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The objective of this work was to evaluate the removal of ibuprofen (IBP) using the oxidants hydrogen per-
oxide (H,0;) and sodium persulfate (Na,S,0g). The ability of magnetite (Fe304) to activate persulfate (PS)
and H,0, for the oxidation of IBP at near neutral pH was evaluated as well. The use of soluble Fe?™ to activate
H,0, and Na,S,0g was also investigated. H,0, and Na,S,0g were inactive during the sixty-minute experi-
ments when used alone. However, activation using Fe?" increased the removal to 95% in the presence of
H,0, (Fenton reaction) and 63% in the presence of Na,S,0g at pH 6.6. Chemical oxygen demand (COD) re-

ﬁ{;‘;ﬁi moval was also greater for Fenton oxidation (65%) than for iron-activated PS oxidation (25%). Activation of
Oxidation H,0, and PS by Fe304 was only observed at a high oxidant concentration and over 48 h of reaction time.
Persulfate A second order rate kinetic constant was determined for H,0, (3.0x107>M~'s™ 1) and Na,S,Os
Fenton reaction (1.59+1073M~ s~ 1) in the presence of Fe;0,. Finally, several of the degradation products formed during
Magnetite oxidation of IBP in the presence of H,0, and Na,$,0g (activated by Fe?") were identified. These include

oxalic acid, pyruvic acid, formic acid, acetic acid, 4-acetylbenzoic acid, 4-isobutylacetophenone (4-IBAP)

and oxo-ibuprofen.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ibuprofen (2-(4-isobutylphenyl) propanoic acid) is a non steroidal
anti inflammatory, antipyretic and analgesic drug. It is widely used for
the treatment of inflammatory disorders such as rheumatoid arthritis
and for pain relief. In 1984 it was approved as an over the counter
drug and since then, non-prescription sales have tripled in North
America (Caviglioli et al., 2002). IBP is degraded in the human body
into its principal metabolites hydroxy-IBP, carboxy-IBP and to
carboxy-hydratropic acid (Buser et al., 1999; Fent et al., 2006),
which have been found together with IBP in raw sewage (Heberer,
2002). In Canada, IBP and one of its metabolites have been detected
in the effluent of a primary wastewater treatment plant at concentra-
tions greater than 500 ng L~ ' (Gagnon and Lajeunesse, 2008) while
in Europe and the US, concentrations of up to 10 g L~ ! were detected
(Méndez-Arriaga et al,, 2010; Pomati et al., 2004; Zorita et al., 2009).
There is currently no quantified limit to the discharge of IBP in waste-
water from manufacturing plants in Canada. However, considering that
some physiological changes such as growth inhibition of a Macrophyte
species (Lemna Minor) and stimulated production of the stress hor-
mone abscisic acid in Lemna Minor (Pomati et al, 2004) have been
linked to IBP, more stringent regulations are expected in the near
future. Simple, efficient and cost-effective treatment options for the
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wash-water of vessels used in the production process of IBP-containing
pills will thus become essential to the pharmaceutical industry. Various
oxidation processes have been investigated for the removal of IBP in
water but their efficiencies of removal have varied from no removal to
complete removal (Caviglioli et al., 2002; Huber et al., 2003, 2005; Lee
and von Gunten, 2009; Madhavan et al., 2010; Méndez-Arriaga et al,,
2010, 2008; Skoumal et al., 2009). Furthermore, toxic transformation
products were formed in a few cases (Caviglioli et al., 2002; Madhavan
et al,, 2010; Méndez-Arriaga et al., 2010). More work is thus still needed
to identify the best treatment option(s) for IBP-containing industrial
wastewaters.

All past research pertaining to the removal of IBP by the Fenton pro-
cess only considered using soluble Fe?™ (traditional Fenton's reagent)
and in most of these studies, low pH conditions (pH<4) were required
to prevent the precipitation of iron (Méndez-Arriaga et al, 2010;
Skoumal et al,, 2009). Unlike the classical Fenton process, the reaction
of Fe-bearing minerals with hydrogen peroxide (H,0-) can effectively im-
prove the oxidation of organic molecules at circumneutral pH. This has
been demonstrated for other contaminants such as 2,4,6-trinitrotoluene
and phenol (Matta et al,, 2007, 2008a, 2008b) but has yet to be shown
for IBP. The degradation of pharmaceutical compounds by Fenton's re-
agent and a Fenton-like system has also been reported at acidic condi-
tions (Goi et al., 2008; Hofmann et al, 2007; Méndez-Arriaga et al.,
2010; Skoumal et al., 2009). However the removal of IBP at neutral pH,
which is less abrasive to the environment, would be more appealing for
applications in the treatment of wastewater or wash water that is pro-
duced in IBP processing plants.


