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 2 

Abstract 20 
 21 

The objective of this work was to evaluate the removal of ibuprofen (IBP) using the 22 

oxidants hydrogen peroxide (H2O2) and sodium persulfate (Na2S2O8). The ability of 23 

magnetite (Fe3O4) to activate persulfate (PS) and H2O2 for the oxidation of IBP at near 24 

neutral pH was evaluated as well. The use of soluble Fe
2+

 to activate H2O2 and Na2S2O8 25 

was also investigated. H2O2 and Na2S2O8 were inactive during the sixty-minute 26 

experiments when used alone. However, activation using Fe
2+

 increased the removal to 27 

95% in the presence of H2O2 (Fenton reaction) and 63% in the presence of Na2S2O8 at pH 28 

6.6. Chemical oxygen demand (COD) removal was also greater for Fenton oxidation 29 

(65%) than for iron-activated PS oxidation (25%). Activation of H2O2 and PS by Fe3O4 30 

was only observed at a high oxidant concentration and over 48 hrs of reaction time. A 31 

second order rate kinetic constant was determined for H2O2 (3.0*10
-3 

M
-1 

s
-1

) and 32 

Na2S2O8 (1.59*10
-3

 M
-1

 s
-1

) in the presence of Fe3O4. Finally, several of the degradation 33 

products formed during oxidation of IBP in the presence of H2O2 and Na2S2O8 (activated 34 

by Fe
2+

) were identified. These include oxalic acid, pyruvic acid, formic acid, acetic acid, 35 

4-acetylbenzoic acid, 4-isobutylacetophenone (4-IBAP) and oxo-ibuprofen. 36 

 37 

 38 

Keywords: Ibuprofen; oxidation; persulfate; Fenton; magnetite. 39 
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 3 

1. Introduction 40 
 41 

Ibuprofen (2-(4-Isobutylphenyl) propanoic acid) is a non steroidal anti inflammatory, 42 

antipyretic and analgesic drug. It is widely used for the treatment of inflammatory 43 

disorders such as rheumatoid arthritis and for pain relief. In 1984 it was approved as an 44 

over the counter drug and since then, non-prescription sales have tripled in North 45 

America (Caviglioli et al., 2002). IBP is degraded in the human body into its principal 46 

metabolites hydroxy-IBP, carboxy-IBP and to carboxy-hydratropic acid (Buser et al., 47 

1999; Fent et al., 2006), which have been found together with IBP in raw sewage 48 

(Heberer, 2002) . In Canada, IBP and one of its metabolites have been detected in the 49 

effluent of a primary wastewater treatment plant at concentrations greater than 500 ng L
-1

 50 

(Gagnon and Lajeunesse, 2008) while in Europe and the US, concentrations of up to 10 51 

µg L
-1

 were detected (Méndez-Arriaga et al., 2010; Pomati et al., 2004; Zorita et al., 52 

2009). There is currently no quantified limit to the discharge of IBP in wastewater from 53 

manufacturing plants in Canada. However, considering that some physiological changes 54 

such as growth inhibition of a Macrophyte species (Lemna Minor) and stimulated 55 

production of the stress hormone abscisic acid in Lemna Minor(Pomati et al., 2004) have 56 

been linked to IBP, more stringent regulations are expected in the near future. Simple, 57 

efficient and cost-effective treatment options for the wash-water of vessels used in the 58 

production process of IBP-containing pills will thus become essential to the 59 

pharmaceutical industry. Various oxidation processes have been investigated for the 60 

removal of IBP in water but their efficiencies of removal have varied from no removal to 61 

complete removal (Caviglioli et al., 2002; Huber et al., 2003; Huber et al., 2005; Lee and 62 

von Gunten, 2009; Madhavan et al., 2010; Méndez-Arriaga et al., 2010; Méndez-Arriaga 63 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 4 

et al., 2008; Skoumal et al., 2009). Furthermore, toxic transformation products were 64 

formed in a few cases (Caviglioli et al., 2002; Madhavan et al., 2010; Méndez-Arriaga et 65 

al., 2010). More work is thus still needed to identify the best treatment option(s) for IBP-66 

containing industrial wastewaters.  67 

 68 

All past research pertaining to the removal of IBP by the Fenton process only considered 69 

using soluble Fe
2+

 (traditional Fenton's reagent) and in most of these studies, low pH 70 

conditions (pH < 4) were required to prevent the precipitation of iron (Méndez-Arriaga et 71 

al., 2010; Skoumal et al., 2009). Unlike the classical Fenton process, the reaction of Fe-72 

bearing minerals with hydrogen peroxide (H2O2) can effectively improve the oxidation of 73 

organic molecules at circumneutral pH. This has been demonstrated for other 74 

contaminants such as 2,4,6-trinitrotoluene and phenol (Matta et al., 2007; Matta et al., 75 

