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" Reaction kinetics of Fe(VI) and propranolol is similar to secondary amines.
" Complete transformation of propranolol by Fe(VI) in water.
" Opening of aromatic ring of propranolol by Fe(VI).
" Hydroxylation of amine moiety of propranolol by Fe(VI).
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a b s t r a c t

The oxidation of propranolol (PPL), a b-blocker by ferrate(VI) (Fe(VI)) was studied by performing kinetics,
stoichiometry, and analysis of the reaction products. The rate law for the oxidation of PPL by Fe(VI) was
first-order with respect to each reactant. The dependence of second-order rate constants of the reaction
of Fe(VI) and PPL on pH was explained using acid–base equilibrium of Fe(VI) and PPL. The required molar
stoichiometry for the complete removal of PPL was determined to be 6:1 ([Fe(VI)]:[PPL]). The identified
products using liquid chromatography–tandem mass spectrometry were oxidized product (OP)-292, OP-
308, and OP-282. The formed OPs could possibly compete with the parent molecule to react with Fe(VI)
and thus resulted in a non-linear relationship between degradation of PPL and the added amount of
Fe(VI). Rate and removal studies indicate the Fe(VI) is able to oxidize PPL and hence can also oxidize other
b-blockers, e.g., atenolol and metoprolol.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction may contribute to the toxicity. A b-blocker, propranolol (1-(1-
Emerging pollutants such as pharmaceuticals in the aquatic
environment are of increasing concern to the ecosystem sustain-
ability. Sources of pharmaceuticals in the surface water include
industry, hospital, and domestic wastewaters containing unused
or human excreted drugs (Deblonde et al., 2011). b-Blockers (b-
andrenergic receptor antagonists) are among the important class
of pharmaceuticals, which have been found at low concentrations
up to lg L�1 in surface waters (Benotti et al., 2009; Martínez Bueno
et al., 2012). The levels of b-blockers are expected to increase with
the increase of the world population and its age and high concen-
trations might be ecotoxicologically harmful. Some studies have
shown effect of b-blockers on the aquatic organisms (Huggett
et al., 2002; Küster et al., 2010). Mixtures of b-blockers have addi-
tive effects on the organisms and thus even low concentrations
methylethylamino)-3-(1-naphthyloxy)propan-2-ol, PPL), which
has significantly higher toxicity to aquatic organisms compared
to other b-blockers, atenolol and metoprolol (Fent et al., 2006), is
the focus of the present study.

Beta-blockers are not completely removed by conventional treat-
ment processes in a wastewater treatment plant (WWTP) due to
their recalcitrant nature (Gabet-Giraud et al., 2010). For example,
PPL was removed about 20% by WWTP (Gros et al., 2010). On the
other hand, no evidence for biotransformation or biologically med-
iated removal of PPL was observed while a very slow abiotic process
removing 20% of PPL over 79 d (Barbieria et al., 2012). Alternate
treatment methods such as advanced oxidation processes have been
tested to remove b-blockers in water (Benitez et al., 2011; Isarain-
Chávez et al., 2011; Chen et al., 2012; Köhler et al., 2012; Sirés and
Brillas, 2012). Treatment of PPL has been studied by photo-catalytic
oxidation, ozonation, UV/O3, UV/H2O2, and O3/H2O2, and electro-
chemically (Andreozzi et al., 2004; Benner et al., 2008; Piram et al.,
2008; Sharma, 2008; Benner and Ternes, 2009a,b; Kim et al., 2009;
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Sirés et al., 2010; Romero et al., 2011). The present paper reports the
oxidative degradation of PPL by environmentally friendly oxidant,
ferrate(VI) (FeVIO2�

4 ; FeðVIÞ).
In the last decade, several studies have shown potential of

Fe(VI) as oxidant, coagulant, and disinfectant in treating water
and wastewater (Jiang, 2007; Li et al., 2008; Lee et al., 2009; Lee
and von Gunten, 2010; Sharma, 2010, 2011, 2013; Makky et al.,
2011; Sharma et al., 2011; Jiang et al., 2012; Filip et al., 2011).
However, only handful studies have been performed on the kinet-
ics, stoichiometry, and products of the oxidation of pharmaceuti-
cals by Fe(VI) (Sharma et al., 2006a,b; Hu et al., 2009;
Anquandah et al., 2011; Zimmermann et al., 2012). The kinetics
and removal study on the b-blockers is limited only to atenolol,
which is also at one pH (i.e., pH 8.0) (Lee and von Gunten, 2010).
The objectives of the current paper are to: (i) determine the kinet-
ics of the reaction of Fe(VI) and PPL as a function of pH, and (ii)
determine stoichiometry and identify oxidized products (OPs) of
the reaction between Fe(VI) and PPL.
2. Experimental

2.1. Reagents

Propranolol, sodium acetate, sodium borate, ammonium acetate,
and sodium hydrogen phosphate were purchased either from Sig-
ma–Aldrich (St. Louise, MO, USA) or Fisher-Scientific (Austin, TX,
USA) with purity higher than 97%. HPLC-grade solvents of acetoni-
trile and methanol were obtained from Fisher-Scientific. Solid potas-
sium ferrate (K2FeO4) of �98% purity used in the experiments was
synthesized by the wet method (Luo et al., 2011). Fe(VI) solutions
were prepared by addition of solid K2FeO4 to 1 mM Na2B4O7�
10H2O/5 mM Na2HPO4 at pH 9.0. Concentrations of Fe(VI) in the
solution were determined spectroscopically at a wavelength of
510 nm using an UV–Vis spectrophotometer (Agilent 8453,
Santa Clara, CA, USA). A molar absorption coefficient, e510nm = 1150
M�1 cm�1 was used to determine Fe(VI) concentration at pH 9.0
(Luo et al., 2011). All solutions were prepared using doubly distilled
water that had been passed through an 18 MX cm Milli-Q
(Millipore, Waters Alliance, Milford, MA, USA) water purification
system. Stock solutions of PPL were prepared by dissolving the
solid compound in the 10 mM Na2HPO4 buffer solution. The solution
pH was adjusted to the desired pH by adding either NaOH or phos-
phoric acid. Spectral measurements of the solutions to determine
the concentration of Fe(VI) were conducted on the UV–Vis
spectrophotometer.

2.2. Kinetic studies

A stopped-flow spectrophotometer (SX-18 MV, Applied Photo-
physics, Surrey, UK) with a photomultiplier detector was used for
the kinetic studies in which the PPL was in excess. Kinetic traces
were collected at a wavelength of 510 nm to determine the pseu-
do-first-order rate constants. Data collected from the stopped-flow
spectrophotometer were analyzed using the nonlinear least-square
algorithm of the SX-18MV Global Software (Applied Photophysics,
Surrey, UK). Rate constants obtained represent the average of six
replicate runs. The pseudo-first-order rate constants for the reac-
tion were obtained by subtracting the observed rate constants
from the rate constants for self-decomposition of Fe(VI) at each
studied pH (Sharma, 2010).

2.3. Stoichiometry and products studies

The stoichiometry experiments for the oxidation of PPL by
Fe(VI) oxidation were carried out by mixing equal solution vol-
umes of 10 mL and the reaction mixtures were maintained at pH
9.0. The concentration of PPL were kept at 0.1 mM and the concen-
trations of Fe(VI) varied from 0.1 to 0.6 mM. The Fe(VI) concentra-
tion was monitored until no residual Fe(VI) was detectable. The
solutions were filtered using 0.45 lm nylon filters into HPLC vials.
The concentration of the PPL in the resulting reaction mixtures was
quantified by the use of an HPLC (Waters Alliance 2695, Milford,
MA, USA) with a RP-C18 column (5 lm; 250 � 10 mm, Alltima,
Deerfield, IL, USA) at a wavelength of 292 nm. A binary mobile
phase consisting of 35% Solvent A (20 mM ammonium acetate)
and 65% Solvent B (acetonitrile) at a flow rate of 0.5 mL min�1

and injection volume of 70 lL were used in an isocratic elution
mode.