http://dx.doi.org/10.1016/j.scitotenv.2012.04.034
mailto:viviane.yargeau@mcgill.ca
http://dx.doi.org/10.1016/j.scitotenv.2012.04.034
http://www.sciencedirect.com/science/journal/00489697

N. Sabri et al. / Science of the Total Environment 427-428 (2012) 382-389 383

Persulfate (PS) was also proven to be very useful for the elimina-
tion of contaminants such as diphenylamine, trichloroethylene, ben-
zene, toluene, ethyl benzene and xylene in aqueous and soil slurries
(Liang et al., 2004a, 2004b, 2008). However, currently only one
study investigated the use of PS or activated-PS for the elimination
of a different pharmaceutical product, sulfamonomethoxine (Yan et
al.,, 2010). Although the activation of PS by soluble iron to form a sul-
fate radical (SO4¢ ™) has been previously reported, the initiation of PS
decomposition by iron oxide minerals has been scarcely investigated
(Ahmad et al., 2010; Yan et al., 2010).

Minerals like ferrihydrite, goethite, manganese oxide and clay
were used to activate the oxidation reaction of organic compounds
(Ahmad et al., 2010). Fe'-bearing minerals like magnetite (Fe50,4)
were found to be the most effective catalyst as compared to the
only Fe'' oxides for heterogeneous catalytic oxidation of organic pol-
lutants (Ahmad et al,, 2010; Matta et al.,, 2007, 2008b; Xue et al.,
2009b, 2009c¢). In addition, Fe;04 exhibited excellent structural and
catalytic stabilities. FesO, can be magnetically recovered and re-
used for several oxidation cycles; it is abundant in environmental set-
tings and has a low solubility in aqueous solution (Schwertmann and
Cornell, 2000; Xue et al., 2009a, 2009c). To date, the use of Fe;0,4 (the
most stable mixed valence oxide), to activate PS or H,0,, has not been
tested for IBP removal.

The objectives of this study were to (i) examine the oxidation of IBP
by H,0-, and PS at near neutral pH, (ii) test the ability of soluble Fe'' and
Fe304 to activate H,0O, or PS, (iii) determine the extent of mineraliza-
tion and identify the degradation products of IBP oxidation.

2. Materials and methods
2.1. Chemicals

Ibuprofen (>98%), magnetite powder (Fe;04, 98%), sodium per-
sulfate (NayS;0g, 99%), ammonium acetate (>99.9%) and iron chlo-
ride tetrahydrate (FeCl,+4H,0, >99%) were purchased from Sigma-
Aldrich. Hydrogen peroxide (H,0, 35% w/w) was purchased from
EMD Chemicals. HPLC grade methanol (>99.9%) and HPLC grade am-
monium acetate (>99.0%) were purchased from Fisher Scientific.
Hydrochloric acid (HCI, >99%), sodium chloride (NaCl, >99.5%), sodi-
um hydroxide (NaOH, 0.1 M), 4-acetylbenzoic acid (98%), oxalic acid
(>99%), 4-ethylbenzaldehyde (98%), formic acid (98%), pyruvic acid
(98%) and acetic acid (98%) were purchased from Sigma Aldrich.
Oxo-ibuprofen was purchased from Santa Cruz Biotechnology Inc.,
and 4-isobutylacetophenone (4-IBAP, >96%) from TCI America. Ni-
trogen (N, 99.99%) was purchased from Megs.