2008a; Matta et al., 2008b) but has yet to be shown for IBP. The degradation of 76 

pharmaceutical compounds by Fenton’s reagent and a Fenton-like system has also been 77 

reported at acidic conditions (Goi et al., 2008; Hofmann et al., 2007; Méndez-Arriaga et 78 

al., 2010; Skoumal et al., 2009). However the removal of IBP at neutral pH, which is less 79 

abrasive to the environment, would be more appealing for applications in the treatment of 80 

wastewater or wash water that is produced in IBP processing plants.  81 

 82 

Persulfate (PS) was also proven to be very useful for the elimination of contaminants 83 

such as diphenylamine, trichloroethylene, benzene, toluene, ethyl benzene and xylene in 84 

aqueous and soil slurries (Liang et al., 2004a; Liang et al., 2004b; Liang et al., 2008). 85 

However, currently only one study investigated the use of PS or activated-PS for the 86 
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 5 

elimination of a different pharmaceutical product, sulfamonomethoxine (Yan et al., 87 

2010). Although the activation of PS by soluble iron to form a sulfate radical (SO4

.-
) has 88 

been previously reported, the initiation of PS decomposition by iron oxide minerals has 89 

been scarcely investigated (Ahmad et al., 2010; Yan et al., 2010). 90 

 91 

Minerals like ferrihydrite, goethite, manganese oxide and clay were used to activate the 92 

oxidation reaction of organic compounds (Ahmad et al., 2010). Fe
II
-bearing minerals like 93 

magnetite (Fe3O4) were found to be the most effective catalyst as compared to the only 94 

Fe
III

 oxides for heterogeneous catalytic oxidation of organic pollutants (Ahmad et al., 95 

2010; Matta et al., 2007; Matta et al., 2008b; Xue et al., 2009b; Xue et al., 2009c). In 96 

addition, Fe3O4 exhibited excellent structural and catalytic stabilities. Fe3O4 can be 97 

magnetically recovered and re-used for several oxidation cycles; it is abundant in 98 

environmental settings and has a low solubility in aqueous solution (Schwertmann and 99 

Cornell, 2000; Xue et al., 2009a; Xue et al., 2009c). To date, the use of Fe3O4 (the most 100 

stable mixed valence oxide), to activate PS or H2O2, has not been tested for IBP removal. 101 

 102 

The objectives of this study were to (i) examine the oxidation of IBP by H2O2 and PS at 103 

near neutral pH, (ii) test the ability of soluble Fe
II
 and Fe3O4 to activate H2O2 or PS, (iii) 104 

determine the extent of mineralization and identify the degradation byproducts of IBP 105 

oxidation.  106 

 107 

2. Materials and Methods 108 

 109 
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2.1. Chemicals 110 

Ibuprofen (>98 %), magnetite powder (Fe3O4, 98%), sodium persulfate (Na2S2O8, 99%), 111 

ammonium acetate (>99.9 %) and iron chloride tetrahydrate (FeCl2*4 H2O, >99 %) were 112 

purchased from Sigma-Aldrich. Hydrogen peroxide (H2O2 35% w/w) was purchased 113 

from EMD Chemicals. HPLC grade methanol ( >99.9 %) and HPLC grade ammonium 114 

acetate ( >99.0 %) were purchased from Fisher Scientific. Hydrochloric acid (HCl, 115 

>99%), sodium chloride (NaCl, >99.5%), sodium hydroxide (NaOH, 0.1M), 4-116 

acetylbenzoic acid (98%), oxalic acid (>99%), 4-ethylbenzaldehyde (98%), formic acid 117 

(98%), pyruvic acid (98%) and acetic acid (98%) were purchased from Sigma Aldrich. 118 

Oxo-ibuprofen was purchased from Santa Cruz Biotechnology Inc., and 4-119 

isobutylacetophenone (4-IBAP, > 96%) from TCI America. Nitrogen (N2, 99.99%) was 120 

purchased from Megs. 121 

 122 

2.2. Characterization of iron (II, III) oxide 123 

The X-Ray Diffraction (XRD) data were collected with a D8 Bruker diffractometer 124 

equipped with a monochromator and a position-sensitive detector to confirm the nature of 125 

the oxide (Fe3O4) before and after the oxidative treatment. The X-ray source was a Co 126 

anode (λ = 0.17902 nm). The diffractogram was recorded in the 3-64° 2θ range, with a 127 

0.0359° step size and a collecting of 3s per point. The particle size distribution of Fe3O4 128 

was measured using a Mastersizer 2000 from Malvern Instruments. The Tristar 3000 129 

from Quantachrome Instruments was used to determine the specific surface area of Fe3O4 130 

by Nitrogen Brunauer-Emmett-Teller (N2-BET) analysis. The point of zero charge (pzc) 131 

of Fe3O4 was determined through potentiometric titrations (Xue et al., 2009a).  132 
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 133 

