
1� 10–2mol dm�3 KSCN solutions monitoring the tran-
sient product, ((SCN)2

��) at 480 nm (kmax) and calculat-
ing the dose with a molar absorbance of 7580mol�1

dm3 cm�1 [22]. The dose/pulse values were 20Gy/pulse.
Because AQ exhibits considerable light absorption in
the near UV range an optical filter was used to decrease
the effect of bleaching below 400 nm.

In order to identify and quantify the participating
free radicals (e.g. a-aminoalkyl) with different reduction
potentials, redox titration measurements were

Figure 2. Absorption spectra of 0.1mmol dm�3 unirradiated and irradiated AQ solutions under different conditions: in aerated
(a), in N2O saturated (b), in N2 saturated (c) and in N2 saturated tert-butanol containing (d) solutions. In order to remain in the
absorbance range where the Lambert-Beer low is expected to be obeyed two times dilution was applied.
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conducted. Methyl viologen (MV, E�(MV2þ/MV�þ) ¼
–0.448 V vs. NHE) was applied for the detection of
reducing a-aminoalkyl radicals [23]. MV�þ absorbs at
600 nm with e600 ¼ 11,850mol�1 dm3 cm�1 [24].
Oxidizing, nitrogen-centered radicals can be monitored
with ABTS and H2Q (E�(ABTS�þ/ABTS) ¼ 0.680 V [25]
and E�(Q��/Q2

�) ¼ 0.459 V [23]). The forming radicals
were detected at 415 and 430 nm (e415 ¼ 36,000mol�1

dm3 cm�1 and e430 ¼ 7200mol�1 dm3 cm�1), respect-
ively [26,27]. Based on the absorbances of forming radi-
cals the yields of reducing/oxidizing radicals
were calculated.

The removal of efficiency was evaluated by using
Agilent 1200 LC and Agilent 6410MS devices. The sep-
aration was carried out on a Kinetex XB-C18 column
(100� 2.1mm, particle size 2.6 mm) at 25 �C. The mobile
phase was the mixture of 0.1% formic acid aqueous
solution (A) and acetonitrile (B). Gradient elution was
performed as follows: the starting composition was 5%
B for 1min, then increased to 10% in 0.5min, kept this
condition for 9min, than increased to 50% in 0.5min.
The measurements were conducted in positive ioniza-
tion mode.

The time (dose) dependence of degradation was
characterized by the sum parameters, chemical oxygen
demand (COD) and total organic carbon (TOC) content
measurements used in environmental analysis of water
samples. COD values were assessed based on ISO
Standard 6060:1989 by a Behrotest TRS 200 COD sys-
tem. Shimadzu TOC-LCSH/CSN was used for the deter-
mination of TOC.

Results and discussion

UV–vis absorption spectra of amodiaquine in
c-radiolysis and pulse radiolysis experiments

The absorption spectra of samples irradiated by c-rays
in air, N2O and N2 (without and with tert-butanol
added) saturated samples are shown in Figure 2 (a–d).
Under these conditions the reactive intermediates are
�OHþO2

��/HO2
�, �OH, �OHþ eaq

�, and eaq
�, respect-

ively. The wide band between 300 and 400 nm in the
UV–vis spectrum exhibits kmax at 341 nm with emax of
16,400mol�1 dm3 cm�1. The absorbance gradually

Figure 3. Transient absorption spectra of AQ in 0.1mmol dm�3 N2O saturated solution containing 1mmol dm�3 phosphate buf-
fer in the 2–31 ms (a) and 36–1165 ms (b) time ranges. Insets of (b) and (c) depict the first-order formation and decay at 450 nm.
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decreases with the increasing dose and disappears at
2.5 kGy.

In air, N2 and N2O saturated solutions the �OH reac-
tions are dominant. �OH forms with yields: 0.28, 0.56
and 0.28mmol J�1, respectively. The transient intermedi-
ates in the �OHþAQ reaction were studied using pulse
radiolysis in N2O saturated solution (Figure 3). In the
400–700 nm wavelength range two bands can be dis-
tinguished: a strong band at �450 nm and a smaller
one at 525 nm.

�OH is expected to react with the Cl-quinoline, 4-
aminophenol and also with the tertiary amine part of
AQ. Based on the measured rate constant
(9.0� 109mol�1 dm3 s�1), at 0.1mmol dm�3 AQ con-
centration the �OH reaction is completed in c.a. 3 ms.
The radical adducts on Cl-quinoline (a, Scheme 1) and
4-aminophenol (c) parts of AQ are expected to exhibit
transient absorption between 300 and 400 nm as it is
typical for aromatic adduct (hydroxycyclohexadienyl)
radicals [8]. Due to the strong absorbance of AQ in this
range, we did not take the transient spectrum at wave-
lengths below 400 nm.

�OH is assumed to react with addition to both rings
of the Cl-quinoline part [28,29]. The reaction taking
place on this part is supported by the UV–vis spectra of
c-irradiated solutions. In cases when �OH played a key
role in degradation the 241 nm peak shifted to shorter
wavelength due dehalogenation. Similar shift was also
observed in �OH-induced dehalogenation of Cl-substi-
tuted phenylureas, e.g. monuron and diuron [30,31].