2.2. Characterization of iron(ll, III) oxide

The X-Ray Diffraction (XRD) data were collected with a D8 Bruker
diffractometer equipped with a monochromator and a position-
sensitive detector to confirm the nature of the oxide (Fes04) before
and after the oxidative treatment. The X-ray source was a Co anode
(N=0.17902 nm). The diffractogram was recorded in the 3-64° 26
range, with a 0.0359° step size and a collecting of 3 s per point. The par-
ticle size distribution of Fe304 was measured using a Mastersizer 2000
from Malvern Instruments. The Tristar 3000 from Quantachrome In-
struments was used to determine the specific surface area of Fe;0y4
by Nitrogen Brunauer-Emmett-Teller (N,-BET) analysis. The point of
zero charge (pzc) of Fe304 was determined through potentiometric ti-
trations (Xue et al., 2009a).

Scanning Electron Microscopy (SEM) analysis was used to deter-
mine the morphology of the purchased Fe;0,4 The SEM images were
collected with a HITACHI FEG 54800 apparatus operated with a beam
current of 3 pA and an accelerating voltage of 20 kV (analyzed micro-
volume of ~6 um?). The solid powder was glued on an adhesive surface
and metalized with a thin layer of gold.

Transmission Electron Microscopy (TEM) analysis was also per-
formed to obtain information regarding the morphology, the size,
shape and arrangement of the particles. TEM observations were carried
out with a Philips CM20 TEM (200 kV) coupled with an EDAX energy dis-
persive X-ray spectrometer (EDXS). The solid powder was re-suspended
in 2 mL ethanol under ultrasonication and a drop of suspension was
evaporated on a carbon-coated copper grid which was placed on filter
paper for analysis.

2.3. Edge sorption and sorption isotherms

Edge sorption experiments were conducted to determine the ef-
fect of pH on IBP sorption onto Fe;04. A solution with final concentra-
tions of 0.1 mM IBP and 1gL~" of Fe;04 ([Fe total]=13 mM) was
prepared in 10 mM NaCl (NaCl was used as the supporting electro-
lyte). The pH was then adjusted using either HCI or NaOH. For each
pH value, 3 mL samples were extracted and filtered through 0.22 pm
polyvinylidene fluoride (PVDF) syringe filters (Millipore) that were
previously shown not to sorb IBP. A UV-visible spectrophotometer
(Agilent 8543 spectrophotometer) was used to determine the IBP
concentration in solution at 273 nm and the adsorbed amount was
calculated by the depletion method (Matta et al., 2007).

Sorption isotherms were determined at 20 °C. Variable initial IBP
concentrations (0-0.5 mM) were prepared with Fe;04 (final concen-
tration of 1 gL~ ") at pH 6.6+ 0.2. As before, the IBP solutions were
prepared in 10 mM NaCl. Before analysis, the suspensions were cen-
trifuged, filtered and analyzed by UV-visible spectroscopy as previ-
ously described.

2.4. Oxidation experiments

H,0, and Na,S,0g were used to degrade a 0.1 mM solution of IBP
(concentration in reverse osmosis water, representative of levels ob-
served in industrial wastewater) in the presence and absence of both
Fe?" and Fe;0,. Experiments for optimization of oxidant concentra-
tion (H,0, and Na,S,0g) were first conducted by varying the oxidant
concentration between 1 mM and 10 mM in the presence and ab-
sence of 1 mM of Fe?™. Replicates were then carried out under the op-
timal oxidant concentration (in the absence or presence of the iron
species) in a 250 mL beaker sealed with parafilm and covered with
aluminum foil to prevent any photo-transformation. The experiments
were conducted at pH of 6.6 4+0.2. 3 mL samples were withdrawn at
selected time intervals for 60 min and filtered using 0.22 pm syringe
filters and analyzed.

For the oxidation experiments using Fes0,4, Fes04 was added at a
concentration of 1gL™! ([Fe total]= 13 mM) before the experiments
were initiated. When Fe?* was used, iron chloride tetrahydrate FeCly«
4H,0 was added to the IBP solution to obtain a concentration of 1 mM
of Fe?*. N, was bubbled in the solution to prevent the oxidation of
Fe?* to Fe3™ prior to commencing the experiment and throughout.

In order to determine the role of Fe50, in the kinetic investigation of
IBP removal, oxidation experiments were also carried out using higher
oxidant concentrations (10 mM) over a longer time frame (48 h).