Scanning Electron Microscopy (SEM) analysis was used to determine the morphology of 134 

the purchased Fe3O4. The SEM images were collected with a HITACHI FEG 54800 135 

apparatus operated with a beam current of 3 pA and an accelerating voltage of 20 kV 136 

(analyzed microvolume of ~ 6 µm
3
). The solid powder was glued on an adhesive surface 137 

and metalized with a thin layer of gold.  138 

 139 

Transmission Electron Microscopy (TEM) analysis was also performed to obtain 140 

information regarding the morphology, the size, shape and arrangement of the particles. 141 

TEM observations were carried out with a Philips CM20 TEM (200 kV) coupled with an 142 

EDAX energy dispersive X-ray spectrometer (EDXS). The solid powder was re-143 

suspended in 2 mL ethanol under ultrasonication and a drop of suspension was 144 

evaporated on a carbon-coated copper grid which was placed on filter paper for analysis. 145 

 146 

2.3. Edge sorption and sorption isotherms 147 

Edge sorption experiments were conducted to determine the effect of pH on IBP sorption 148 

onto Fe3O4. A solution with final concentrations of 0.1 mM IBP and 1 g L
-1

 of Fe3O4 ([Fe 149 

total] = 13 mM) was prepared in 10 mM NaCl (NaCl was used as the supporting 150 

electrolyte). The pH was then adjusted using either HCl or NaOH. For each pH value, 3 151 

ml samples were extracted and filtered through 0.22 m polyvinylidene fluoride (PVDF) 152 

syringe filters (Millipore) that were previously shown not to sorb IBP. A UV-visible 153 

spectrophotometer (Agilent 8543 spectrophotometer) was used to determine the IBP 154 
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concentration in solution at 273 nm and the adsorbed amount was calculated by the 155 

depletion method (Matta et al., 2007).  156 

 157 

Sorption isotherms were determined at 20°C. Variable initial IBP concentrations (0-0.5 158 

mM) were prepared with Fe3O4 (final concentration of 1 g L
-1

) at pH 6.6 ± 0.2. As before, 159 

the IBP solutions were prepared in 10mM NaCl. Before analysis, the suspensions were 160 

centrifuged, filtered and analyzed by UV-visible spectroscopy as previously described. 161 

 162 

2.4. Oxidation Experiments 163 

H2O2 and Na2S2O8 were used to degrade a 0.1 mM solution of IBP (concentration in 164 

reverse osmosis water, representative of levels observed in industrial wastewater) in the 165 

presence and absence of both Fe
2+

 and Fe3O4. Experiments for optimization of oxidant 166 

concentration (H2O2 and Na2S2O8) were first conducted by varying the oxidant 167 

concentration between 1 mM and 10 mM in the presence and absence of 1 mM of Fe
2+

. 168 

Replicates were then carried out under the optimal oxidant concentration (in absence or 169 

presence of the iron species) in a 250 ml beaker sealed with parafilm and covered with 170 

aluminum foil to prevent any photo-transformation. The experiments were conducted at 171 

pH of 6.6 ± 0.2. 3 ml samples were withdrawn at selected time intervals for 60 minutes 172 

and filtered using 0.22 µm syringe filters and analyzed.  173 

 174 

For the oxidation experiments using Fe3O4, Fe3O4 was added at a concentration of 1 g L
-1

 175 

([Fe total] = 13 mM) before the experiments were initiated. When Fe
2+

 was used, iron 176 

chloride tetrahydrate FeCl2*4 H2O was added to the IBP solution to obtain a 177 
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concentration of 1 mM of Fe
2+

. N2 was bubbled in the solution to prevent the oxidation of 178 

Fe
2+

 to Fe
3+

 prior to commencing the experiment and throughout.  179 

 180 

In order to determine the role of Fe3O4 in the kinetic investigation of IBP removal, 181 

oxidation experiments were also carried out using higher oxidant concentrations (10 mM) 182 

over a longer time frame (48 hrs). 183 

 184 

2.5. Analytical Methods 185 

Residual IBP concentration were monitored using High Performance Liquid 186 

Chromatography (HPLC) (Agilent Technologies 1200 series) equipped with an Eclipse 187 

XDB C-18 (5 μm, 4.6 mm X 250 mm) column (Agilent Technologies) using a diode 188 

array detector at a wavelength of 220 nm and 254 nm. Mobile phases consisted of 189 

methanol and ammonium acetate (20 mM adjusted to pH 3.0 using formic acid). The 190 

flow rate was 0.7 ml/min. The gradient used was the following; 0 min = 60% B, 3% A,  2 191 

min = 67% B, 3% A, 4 min = 74% B, 3% A,  6 min = 81% B, 3% A, 8 min = 88% B, 3% 192 