We expect a moderately fast �OH reaction with the Cl-
quinoline part of AQ due to the deactivating electro-
negative Cl- and N-atoms.

The absorbance above 400 nm can be attributed to
reactions on the 4-aminophenol part of AQ in agree-
ment with results on 4-aminophenol and acetamino-
phen [2, 8, 14]. �OH reaction in these molecules
produces 4-aminophenoxy radical with kmax � 440 nm
and emax � 5000mol�1 dm3 cm�1 [7,8]. The increasing
absorbance above 400 nm after the AQ þ �OH reaction
is completed is due to transformation of the first
formed hydroxycyclohexadienyl radical (c, Scheme 1) to
aminophenoxy radical (d) with a rate constant of
2� 105 s�1. The molar absorbance of this radical at
460 nm, based on AQ reaction with the directly oxidiz-
ing N3

� was suggested to be 14,000mol�1 dm3 cm�1

[2]. Using this molar absorbance and the absorbance
measured in our experiment, � 50% of the primarily
formed organic radicals transform to aminophe-
noxy radical.

At the pH of our investigations (pH ¼ 6.8) � 5% of
the N-atoms on the trialkyl amine part of AQ are depro-
tonated. The rate constant of reaction with deproto-
nated triethylamine is reported to be high,
1.0� 1010mol�1 dm3 s�1, while with the protonated
form it is low, 3.8� 108mol�1 dm3 s�1 [32]. Due to the
low percentage, the reaction with the deprotonated
form gives low contribution to the overall degradation.
In the reaction between �OH and the triethylamine part
of AQ a-aminoalkyl radicals are expected (f, Scheme 1)

Scheme 1. �OH reactions with AQ.
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[32,33]. These radicals may form by H-abstraction or by
deprotonation of the R1N

þ(C2H5)2 cation that can be
produced in direct oxidation.

To get a comprehensive picture about �OH-induced
chemistry of AQ, the yields of a-aminoalkyl and nitro-
gen-centered radicals were quantified in redox titration
experiments at 0.4mmol dm�3 AQ concentration
(Figure 4). a-aminoalkyl radicals as strong reducing spe-
cies react with MV2þ via electron transfer [33, 34]. MV�þ

was recorded with a yield of � 0.068 mmol J�1. �OH
may also react with the triethylamine part of AQ by pro-
ducing N-centered oxidizing aminium (R3N

�þ) and
aminyl (R2N

�) radicals. ABTS (R3N
�þ) and H2Q (R2N

�)
were applied for the quantification of nitrogen-centered
radicals. The results showed that aminyl radicals were
not produced in the system. Aminium radicals
(e, Scheme 1) were produced, albeit with low, � 10%

yield. These radicals may transform entirely to a-amino-
alkyl radicals (Scheme 1).

The eaq
� reaction was studied in N2 saturated solu-

tions containing 0.5mol dm�3 tert-butanol. Upon
c-irradiation the intensity of the 241 nm band in the
UV–vis spectrum (Figure 2(d)) decreased without wave-
length shift. In the transient spectrum (Figure 5) the
strong absorbance in the 500–700 nm range (the
absorbance of eaq

� (kmax � 720 nm, emax �
20,000mol�1 dm3 cm�1 [6,35])) decayed within 2 ms,
and a wide band remained with lower intensity. The lat-
ter is attributed to the AQ electron adduct. The rate
constant of eaq

� þ AQ reaction was found to be
1.6� 1010mol�1 dm3 s�1. It is higher than measured for
quinoline or 1-chloronaphthalene (7.1� 109 and
1.4� 1010mol�1 dm3 s�1, respectively, [36,37]) due to
the presence of Cl and N electronegative atoms in the

Figure 4. Transient absorption spectra in N2O-saturated solution containing 0.1mmol dm�3 AQ (a), kinetic traces recorded at
415 nm (b), at 430 nm (c) and 600 nm (d). Redox titration spectra in N2O saturated solution containing 0.4mmol dm�3 AQ and
0.1mmol dm�3MV (e), 0.4mmol dm�3 AQ and 0.07mmol dm�3 ABTS (g), 0.4mmol dm�3 AQ and 0.07mmol dm�3 HQ (i). The
insets of (e), (g) and (i) show kinetic curves recorded at 600 nm (f), 415 nm (h), and 430 nm (j).
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Cl-quinoline part. eaq
� is expected to react preferen-

tially with this part of AQ accommodating on the pyri-
dine ring. Zhu et al. [36] published a similar electron
adduct spectrum for quinoline molecule as we found
for AQ. The reactivity with the aminophenol part is
probably low. p-Aminophenol and acetaminophen react
with eaq

� with rate constants of 2.5� 108 and
5� 108mol�1 dm3 s�1, respectively [8,14]; the rate con-
stants of alkylamines are also in the few times
109mol�1 dm3 s�1 range [35].