2.5. Analytical methods

Residual IBP concentration were monitored using High Perfor-
mance Liquid Chromatography (HPLC) (Agilent Technologies 1200 se-
ries) equipped with an Eclipse XDB C-18 (5 pm, 4.6 mm x 250 mm)
column (Agilent Technologies) using a diode array detector at a wave-
length of 220 nm and 254 nm. Mobile phases consisted of methanol
and ammonium acetate (20 mM adjusted to pH 3.0 using formic
acid). The flow rate was 0.7 mL/min. The gradient used was the follow-
ing; 0 min=60% B, 3% A, 2 min=67% B, 3% A, 4 min=74% B, 3% A,
6 min=281% B, 3% A, 8 min=2388% B, 3% A, 10 min=95% B, 3% A,
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12 min=97% B, 3% A and 25 min =97% B, 3% A. Where A is ammoni-
um acetate, B is methanol and the remainder is reverse osmosis water.

The limit of detection of IBP of this method was 0.1 mgL™'
(0.5 uM). The product identification was carried out by comparison
with standards analyzed using a mass spectrometer (MDS/Sciex
QTrap mass spectrometer) equipped with a Turbolon Spray ionization
source operated in positive and negative ion mode.

The extent of mineralization was estimated using Chemical Oxy-
gen Demand (COD) measured using a HACH Digital Reactor Block
(DRB 200), a HACH spectrophotometer (DR/2500) and low range di-
gestion vials (0-150 mg L™ ). Ferrozine method was used to quantify
the amount of Fe?* (Kostka and N, 1998; Lovley and P, 1986). Total Fe
was determined using Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) (Thermo Trace Scan equipped with a mini-
crossflow nebulizer from SCP Science and a baffled quartz cyclonic
spray chamber).

3. Results and discussion
3.1. Characterization of Fes04

The XRD diffractogram of Fe30,4 is shown in Fig. 1a. Five diffraction
peaks at 26 =21.2°, 35°, 41.2°, 50.4° and 62.8° could be assigned to
Fe304, (Schwertmann and Cornell, 2000). The d-space values of these
main peaks were 2.53, 2.96, 2.09, 4.85 and 1.71 A, which may respec-
tively correspond to the more intense lines of Fe304; 311, 220, 400,
111 and 422. Fe30y is the only pure oxide of mixed valence and is usu-
ally represented by the formula (Fe>*).Fe3"Fe?],04 (Xue et al,
2009a). It has a cubic spinel structure with iron in both tetrahedral
and octahedral sites. The XRD diffractogram recorded at the end of
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oxidation reaction was found to be similar to that recorded before reac-
tion, indicating good stability of Fes0,4 during the oxidation process.
The surface area determined by BET method was 8.0 m? g~ '. The pzc
value estimated from potentiometric titration was around 9.

SEM image shows that the Fes0,4 particles are highly aggregated and
exhibit irregular shapes (Fig. 1b). The size of the particles is non-uniform
and ranges between ~100 and ~400 nm. If we consider that the particles
are spherical and have a density of 5.15x10% g m™3, the radius of these
particles can be related to the surface area as A=6/(pd)=8m?g~ .
Thus, the average diameter calculated assuming a spherical shape is
~150 nm.

TEM image (Fig. 1c) indicates that the Fe30,4 particles are more or
less rhombohedral in shape, with crystals varying between 100 and
300 nm in length. TEM combined with EDXS yields an elemental anal-
ysis of the sample. Elemental ratios can be calculated by EDXS and
compared with known mineralogical compositions. EDX microanaly-
ses of samples before and after oxidation reactions showed the char-
acteristic Fe/O ratio of Fe304.

3.2. Sorption of IBP onto Fes0y

The effect of varying the solution pH value (3-9) on the adsorption
of IBP is illustrated in Fig. 2a. Sorption of IBP onto the iron oxide de-
creases sharply at pH values greater than 5. The observed sorption be-
havior can be attributed to a combination of pH-dependent speciation
of IBP (pK;=4.54) and surface charge characteristics of the Fe;0,4
(pzc=9). Based upon surface charging, adsorption is high at low pH
values and then decreases when pH increases. The charge repulsion is
expected at high pH where the sorbate and sorbent are both negatively
charged. Such sorption behavior has also been observed for some

311

400

4.0kV 7.0mm x30.0k SE(U)

Fig. 1. (a) XRD diffractogramm (b) SEM and (c) TEM images of the Fe;04 used.
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Fig. 2. (a) IBP sorption onto Fe;0,4 vs pH. [Fes04] =1 g/L; [IBP]=0.1 mM; T=204+1 °C.
(b) Sorption isotherms of IBP onto Fe;04. [Fes04]=1g/L; T=20+1 °C, pH 6.6 +0.1;
t=12 h. The line represents the Freundlich model.

organic acid complexation on oxide surfaces (Evanko and Dzombak,
1999). In these studies, the adsorption envelope of monoprotic organic
acids bound to iron oxide by surface complexation typically showed
maximum adsorption at a pH near their corresponding pK,.