A,  10 min = 95% B, 3% A, 12 min = 97% B, 3% A,  25 min = 97% B, 3% A. Where A 193 

is ammonium acetate, B is methanol and the remainder is reverse osmosis water.  194 

 195 

The limit of detection of IBP of this method was 0.1 mg L
-1

 (0.5 µM). The products 196 

identification was carried out by comparison with standards analyzed using a mass 197 

spectrometer (MDS/Sciex QTrap mass spectrometer) equipped with a TurboIon Spray 198 

ionization source operated in positive and negative ion mode. 199 

 200 
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The extent of mineralization was estimated using Chemical Oxygen Demand (COD) 201 

measured using a HACH Digital Reactor Block (DRB 200), a HACH spectrophotometer 202 

(DR/2500) and low range digestion vials (0-150 mg L
-1

). Ferrozine method was used to 203 

quantify the amount of Fe
2+ 

(Kostka and N., 1998; Lovley and P., 1986). Total Fe was 204 

determined using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-205 

AES) (Thermo Trace Scan equipped with a mini-crossflow nebulizer from SCP Science 206 

and a baffled quartz cyclonic spray chamber). 207 

 208 

3. Results and Discussion 209 

 210 

3.1. Characterization of Fe3O4  211 

The XRD diffractogram of Fe3O4 is shown in Figure 1a. Five diffraction peaks  at 2θ = 212 

21.2°, 35°, 41.2°, 50.4° and 62.8° could be assigned to Fe3O4,
 
(Schwertmann and Cornell, 213 

2000). The d-space values of theses main peaks were 2.53, 2.96, 2.09, 4.85 and 1.71 Å, 214 

which may respectively correspond to the more intense lines of Fe3O4; 311, 220, 400, 111 215 

and 422. Fe3O4 is the only pure oxide of mixed valence and is usually represented by the 216 

formula (Fe
3+

)tet[Fe
3+

Fe
2+

]octO4 (Xue et al., 2009a). It has a cubic spinel structure with 217 

iron in both tetrahedral and octahedral sites. The XRD diffractogram recorded at the end 218 

of oxidation reaction was found to be similar to that recorded before reaction, indicating 219 

good stability of Fe3O4 during the oxidation process. The surface area determined by 220 

BET method was 8.0 m
2
 g

-1
. The pzc value estimated from potentiometric titration was 221 

around 9.  222 

 223 
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SEM image shows that the Fe3O4 particles are highly aggregated and exhibit irregular 224 

shapes (Figure 1b). The size of the particles is non-uniform and ranges between  100 225 

and  400 nm. If we consider that the particles are spherical, the radius of these particles 226 

(ρ = 5.15 x10
6 

g m
-3

) can be related to the surface area as A = 6/(ρd) = 8 m
2
 g

-1
. Thus, the 227 

average diameter calculated assuming a spherical shape is ~ 150 nm.  228 

 229 

TEM image (Figure 1c) indicates that the Fe3O4 particles are more or less rhombohedral 230 

in shape, with crystals varying between 100 and 300 nm in length. TEM combined with 231 

EDXS yields an elemental analysis of the sample. Elemental ratios can be calculated by 232 

EDXS and compared with known mineralogical compositions. EDX microanalyses of 233 

samples before and after oxidation reactions showed the characteristic Fe/O ratio of 234 

Fe3O4.   235 

 236 

3.2. Sorption of IBP onto Fe3O4 237 

The effect of varying the initial solution pH value (3-9) on the adsorption of IBP is 238 

illustrated in Figure 2a. Sorption of IBP onto the iron oxide decreases sharply at pH 239 

values greater than 5. The observed sorption behavior can be attributed to a combination 240 

of pH-dependent speciation of IBP (pKa = 4.54) and surface charge characteristics of the 241 

Fe3O4 (pzc=9). Based upon surface charging, adsorption is high at low pH values and 242 

then decreases when pH increases. The charge repulsion is expected at high pH where the 243 

sorbate and sorbent are both negatively charged. Such sorption behavior has also been 244 

observed for some organic acid complexation on oxide surfaces (Evanko and Dzombak, 245 

1999). In these studies, the adsorption envelope of monoprotic organic acids bound to 246 
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iron oxide by surface complexation typically showed maximum adsorption at a pH near 247 

their corresponding pKa. 248 

 249 

Sorption isotherms were obtained to evaluate the effect of IBP concentration on sorption 250 

to Fe3O4 (Figure 2b). The experimental isotherm data were fitted to the equations of 251 