The OPs from the reaction of Fe(VI) with PPL were analyzed by
using LC in combination with tandem MS (LC–MS/MS). The con-
centration of PPL was also analyzed using LC–MS/MS. The instru-
mentation consists of an Accela UPLC pump and a HTC-PAL
autosampler LC system attached to TSQ Quantum Access QqQ Mass
Spectrometer (Thermo Scientific, San Jose, CA, USA). Chromato-
graphic separation of PPL and its transformation products was
achieved on a Hypersil Gold column C18 (1.9 lm; 50 mm �
2.1 mm, Thermo Scientific, San Jose, CA, USA) using a binary gradi-
ent mobile phase of acetonitrile and 0.1% formic acid in water. Mo-
bile phase gradient cycle is shown in Supplemental material (SM),
Table SM-1. For the ionization of analyte molecules, an Ion Max API
Heated Electrospray Ionization source operated in the positive
mode with the capillary temperature of 350 �C, vaporizer temper-
ature of 400 �C and a spray voltage of 3500 V was used. Data were
acquired in the full scan mode (40–350 m/z) for the identification
of PLL oxidation products and MS/MS information on the identified
products was obtained in a secondary analysis by isolating the pre-
cursor ions detected in the full scan run and monitoring for all
product ions. Quantitative measurements were done in selected
reaction monitoring mode with three specific transitions. The opti-
mized parameters for mass analysis are given in Table SM-2.

3. Results and discussion

3.1. Kinetics

Initially, experiments were carried out at pH 8.1 and 25 �C to
determine the rate law of the reaction between Fe(VI) and PPL.
The rate expression for the reaction of Fe(VI) with PPL can be ex-
pressed as the following equation:

�d½FeðVIÞ�
dt

¼ k½FeðVIÞ�m½PPL�n ð1Þ

where [Fe(VI)] and [PPL] are the concentrations of Fe(VI) and PPL, m
and n are the orders of the reaction with respect to the concentra-
tions of Fe(VI) and PPL, respectively and k is the overall reaction rate
constant. The kinetic studies were carried out under pseudo-order
conditions with PPL in excess. Eq. (1) can be re-written as:

�d½FeðVIÞ�
dt

¼ k1½FeðVIÞ�m ð2Þ

where k1 = k [PPL]n. The decrease in absorbance of Fe(VI) as a func-
tion of time could be fitted nicely to single exponential decay, which
indicates that the rate is first-order with respect to the concentra-
tion of Fe(VI), i.e., m = 1. Different values of k1 were determined
from the slopes of linear plots at various concentrations of PPL at
different pHs. The values of k1 increased linearly with the concen-
tration of PPL (Fig. SM-1). The plot of log k1 versus log [PPL] was lin-
ear (R2 = 0.99) and a slope of 0.84 ± 0.09 (Fig. SM-1) was obtained.
This indicates that the reaction was first-order with respect to the
[PPL], i.e., n = 1 (Fig. SM-1). The rate law for the reaction between
Fe(VI) and PPL can then be expressed as:
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�d½FeðVIÞ�
dt

¼ k½FeðVIÞ�½PPL� ð3Þ

Similar experiments were also conducted to determine the rate
constants at different pH. A plot of the values of k as a function of
pH is presented in Fig. 1. A value of k for oxidation of PPL at pH 8
was 20 M�1 s�1, which is slightly higher than that of the oxidation
of atenolol by Fe(VI) (k � 7 M�1 s�1) (Lee and von Gunten, 2010).
Other pharmaceuticals containing amine moieties, tramadol, enro-
floxacin, and ciprofloxacin have values of k as 7.4, 24, and 1.7 �
102 M�1 s�1, respectively, at pH 8.0 (Lee et al., 2009; Anquandah
et al., 2011; Zimmermann et al., 2012). Comparatively, sulfona-
mides had generally higher rates than those of amines containing
pharmaceuticals (Sharma et al., 2006a,b).