Sorption isotherms were obtained to evaluate the effect of IBP
concentration on sorption to Fes0,4 (Fig. 2b). The experimental iso-
therm data were fitted to the equations of Langmuir and Freundlich
by applying linear regression analysis. One way to assess the good-
ness of fit of experimental isotherm data to these equations is to
check the regression coefficients obtained during the regression anal-
ysis. On the basis of regression coefficient, the curves were shown a
best fit with Freundlich isotherm at the studied range of solute con-
centration (0-500 umol/L). The Freundlich equation has been used
in the following form:

Q=K:C,'" (1)

where Q (umol/m?) is the sorbed concentration, C. (umol/L) is the
equilibrium concentration at the end of the experiment and K¢ and
1/n are Freundlich constants. A plot (R?=0.98) of logQ versus logCe
enabled the determination of the Freundlich constants: Kr=0.0082
and 1/n=0.84.

3.3. Oxidation of IBP

The first objective of the oxidation experiments was to optimize the
concentration of H,0, and Na,$,0g in presence of 1 mM of Fe?*, Fe?™"
concentration was chosen within the range reported in literature for
Fenton and PS oxidation ([Fe?*]=0.5mM —5mM) (Liang et al,
2004a; Méndez-Arriaga et al., 2010). The optimization of H,O, concen-
tration in the 1 to 10 mM range at pH 6.6 4-0.2 is illustrated in Fig. 3a.
In the absence of iron species, an additional 15% removal was observed

when the concentration of H,O, was increased by 10 fold (from 1 mM
to 10 mM). However, in the presence of Fe?™, increasing H,0, concen-
tration had no effect on the removal of IBP. Therefore, the value of
1 mM was chosen for the rest of the experiments.

Optimization experiments for PS oxidation were conducted by vary-
ing Na,S,0g concentrations (0.5 mM-2.57 mM) alone and in the pres-
ence of a fixed Fe?" concentration (Fig. 3b). Fe?* was set at 1 mM in
accordance with literature and more importantly, in order to allow
comparison to the Fenton experiments. As illustrated in Fig. 3b, at pH
6.6 +£0.2 no difference in removal was observed between 1 mM and
2.57 mM of PS. Fe?™ content was measured at the end of the experi-
ment using the Ferrozine method. None was detected after 60 min of
treatment, indicating that all Fe>* had been completely reacted. There-
fore, 1 mM of Na;S,0g or H,0, was selected as optimal concentration
for all oxidation experiments.

As shown in Fig. 4a, 1 mM of H,0, used alone or in the presence of
Fe30,4 led to minimal removal (<1%) over 60 min of reaction time. The
oxidation ability of H,0, was strongly enhanced by adding a small
quantity of readily available Fe?™ which produces Fe>*, hydroxyl rad-
icals (OHe) and hydroxide anions (OH ™) as demonstrated in previous
studies (Méndez-Arriaga et al., 2010; Poyatos et al., 2009; Weiss,
1952). A removal of 95% was obtained after a reaction time of 60 min
under these conditions.

Méndez-Arriaga et al. (2010) reported that IBP (C, = 0.87 mM) sub-
jected to varying concentrations of H,0, (8.7x10~4 mM-8.7 mM) at a
pH and temperature similar to the research presented here resulted in
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Fig. 3. (a) Removal profile of IBP at various H,0, concentrations [H0-]: ((7) 1 mM, (A)
5mM and (o) 10 mM; and in presence of fixed Fe>* concentration [Fe?*]=1 mM, [H,0,]:
(m) 1mM, (A) 5mM and (@) 10 mM. (b) Removal profile of IBP at various PS concentra-
tions in the presence of fixed Fe?* concentration [Fe?*]=1mM, [PS]: (o) 0.5 mM (CJ)
1mM and (A) 2.57 mM. [IBP]=0.1 mM; T=204+1"°C.
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Fig. 4. (a) Oxidation of IBP by H,0, or (b) Na;S,0g in the presence and absence of iron
species; (A) absence of iron, ((J) [Fe;04]=1gL™", (A) [Fe?"]=1mM. [IBP]=
0.1 mM; [oxidant]=1mM; T=204+1°C.