Langmuir and Freundlich by applying linear regression analysis. One way to assess the 252 

goodness of fit of experimental isotherm data to these equations is to check the regression 253 

coefficients obtained during the regression analysis. On the basis of regression 254 

coefficient, the curves were shown a best fit with Freundlich isotherm at a low range of 255 

solute concentration (0-50 µmol/L). The Freundlich equation has been used in the 256 

following form: 257 

 258 

       (1) 259 

Where Q (µmol/m
2
) is the sorbed concentration, Ce (µmol/L) is the equilibrium 260 

concentration at the end of the experiment and KF and 1/n are Freundlich constants. A 261 

plot (R
2
= 0.98) of logQ versus logCe enabled the determination of the Freundlich 262 

constants: KF = 0.0082 and 1/n = 0.84.   263 

 264 

3.3. Oxidation of IBP 265 

The first objective of the oxidation experiments was to optimize the concentration of 266 

H2O2 and Na2S2O8 in presence of 1 mM of Fe
2+

.  Fe
2+

 concentration was chosen within 267 

the range reported in literature for Fenton and PS oxidation ([Fe
2+

] = 0.5mM -5 mM) 268 

(Liang et al., 2004a; Méndez-Arriaga et al., 2010). The optimization of H2O2 269 

n

eF CKQ
/1



http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6WHR-4DGW416-C&_mathId=mml67&_user=1030145&_cdi=6857&_rdoc=5&_ArticleListID=368638514&_acct=C000009001&_version=1&_userid=1030145&md5=7b53f568b9c386faaef8a45a2e881fff
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concentration in the 1 to 10 mM range at pH 6.6 ± 0.2 is illustrated in Figure 3a. In the 270 

absence of iron species, an additional 15 % removal was observed when the 271 

concentration of H2O2 was increased by 10 fold (from 1 mM to 10 mM). However, in the 272 

presence of Fe
2+

,
 
increasing H2O2 concentration had no effect on the removal of IBP.  273 

Therefore, the value of 1 mM was chosen for the rest of the experiments.  274 

 275 

Optimization experiments for PS oxidation were conducted by varying Na2S2O8 276 

concentrations (0.5 mM-2.57 mM) alone and in the presence of a fixed Fe
2+

 concentration 277 

(Figure 3b). Fe
2+

 was set at 1 mM in accordance with literature and more importantly, in 278 

order to allow comparison to the Fenton experiments. As illustrated in Figure 3b, at pH 279 

6.6 ± 0.2 no difference in removal was observed between 1 mM and 2.57 mM of PS. Fe
2+

 280 

content was measured at the end of the experiment using the Ferrozine method. None was 281 

detected after 60 minutes of treatment, indicating that all Fe
2+

 had been completely 282 

reacted. Therefore, 1 mM of Na2S2O8 or H2O2 was selected as optimal concentration for 283 

all oxidation experiments.   284 

 285 

As shown in Figure 4a, 1 mM of H2O2 used alone or in the presence of Fe3O4 led to 286 

minimal removal (<1%) over 60 min of reaction time. The oxidation ability of H2O2 was 287 

strongly enhanced by adding a small quantity of readily available Fe
2+

 which produces 288 

Fe
3+

, hydroxyl radicals (OH
.
) and hydroxide anions (OH

-
) as demonstrated in previous 289 

studies (Méndez-Arriaga et al., 2010; Poyatos et al., 2009; Weiss, 1952). A removal of 290 

95% was obtained after a reaction time of 60 minutes under these conditions.  291 

 292 
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Mendez-Arriaga et al. (2010) reported that IBP (Co = 0.87mM) subjected to varying 293 

concentrations of H2O2 (8.7x10
-4

 mM – 8.7 mM) at a pH and temperature similar to the 294 

research presented here resulted in no removal after 2 hours of treatment time. However, 295 

they showed that increasing Fe
2+

 concentrations (0.15-1.2 mM) led to higher IBP 296 

degradation with an initial H2O2 concentration fixed at 0.32 mM. The maximum removal 297 

achieved was 60 % under the following conditions: IBP = 0.87 mM, Fe
2+ 

= 1.2 mM and 298 

H2O2 = 0.32 mM. This is significantly less than the 95% removal observed in the work 299 

presented herein. This could be attributed to two factors: 1) the lower ratio of H2O2: Fe
2+

 300 

(1:4) which would lead to a reduced generation of OH
.
 and 2) the higher initial 301 

concentration of IBP (~9 times greater than the IBP concentration used in this work) 302 

leading to reduced number of oxidizing species per mole of IBP. 303 

 304 

During PS oxidation, negligible removal was observed in the absence of iron species and 305 

in the presence of Fe3O4 while a 63% removal was obtained in presence of Fe
2+

 after 60 306 

min (Figure 4b). The highly significant impact of adding Fe
2+

 can be explained as 307 

follows. The PS anion (S2O8
2-

) has a high redox potential (E
o
 = 2.01 V) and is chemically 308 

activated by Fe
2+

 to form the sulfate radical (SO4

.-
), which is an even stronger oxidant (E

o
 309 

=2.4) (Liang et al., 2004a). SO4

.-
 can also react with water or OH

-
 to generate OH

.
 310 

(Peyton, 1993). Furthermore, OH
.
 can initiate a series of propagation reactions that 311 

generate perhydroxyl radicals, superoxide radical anions and hydroperoxide anions 312 