Removal efficiency of amodiaquine

To get a more reliable and complementary picture
about the removal of AQ at each stage of treatment
liquid chromatographic separation with mass spectrom-
etry detection (LC-MS), COD, and TOC measurements
were conducted.

The samples containing 0.1mmol dm�3 AQ were
irradiated in aerated solutions (Figure 6). AQ is a highly
polar compound with log D ¼ –1.4 (at pH 5) [38]. AQ
eluted at 8.49min, it was detected using the molecular
ion ([MþH]þ) of 356. The drug concentration
decreased gradually with increasing absorbed dose
(Figure 6, inset). At 2.5 kGy dose no AQ and its degrad-
ation products were detected in the solutions.

Changes in COD values may characterize the rate of
oxidation (DCOD/dose), while changes in TOC give
information on the rate of mineralization. The initial
COD and TOC values in 0.1mmol dm�3 AQ solutions
were measured as 79mg (O2) dm�3 and 31mg (C)
dm�3, these values are close to the ones calculated

based on the molecular formula. The COD and TOC val-
ues decreased gradually with absorbed dose (Figure 7).

Based on changes in COD values, degradation of AQ
can be described by two different linear stages. At low
doses (0–3 kGy) the initial DCOD/dose slope was
6.6� 10–3mg dm�3Gy�1, then, above 3 kGy, the oxida-
tion rate decreased to 1.8� 10–3mg dm�3Gy�1. In the
first stage the degradation of the initial molecule and
its higher molecular mass organic transformation prod-
ucts takes place. At c.a. 2.5 kGy they disappear from the
solution (Figures 2(a) and 5). The higher molecular mass
products are expected to decay to small molecular
mass carboxylic acids, aldehydes and ketones [39] these
molecules are known to be oxidized very slowly. The
decrease of TOC with absorbed dose was almost linear,
the rate of mineralization was 1.6� 10–3mg dm�3

Gy�1. The initial rate of oxidation and mineralization
are different, the decrease in the COD value at 5 kGy
dose was about 50%, while in TOC this decrease was
only 30%.

The oxidation efficiency (E) is defined as the ratio of
the number of O2 molecules used for oxidation (calcu-
lated from DCOD/dose values) and the number of �OH
injected into the solution [40]. When this value is 1,
every �OH leads to incorporation of one O2 molecule,
i.e. the attack of the one-electron oxidant �OH leads to
four electron oxidations of the organic molecules. Such
high values were observed when the organic radical
formed in �OH reaction readily reacted with dissolved
O2. If the reactivity of the organic radical with O2 was
low, E was well below 1. Aminophenoxy type radicals
practically does not react with O2 [10,40].

For p-aminophenol and acetaminophen (also in air
saturated solutions) E¼ 0.55 and 0.4, respectively, were
measured [40]. Based on the initial DCOD/dose slope

Figure 5. Transient absorption spectrum of AQ taken in
0.1mmol dm�3 N2 saturated solution containing 0.5mol
dm�3 tert-butanol and also 1mmol dm�3 phosphate buffer in
the 0.9–28 ms time range. Inset displays a kinetic trace at
680 nm (b).

Figure 6. Decrease of AQ concentration in aerated solutions.
Inset: chromatogram of AQ and its degradation products.

FREE RADICAL RESEARCH 7



(Figure 7) E was found to be 0.7 for AQ. This value for
AQ is higher than reported for the two previously men-
tioned compounds, reflecting more efficient oxidation.
In all three cases aminophenoxy type radicals were sug-
gested to be produced in reaction with �OH. AQ is a
more complex molecule than p-aminophenol and acet-
aminophen, beyond the central p-aminophenol unit it
contains also quinoline and tertiary amine parts.
Formerly �OH was shown to attack these parts also
forming carbon atom centered radicals, which may
readily react with dissolved O2. The higher rate of oxi-
dation of AQ may be related to these reactions.

A comparison of LC-MS, COD and TOC results is
shown on the Figure 8. At 10 kGy dose AQ and its main

degradation products were entirely consumed.
However, the mentioned small molecular mass oxidized
organic molecules were yet present in the solution. This
high absorbed dose resulted in � 60% COD removal
and � 50% TOC removal in course of AQ
decomposition.

Conclusion

This study provided a detailed insight into the radical
reactions and decomposition of AQ under oxidative
and reductive conditions. �OH adds to both Cl-quin-
oline (� 38%) and aminophenol (� 50%) parts via for-
mation of hydroxycyclohexadienyl radicals and by H-
abstraction or by an electron removal from the tertiary
amine part of the molecule (� 12%). The hydroxycyclo-
hexadienyl radical formed on the aminophenol part is
suggested to transform to aminophenoxy radical. The
presence of electron withdrawing chlorine atom
increases the reactivity of eaq

� towards AQ
(1.6� 1010mol�1 dm3 s�1) compared to other N-con-
taining molecules such as aminophenols. In aerated
0.1mmol dm�3 solution, at 2.5 kGy absorbed dose AQ
and the higher molecular mass degradation products
detected by LC-MS disappeared completely. Ionizing
irradiation is a capable technique for degradation of AQ
under both oxidative and reductive circumstances.
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