no removal after 2 h of treatment time. However, they showed that in-
creasing Fe?* concentrations (0.15-1.2 mM) led to higher IBP degrada-
tion with an initial H;O, concentration fixed at 0.32 mM. The
maximum removal achieved was 60% under the following conditions:
[BP=0.87 mM, Fe?*=1.2mM and H,0,=0.32 mM. This is signifi-
cantly less than the 95% removal observed in the work presented here-
in. This could be attributed to two factors: 1) the lower ratio of H,0,:
Fe?" (1:4) which would lead to a reduced generation of OHe and 2)
the higher initial concentration of IBP (~9 times greater than the IBP
concentration used in this work) leading to reduced number of oxidiz-
ing species per mole of IBP.

During PS oxidation, negligible removal was observed in the ab-
sence of iron species and in the presence of Fe30,4 while a 63% removal
was obtained in presence of Fe2* after 60 min (Fig. 4b). The highly sig-
nificant impact of adding Fe?" can be explained as follows. The PS
anion (5,02 ~) has a high redox potential (E°=2.01V) and is chemi-
cally activated by Fe?* to form the sulfate radical (SO4*~), which is
an even stronger oxidant (E°=2.4) (Liang et al., 2004a). SO4*~ can
also react with water or OH™ to generate OHe (Peyton, 1993). Further-
more, OHe can initiate a series of propagation reactions that generate
perhydroxyl radicals, superoxide radical anions and hydroperoxide an-
ions (Monahan et al., 2005). However, Fe30,4 cannot activate PS to form
S04+~ under our experimental conditions (Fig. 4b). Yan et al. (2010)
reported that FesO, used at a high concentration hindered the PS
oxidation of sulfamonomethoxine. In the present work, the high con-
centration of Fe304 may have scavenged the SO, leading to the trans-
formation of the radical into the sulfate anion (SO3 ™). This scavenging
effect was also observed in previous studies for the heterogeneous
Fenton reaction at a high loading of Fe;04 (Xue et al., 2009a, 2009b).

An important observation made during these experiments was
that Fe2™ quickly oxidized for an almost instantaneous oxidation of
IBP; then, the reaction was stalled. This behavior was also observed in
the studies of Liang et al. (2004a and 2008) for the PS oxidation of tri-
chloroethylene (TCE) and benzene-toluene-ethylbenzene-xylene
(BTEX) compounds. It was hypothesized that this behavior was due
to either the destruction of SO4*~ in the presence of excess Fe?™ or
the rapid conversion of Fe?* to Fe>* (Liang et al,, 2004a, 2008). The in-
stantaneous change in color observed when PS was added and the for-
mation of an iron hydroxide precipitate (Fe(OH)3) within the first
3 min strongly suggests that the oxidation of Fe?™ was very rapid. In
addition, combination of SO4*~ may occur due to an excess of radicals
being formed.

Note that kinetic rate constants cannot be determined for the
above mentioned oxidation experiments because the removal of IBP
in the absence of iron species or presence of Fe304 was insignificant
over the studied reaction time. Furthermore, kinetic investigation
was also not considered in the presence of Fe?™ due to the rapidity
of the reaction, making it impossible to sample over the short reaction
time. The following section discusses the kinetic removal of IBP under
an extended time frame (48 h) and using a higher initial oxidant con-
centration in the presence of Fe30,.

3.4. Kinetic of IBP removal using Fe304

In order to determine the role of Fe;04 on the kinetics of IBP re-
moval, oxidation experiments were carried out using a higher oxidant
concentration (10 mM) over a longer time frame (48 h) as proposed
in a previous work (Xue et al., 2009a). As illustrated in Fig. 5, the re-
moval of IBP by H,0, alone is minimal (~20%) which is in agreement
with previous studies (Méndez-Arriaga et al., 2010; Skoumal et al.,
2009). Conversely, H,0, oxidation is significantly enhanced by the
presence of Fe;04 (~60%). This behavior was also observed for IBP re-
moval by PS, where the removal was increased from 58% to 73%. The
increase in removal for both oxidants is due to the adsorption of IBP
onto Fe30,4 and to the increased formation of either SO4*~ or OHe.
This is a result of using larger initial oxidant concentrations which
target the IBP molecule due to the radical's non-selective behavior.