(Monahan et al., 2005). However, Fe3O4 cannot activate PS to form SO4

.- 
under our 313 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 15 

experimental conditions (Figure 4b). Yan et al. (2010) reported that Fe3O4 used at a high 314 

concentration hindered the PS oxidation of sulfamonomethoxine. In the present work, the 315 

high concentration of Fe3O4 may have scavenged the SO4

.-
, leading to the transformation 316 

of the
 
radical into the sulfate anion (SO4

2-
). This scavenging effect was also observed in 317 

previous studies for the heterogeneous Fenton reaction at a high loading of Fe3O4 (Xue et 318 

al., 2009a; Xue et al., 2009b). 319 

 320 

An important observation made during these experiments was that Fe
2+

 quickly oxidized 321 

for an almost instantaneous oxidation of IBP; then, the reaction was stalled. This behavior 322 

was also observed in the studies of Liang et al. (2004a & 2008) for the PS oxidation of 323 

trichloroethylene (TCE) and benzene-toluene-ethylbenzene-xylene (BTEX) compounds. 324 

It was hypothesized that this behavior was due to either the destruction of SO4

.-
 in the 325 

presence of excess Fe
2+ 

or the rapid conversion of Fe
2+

 to Fe
3+

 (Liang et al., 2004a; Liang 326 

et al., 2008). The instantaneous change in color observed when PS was added and the 327 

formation of an iron hydroxide precipitate (Fe(OH)3) within the first 3 minutes strongly 328 

suggests that the oxidation of Fe
2+

 was very rapid. In addition, combination of SO4

.-
 may 329 

occur due to an excess of radicals being formed. 330 

 331 

Note that kinetic rate constants cannot be determined for the above mentioned oxidation 332 

experiments because the removal of IBP in the absence of iron species or presence of 333 

Fe3O4 was insignificant over the studied reaction time. Furthermore, kinetic investigation 334 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 16 

was also not considered in the presence of Fe
2+

 due to the rapidity of the reaction, making 335 

it impossible to sample over the short reaction time. The following section discusses the 336 

kinetic removal of IBP under an extended time frame (48 hrs) and using a higher initial 337 

oxidant concentration in the presence of Fe3O4.   338 

 339 

3.4. Kinetic of IBP removal using Fe3O4  340 

In order to determine the role of Fe3O4 on the kinetics of IBP removal, oxidation 341 

experiments were carried out using a higher oxidant concentration (10 mM) over a longer 342 

time frame (48 hrs) as proposed in a previous work (Xue et al., 2009a). As illustrated in 343 

Figure 5, the removal of IBP by H2O2 alone is minimal (~20 %) which is in agreement 344 

with previous studies (Méndez-Arriaga et al., 2010; Skoumal et al., 2009). Conversely, 345 

H2O2 oxidation is significantly enhanced by the presence of Fe3O4 (~60%). This behavior 346 

was also observed for IBP removal by PS, where the removal was increased from 58% to 347 

73%. The increase in removal for both oxidants is due to the adsorption of IBP onto 348 

Fe3O4 and to the increased formation of either SO4

.-
 or OH

.
. This is a result of using 349 

larger initial oxidant concentrations which target the IBP molecule due to the radicals 350 

non-selective behavior.  351 

 352 

To determine rate constants for Fe3O4-activated H2O2 and Na2S2O8, the raw data was fit 353 

to a second order reaction;  354 

aoa CC
tk

11
*        (2) 355 
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Where k is the rate order constant (M
-1

 s
-1

), t is the time (s), Cao is the initial concentration 356 

of IBP and Ca (mM) is the remaining concentration of IBP (mM).  357 

 358 

The rate constants for the removal of IBP by the oxidizing species formed were 359 

determined to be: 1.59*10
-3

 M
-1

 s
-1

 for PS and 3.0*10
-3

 M
-1

 s
-1

 for H2O2 in the presence of 360 

Fe3O4. When comparing these results to those obtained by Huber et al. (2003) and Lee et 361 

al. (2009), the second order rate constant for the reaction of OH
.
 with IBP( 7.4 x 10

9
M

-1
s

-
362 

1
 ) is approximately 12 orders of magnitude greater than to Na2S2O8 and H2O2 in presence 363 

of Fe3O4. No study has presented the reaction rate constant for IBP removal by SO4