There was decrease in rate constant with decrease in pH from
9.3 to 8.0, followed by slight decrease as pH was lowered to 7.0.
Similar trend of the pH dependence was also observed for the oxi-
dation of secondary amine, dimethylamine, by Fe(VI) (Carr, 2008;
Lee and von Gunten, 2010). PPL is a secondary amine molecule
and oxidation of it by Fe(VI) may thus involve the amine moiety.
The pH dependence behavior in rate may be explained by consid-
ering the following equilibria of Fe(VI) and the PPL in the studied
pH range.

HPPLþ�Hþ þ PPL; pKa ¼ 9:5 ðBenner et al:; 2008Þ ð4Þ
H2FeO4�Hþ þHFeO�4 ; pKa2 ¼ 3:5 ð5Þ
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Considering the studied pH range of the reaction between Fe(VI)
and PPL, the three species of Fe(VI) (i.e., H2FeO4, HFeO�4 , and FeO2�

4 )
with the two species of PPL (i.e., HPPL+ and PPL) could possibly re-
act with each other. The pH dependence can therefore be modeled
by the following equation:

k½FeðVIÞ�tot½PPL�tot ¼ Ri¼1;2;3; j¼1;2kijai bj½FeðVIÞ�tot½PPL�tot ð7Þ

where [Fe(VI)]tot = [H2FeO4] + [HFeO�4 ] + [FeO2�
4 ]; [PPL]tot = [HPPL+]

+ [PPL]; ai and bj represent the species of Fe(VI) and PPL, respec-
tively; i and j are each of the species of Fe(VI) and PPL respectively
and kij is the species-specific second-order rate constant for the
reaction between the Fe(VI) species i and the PPL species j. While
there were six possible reactions from the expression of Eq. (7), only
pH
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Fig. 1. The observed second-order rate constants (k, M�1 s�1) as a function of pH for
the reaction between Fe(VI) and PPL at 25 �C.
two of the following three reactions (8)–(10) were needed to fit the
experimentally observed rate constants.
HFeO�4 þHPPLþ ! FeðOHÞ3 þ ProductðsÞ k8

¼ ð1:8� 0:50Þ � 101 M�1 s�1 ð8Þ
HFeO�4 þ PPL! FeðOHÞ3 þ ProductðsÞ k9

¼ ð3:6� 0:24Þ � 102 M�1 s�1 ð9Þ
FeO2�
4 þHPPLþ ! FeðOHÞ3 þ ProductðsÞ k10

¼ ð2:0� 0:13Þ � 101 M�1 s�1 ð10Þ

Reactions (9) and (10) introduce proton ambiguity and thus the
experimental values of k could be fitted by using either reactions
(8) and (9) or reactions (8) and (10) (solid line in Fig. 1). Contribu-
tion of the individual reactions to the rate constant is also shown
(dashed lines, Fig. 1). In the alkaline medium, one of the two reac-
tions (9) and (10) mainly contributed to the rate constants while
reaction (8) was largely controlling the rate of the oxidation of
PPL by Fe(VI) at a neutral pH. Because deprotonated amines usually
reacts faster than protonated amines with oxidizing agents, it is
likely reactions (8) and (9) might be contributing the rates of the
oxidation of PPL by Fe(VI).
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Fig. 2. Removal of PPL (a) and integrated peak areas of products (b) versus molar
ratios of Fe(VI) to PPL for the reaction at pH 9.0 (h – LC-PDA; N – LC–MS).



Scheme 1. Oxidation of propranolol by Fe(VI) ion.
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3.2. Stoichiometry

The stoichiometry of the reaction between Fe(VI) and PPL was
studied to estimate the dose of Fe(VI) required for complete re-
moval of PPL. In fact, the required does of F(VI) might vary depend-
ing on the solution pH. In this study, however, the stoichiometry of
the reaction between Fe(VI) and PPL at pH 9.0 was determined by
mixing the solutions of Fe(VI) and PPL in which the concentration
of PPL was fixed and the concentration of Fe(VI) was varied
(Fig. 2a). An increase in the concentration of the Fe(VI) resulted
in a decrease in the concentration of PPL. Significantly, the de-
crease in the concentration of PPL was not linear and required con-
centration of Fe(VI) for complete removal of PPL was �6 times over
the concentration of PPL. The linear portion of the decreasing curve
suggests that almost 50% of the PPL could be removed by using
twice the amount of Fe(VI). The remaining 50% removal of PPL
needed four times the concentration of Fe(VI). This indicates Fe(VI)
in the reaction mixture was not only consumed by the PPL but also
by the OPs of the reaction. Furthermore, the rates of the reactions
of Fe(VI) with OP(s) are similar to cause the competition with the
reaction of Fe(VI) with the parent molecule.