To determine rate constants for Fe;04-activated H,0, and
Na,S,0s, the raw data was fit to a second order reaction;

1 1
kxt=——— 2
. Ca @

where k is the rate order constant (M~ ' s~ 1), t is the time (s), Cao is
the initial concentration of IBP and C, (mM) is the remaining concen-
tration of IBP (mM).
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Fig. 5. Oxidation of IBP in the presence of (¢) [H,O,]=10 mM, (®) [Na,S,05] =10 mM,
(A) [Hy0,] =10 mM + [Fe304]=1g L~ ! and (M) [Na,S,05] =10 mM + [Fe;04]=1g L™ .
[IBP]=0.1 mM; T=20+1°C.
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The rate constants for the removal of IBP by the oxidizing species
formed were determined to be: 1.59x107>M~'s™! for PS and
3.0+1073> M~ ! s~ for H,0, in the presence of Fe;04. When compar-
ing these results to those obtained by Huber et al. (2003) and Lee and
von Gunten (2009), the second order rate constant for the reaction of
OHe with IBP(7.4x10° M~ ' s~ ') is approximately 12 orders of mag-
nitude greater than to Na,S,0g and H,0, in presence of Fe304. No
study has presented the reaction rate constant for IBP removal by
SO4 . In the case of PS and Fenton oxidation, we have seen that
Fe30,4 can indeed promote the formation of SO4~ and OHe, however
this is hindered if the catalyst loading is too large as these conditions
lead to a scavenging effect. Lee and von Gunten (2009) demonstrated
that selective oxidants only react with some electron-rich organic
moieties, (such as phenols, anilines, olefins, and deprotonated-
amine) which are not present in IBP. Therefore the low reaction rate
constants can be justified by the scavenging effect of the radicals
formed and the non-selective behavior of the oxidants.

3.5. COD abatement vs. time and identification of degradation products

In order to determine the extent of mineralization, COD was deter-
mined in the absence of iron species and in the presence of Fe?™" for
both oxidants (H,0, or Na,S,0s). Fig. 6 presents the average removal
obtained with the error bars representing the minimum and maxi-
mum values of the replicates. No COD removal was observed for
H,0, and PS alone. The addition of Fe?™ enhanced the COD removal
to 65% and 25% for H,0, and PS, respectively.

Different products were detected as new peaks on the HPLC chro-
matogram of the samples collected during oxidation with Fe?™. Four
of the most abundant degradation products, detected at retention
times of 4.6, 4.8, 8.8 and 10.1 min, were collected as fractions. These
fractions were analyzed by mass spectrometry (MS) by comparison
with standards of compounds reported in literature as potential deg-
radation products of IBP. Table 1 presents these products which were
confirmed to be: 4-acetylbenzoic acid, oxalic acid, oxo-ibuprofen
and 4-isobutylacetophenone (4-IBAP). 4-IBAP has previously been
detected in the environment at the inlet and outlet of a tertiary sewage
treatment plant in Sweden (Zorita et al., 2009). Furthermore this prod-
uct has proven to be quite toxic and the subsequent effects of the com-
pound on the central nervous system are well known (Miranda et al.,
1991). No information regarding the persistence or toxicity of 4-
acetylbenzoic acid and oxo-ibuprofen has been presented in literature.

Further MS analysis also confirmed the presence of formic acid,
pyruvic acid and acetic acid in the treated solution but the presence
of 4-ethylbenzaldehyde, also proposed in literature as a potential prod-
uct, was not confirmed. However, 4-ethylbenzaldehyde is known to
have a sweet smell and during the oxidation experiments this type of
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Fig. 6. COD removal of IBP in the absence of iron species and presence of Fe?*.

Table 1
Degradation products detected by LC and confirmed by MS.