.-
. In 364 

the case of PS and Fenton oxidation, we have seen that Fe3O4 can indeed promote the 365 

formation of SO4

.-
 and OH

.
 ,however this is hindered if the catalyst loading is too large 366 

as these conditions lead to a scavenging effect. Additionally, H2O2 and PS are selective 367 

oxidants. Lee et al. (2009) demonstrated that selective oxidants only react with some 368 

electron-rich organic moieties, (such as phenols, anilines, olefins, and deprotonated-369 

amine) which are not present in IBP. Therefore the low reaction rate constants can be 370 

justified by the scavenging effect of the radicals formed and the non-selective behavior of 371 

the oxidants (Lee and von Gunten, 2009).     372 

 373 

3.5. COD abatement vs. time and identification of degradation products 374 

In order to determine the extent of mineralization, COD was determined in the absence of 375 

iron species and in the presence of Fe 
2+

 for both oxidants (H2O2 or Na2S2O8). Figure 6 376 

presents the average removal obtained with the error bars representing the minimum and 377 
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maximum values of the replicates. No COD removal was observed for H2O2 and PS 378 

alone. The addition of Fe 
2+

 enhanced the COD removal to 65% and 25% for H2O2 and 379 

PS, respectively.  380 

 381 

Different products were detected as new peaks on the HPLC chromatogram of the 382 

samples collected during oxidation with Fe
2+

. Four of the most abundant degradation 383 

products, detected at retention times of 4.6, 4.8, 8.8 and 10.1 minutes, were collected as 384 

fractions. These fractions were analyzed by mass spectrometry (MS) by comparison with 385 

standards of compounds reported in literature as potential degradation products of IBP. 386 

Table 1 presents these products which were confirmed to be: 4-acetylbenzoic acid, oxalic 387 

acid, oxo-ibuprofen and 4-isobutylacetophenone (4-IBAP). 4-IBAP has previously been 388 

detected in the environment at the inlet and outlet of a tertiary sewage treatment plant in 389 

Sweden (Zorita et al., 2009). Furthermore this product has proven to be quite toxic and 390 

the subsequent effects of the compound on the central nervous system are well known 391 

(Miranda et al., 1991). No information regarding the persistence or toxicity of 4-392 

acetylbenzoic acid and oxo-ibuprofen has been presented in literature. 393 

 394 

Further MS analysis also confirmed the presence of formic acid, pyruvic acid and acetic 395 

acid in the treated solution but the presence of 4-ethylbenzaldehyde, also proposed in 396 

literature as a potential product, was not confirmed.  However, 4-ethylbenzaldehyde is 397 

known to have a sweet smell and during the oxidation experiments this type of odor was 398 

frequently detected and may suggest that this volatile product was formed but did not 399 

accumulate in the treated solution. One study determined the lethal dose (LD50) on rats to 400 
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be 1970 mg kg
-1

 of body weight (Adams et al., 2005). The value presented in literature is 401 

not of concern because it is several orders of magnitude higher than what is produced 402 

during oxidation. Acetic acid is thought to be formed from pyruvic acid degradation, 403 

which has been determined to be a by-product of 4-IBAP. Oxalic acid is mainly formed 404 

from the oxidative breakdown of the aryl moiety of aromatics and is largely formed from 405 

oxidation of pyruvic and acetic acid. Furthermore, similarly to oxalic acid, formic acid is 406 

an ultimate carboxylic acid since it is directly transformed into CO2 (Adams et al., 2005; 407 

Skoumal et al., 2009).  408 

 409 

Due to the low concentration of the degradation products relative to the limit of detection 410 

of the HPLC method used, it was not possible to investigate the persistence of the 411 

degradation products formed. The peak area of only one degradation product, detected at 412 

a retention time of 13.2 min, could be monitored with respect to time. As shown in Figure 413 

7, this degradation product, which could not be identified by LC-MS, was continuously 414 

removed over a period of 30 min even though IBP oxidation had terminated after 3 min 415 

during Fe
2+

-activated PS oxidation. This suggests that there are still oxidizing species 416 

present in solution, such as S2O8
2-

 which inevitably contributes to the removal of the 417 

degradation products. 418 

 419 

In the work of Cavliogli et al. (2002), it was noted that several degradation products of 420 

IBP form during thermal and oxidative treatments (treatments include; KMnO4, H2O2 and 421 

K2Cr2O7). Only three degradation products detected here were the same as those found in 422 

Cavliogli et al. (2002), which were 4-acetylbenzoic acid, oxo-ibuprofen and 4-IBAP. 423 
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Mendez Arriaga et al. (2010) reported that hydroxylated byproducts were formed during 424 