3.3. Identification of OPs

Finally, a study on the products of the oxidation of PPL by Fe(VI)
was carried out at pH 9.0. Because of the amine group in the PPL,
tests were performed to learn if inorganic products were formed.
Ammonia was tested using ion-selective electrode and no detec-
tion level of ammonia was made. Tests were also negative for the
NO�2 and NO�3 ions, hence, the amine group of PPL was not trans-
formed to inorganic oxy-nitrogen ions. However, several OPs were
identified at different molar ratio of Fe(VI) to PPL. A plot of peak
areas of the identified OPs versus the molar ratio is shown in
Fig. 2b. Mass spectra of the identified OPs from the oxidation of
PPL by Fe(VI) are given in Figs. SM-2–4. MS/MS spectra of OPs were
found to be similar to the previously reported spectra (Benner
et al., 2009b).

The product, OP-292 was initially formed and the maximum
peak area of this product was observed at a molar ratio of 3:1 ([Fe
(VI)]:[PPL]). An increase in the peak area of OP-308 was also
observed after a molar ratio of 2:1. The maximum of the OP-308
was at a molar ratio of >4. At a molar ratio of 6, complete removal
of OP-292 and OP-308 were observed (Fig. 2). At this molar ratio,
PPL was also completely removed (see Fig. 2a). At molar ratios of
>6, a new product, OP-282 was formed (Fig. 2b). The observed
trend indicates that the oxidation of PPL involves cleavage of an
aromatic ring. Scheme 1 shows the proposed plausible pathway
for the formation of OPs during the reaction between Fe(VI) and
PPL.

Oxidation products shown in Scheme 1 suggest that the Fe(VI)
is attacking both moieties, naphthalene and secondary amine
group of PPL. The initial attack of Fe(VI) on the double bond of
the activated aromatic ring system of PPL on each side leads to
opening of a ring via 1,3-dipolar cycloaddition, which resulted in
OP-292 having two aldehyde groups (Scheme 1). The opening of
the nitrogen-containing organic molecules by Fe(VI) has also been
observed previously (Sharma et al., 2006a,b; Yong et al., 2006;
Anquandah et al., 2011). This initial step is similar to oxidation of
PPL by O3 (Benner and Ternes, 2009b). The simultaneous formation
of OP-308 indicates that the initial step (Fig. 2b) was followed by
the attack of Fe(VI) to the amine moiety of the PPL to form the sec-
ond oxidized product. The hydroxylation of the secondary amine
has been suggested previously (Carr, 2008). When both OP-292
and OP-308 degraded completely, the third OP, OP-282 appeared
which could possibly be from the oxidation of the double bond
in a-position of the aldehyde groups; causing the cleavage of the
group to yield the third product (Scheme 1).
4. Conclusions

The reaction between Fe(VI) and PPL followed second-order
kinetics and the dependence of the second-order rate constant on
pH was successfully explained using the species-specific rate con-
stants of the reactions of Fe(VI) with PPL. The identification of OPs
of PPL allowed proposing a simple reaction pathway. The primary
product of the oxidation was OP-292, which was then oxidized to
OP-308 via oxidation of its amine moiety. Further oxidation of OP-
308 yielded OP-282. The OPs have aldehyde groups, which can be
further oxidized by adding Fe(VI) beyond the initial required stoi-
chiometry. However, formation of potentially toxic degrades such
as aldehydes could be of concern and future studies may include
toxicity tests of the products from the reaction between Fe(VI)
and the b-blocker.
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