Product Structure

Oxalic acid

4-acetylbenzoic acid

Oxo-ibuprofen

4-1BAP

0
OH
HO
o]
O; :OH
o]
OH
[¢]
<]
0

odor was frequently detected and may suggest that this volatile prod-
uct was formed but did not accumulate in the treated solution. One
study determined the lethal dose (LDsg) on rats to be 1970 mg kg~ !
of body weight (Adams et al., 2005). The value presented in literature
is not of concern because it is several orders of magnitude higher
than what is produced during oxidation. Acetic acid is thought to be
formed from pyruvic acid degradation, which has been determined to
be a by-product of 4-IBAP. Oxalic acid is mainly formed from the oxida-
tive breakdown of the aryl moiety of aromatics and is largely formed
from oxidation of pyruvic and acetic acid. Furthermore, similarly to
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Fig. 7. Right axis: removal of IBP with PS activated by Fe?>* (A). Left axis: degradation
product formed at retention time 13.2 min during removal of IBP with PS activated by
Fe?" (A). [IBP]=0.1 mM; =1mM; T=20+1°C; t=1h.
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oxalic acid, formic acid is an ultimate carboxylic acid since it is directly
transformed into CO, (Adams et al., 2005; Skoumal et al., 2009).

Due to the low concentration of the degradation products relative
to the limit of detection of the HPLC method used, it was not possible
to investigate the persistence of the degradation products formed.
The peak area of only one degradation product, detected at a reten-
tion time of 13.2 min, could be monitored with respect to time. As
shown in Fig. 7, this degradation product, which could not be identi-
fied by LC-MS, was continuously removed over a period of 30 min
even though IBP oxidation had terminated after 3 min during Fe?*-
activated PS oxidation. This suggests that there are still oxidizing spe-
cies present in solution, such as S,03 ~ which inevitably contributes
to the removal of the degradation products.

In the work of Caviglioli et al. (2002), it was noted that several
degradation products of IBP form during thermal and oxidative treat-
ments (treatments include; KMnO,4, H,0, and K,Cr,07). Only three
degradation products detected here were the same as those found
in Caviglioli et al. (2002), which were 4-acetylbenzoic acid, oxo-
ibuprofen and 4-IBAP. Méndez-Arriaga et al. (2010) reported that hy-
droxylated byproducts were formed during Fenton treatment and
that decarboxylated and hydroxylated byproducts were formed dur-
ing photo-Fenton treatment (Méndez-Arriaga et al., 2010). Based on
the products identified in our study, especially formic acid, which
can be formed from decarboxylation of IBP, decarboxylation was
thought to be the main mechanism of degradation.

4. Conclusion

The aim of this work was to test the ability of soluble Fe?* and
Fe304 to activate both H,0, and PS. H,0, and Na,S,0g without activa-
tion had little effect on IBP removal. When Fe2™ was introduced into
the system, the removal was greatly enhanced. The removal efficiency
increased to 95% in the presence of H,0, and to 63% in the presence of
Na,S,0g at pH 6.6. This behavior was also reflected in the COD results.

The Fe304/H,0, system was also shown for the first time to effec-
tively degrade IBP through a heterogeneous Fenton reaction. The
presence of Fe;04 activated PS oxidation of IBP through the possible
formation of reactive species such as SO+~ and OHe. A higher kinetic
rate constant was found for the oxidation of IBP by H,0, compared to
PS in the presence of magnetite. This is the first study to present the
reaction rate constant for IBP removal by the SO4~. Although the ki-
netics of Fenton-like and PS reactions are slower than those of homo-
geneous oxidation reactions using Fe?", the use of Fe;0,4 as an iron
source offers many advantages for engineering application purposes.
First, Fes04 can be used under a wide pH range, unlike homogeneous
Fe2 " which has a risk of precipitating out at high pH values. Secondly,
due to its magnetic properties, Fe30,4 particles may be easily separat-
ed or recovered from aqueous solutions unlike Fe?* which can form
iron sludges. In addition, Fe304 was shown to be re-usable for further
oxidation cycles without attrition and has a low loss of iron content.
Furthermore, Fe;04 has a good structural stability during oxidation
cycles at neutral pH (Xue et al., 2009a). Therefore it can be hypothe-
sized that re-use would be possible for IBP oxidation as well. The
relatively low cost, stability and reusability of Fe;0, make it an envi-
ronmentally friendly catalyst to remediate an increasing number of
environmental pollutants.
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