Fenton treatment and that decarboxylated and hydroxylated byproducts were formed 425 

during photo-Fenton treatment (Méndez-Arriaga et al., 2010). Based on the products 426 

identified in our study, especially formic acid, which can be formed from decarboxylation 427 

of IBP, decarboxylation was thought to be the main mechanism of degradation. 428 

 429 

4. Conclusion 430 

 431 

The aim of this work was to test the ability of soluble Fe
2+

 and Fe3O4 to activate both 432 

H2O2 and PS. H2O2 and Na2S2O8 without activation had little effect on IBP removal. 433 

When Fe
2+ 

was introduced into the system, the removal was greatly enhanced. The 434 

removal efficiency increased to 95% in the presence of H2O2 and to 63% in the presence 435 

of Na2S2O8 at pH 6.6. This behavior was also reflected in the COD results. 436 

The Fe3O4/H2O2 system was also shown for the first time to effectively degrade IBP 437 

through a heterogeneous Fenton reaction. The presence of Fe3O4 activated PS oxidation 438 

of IBP through the possible formation of reactive species such as SO4

.-
 and OH

.
. A 439 

higher kinetic rate constant was found for the oxidation of IBP by H2O2 compared to PS 440 

in the presence of magnetite. This is the first study to present the reaction rate constant 441 

for IBP removal by the SO4

.-
. Although the kinetics of Fenton-like and PS reactions are 442 

slower than those of homogeneous oxidation reactions using Fe
2+

, the use of Fe3O4 as an 443 

iron source offers many advantages for engineering application purposes. First, Fe3O4 can 444 

be used under a wide pH range, unlike homogeneous Fe
2+

 which has a risk of 445 
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precipitating out at high pH values. Secondly, due to its magnetic properties, Fe3O4 446 

particles may be easily separated or recovered from aqueous solutions unlike Fe
2+

 which 447 

can form iron sludges. In addition, Fe3O4 was shown to be re-usable for further oxidation 448 

cycles without attrition and has a low loss of iron content. Furthermore, Fe3O4 has a good 449 

structural stability during oxidation cycles at neutral pH (Xue et al., 2009a). Therefore it 450 

can be hypothesized that re-use would be possible for IBP oxidation as well. The 451 

relatively low cost, stability and reusability of Fe3O4 make it an environmentally friendly 452 

catalyst to remediate an increasing number of environmental pollutants. 453 
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Table 

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

Product Structure 

Oxalic acid 

4-acetylbenzoic acid

Oxo-ibuprofen 

4-IBAP



Figure captions 

Figure 1: (a) XRD diffractogramm (b) SEM and (c) TEM images of the Fe3O4 used.  

Figure 2: (a) IBP sorption onto Fe3O4 vs pH. [Fe3O4] = 1 g/L; [IBP] = 0.1 mM; T = 20 ±1 °C. 

(b) Sorption isotherms of IBP onto Fe3O4. [Fe3O4] = 1 g/L; T = 20 ±1 °C, pH 6.6 ±0.1; t = 12

hrs. The line represents the Freundlich model. 

Figure 3: (a) Removal profile of IBP at various H2O2 concentrations [H2O2]: (□) 1 mM, (∆) 5 

mM and (ο) 10 mM; and in presence of fixed Fe
2+

 concentration [Fe
2+

] =1 mM, [H2O2]: (■) 1

mM, (▲) 5 mM and (●) 10 mM. (b) Removal profile of IBP at various PS concentrations in the 

presence of fixed Fe
2+

 concentration [Fe
2+

] =1 mM,  [PS]: (ο) 0.5 mM (□) 1 mM and (∆) 2.57

mM. [IBP] = 0.1 mM; T = 20±1 °C. 

Figure 4: (a) Oxidation of IBP by H2O2 or (b) Na2S2O8 in the presence and absence of iron 

species; (∆) absence of iron, (□) [Fe3O4] = 1 gL
-1

 , (▲) [Fe
2+

] =1 mM. [IBP] = 0.1 mM;

[oxidant] = 1 mM; T = 20±1 °C. 

Figure 5: Oxidation of IBP in the presence of (♦) [H2O2] = 10 mM, (●) [Na2S2O8] =10 mM, (▲) 

[H2O2] = 10 mM + [Fe3O4] = 1 gL
-1

 and (■) [Na2S2O8] =10 mM + [Fe3O4] = 1 gL
-1

. [IBP] = 0.1

mM; T = 20±1 °C. 

Figure 6: COD removal of IBP in the absence of iron species and presence of Fe
2+

.

Figure 7: Right axis: Removal of IBP with PS activated by Fe
2+

 (▲). Left axis: Degradation

product formed at retention time 13.2 min during removal of IBP with PS activated by Fe
2+

  (∆).

[IBP] = 0.1 mM; = 1 mM; T = 20±1 °C; t = 1 hr. 
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Figure 7 
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