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Photogeneration of HO* was optimized in Fe(Ill)-citrate solution within the pH range of 3.0-9.0 to investi-
gate its photoreactivity at neutral pH without the addition of H,0, under simulated sunlight. The genera-
tion of HO* decreased with increasing pH within the range of 6.0-9.0 at the Fe(III)-to-citrate ratio of 10:50
(10-% M). However, when the concentration of citrate increased to 1.5 x 10~* M, the formation rate of HO*
increased in the order of pH 9.0<3.0<7.0<4.0<5.0. The pH-dependent HO* production was governed
by the stability of Fe(Il)/Fe(Il)-citrate and the amount of O,*~ in the solution. Propranolol can be effi-
ciently photodegraded in Fe(Ill)-citrate system at pH 7.0 with pseudo-first-order constant 3.1 x 10~4s~1,
HO* was verified to be the main reactive oxygen species (ROS) responsible for the photodegradation of
propranolol. The presence of metal ions inhibited the Fe(Ill)-cit-induced photodegradation in the order
of Mn?* >Cu?* > Ca?* >Mg?*. Both humic acid (HA) and fulvic acid (FA) markedly suppressed the degra-
dation of propranolol. Moreover, the iron in Fe(Ill)-citrate system was reused by a simple addition of
citrate to the reaction solution. By GC-MS analysis, the photoproducts of the propranolol were identified
and the degradation pathway was proposed. This work suggests that Fe(Ill)-citrate complexes are good
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alternative for the advanced treatment of organic pollutants at neutral pH in aqueous solution.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Numerous studies have reported the occurrence of pharma-
ceuticals and personal care products (PPCPs) in surface water,
groundwater, sewage water, and drinking water over the last
decade. As one of the subclass of PPCPs, 3-blockers have been used
for the treatment of hypertension, angina pectoris, cardiovascu-
lar system and lately chronic heart failure [1]. 3-Blockers cannot
be completely eliminated in sewage treatment plants and they
have been widely detected in surface waters [2-6]. The existence
of B-blockers is detrimental to aquatic organisms [2]. It has been
demonstrated that most [3-blockers had a specific toxicity towards
the green algae Desmodesmus subspicatus [7,8]. Among these [3-
blockers, propranolol has the highest acute and chronic toxicity
[8].

The previous works showed that propranolol can undergo direct
and indirect photodegradation in simulated natural waters, but it
cannot be completely mineralized [9]. Advanced oxidation pro-
cesses (AOPs) have been proven to be an effective alternative for the
elimination of the drug. The common AOPs, including ozonation,

* Corresponding authors. Tel.: +86 27 87792406; fax: +86 27 87792101.
E-mail addresses: ychen@mail.hust.edu.cn, ychenwhu@163.com (Y. Chen),
zongpingw@yahoo.com (Z. Wang).

0304-3894/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2011.07.081

UV/03, 03/H,0,, UV/H,0,, and UV/TiO,, have been used to treat
propranolol [10-16]. Fe(Ill)-photocatalysis under sunlight is low-
cost and has been employed for the treatment of organic pollutants
since 1990s [17-19]. It is well-known that HO* is photochemi-
cally generated in Fe(Ill)-carboxylate solutions via ligand-to-metal
charge transfer (LMCT) processes and subsequent Fenton reaction
[20]. Citric acid (cit) is a naturally occurring hydroxycarboxylic acid
and it can form complexes with iron, the ubiquitous element in
the soil and waters. Fe(Ill)-cit complexes have been demonstrated
to be excellent Fe(Ill)-photocatalysts with low toxicity and high
photoreactivity [18,21,22].

For many Fe(Ill)-carboxylate complexes, aqueous hydroxide
ions can outcompete carboxylate for complexation with Fe(III) and
lead to loss of photoreactivity of the homogeneous catalysts. In
view of the high stability constants of Fe(Ill)-cit complexes, it is
theoretically likely to use the catalyst at neutral pH by changing
the Fe(Ill)-to-cit molar ratio. Although the formation of HO* has
been determined in the Fe(Ill)-cit system [23], the effect of Fe(III)-
to-cit ratio at different pH was not studied. In addition, the metal
ions such as Ca2*, MgZ*, Mn?*, and Cu?* can compete with Fe3*
for cit [24]. Humic substances can complex with Fe3* and exhibit
light screen effect [25]. The anions including SO42~, HCO3~, and
NO;3~ are also ubiquitous coexistent anions in waters [26]. Those
ions and humic substances may influence the photoreactivity of
Fe(Ill)-cit complexes. To our best knowledge, very few data are
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available concerning the effects of these environmental media on
the Fe(Ill)-photocatalysis.

The present work, therefore, was to determine the forma-
tion of HO* at different Fe(Ill)-to-cit molar ratios within the pH
range of 3.0-9.0. The optimal Fe(Ill)-to-cit ratio was chosen for
the elimination of propranolol by Fe(Ill)-cit complexes. The effects
of environmental media, including Ca2*, Mg2*, Mn2*, Cu?*, SO42-,
HCO3~, NO3~, and humic substances, on the photoreactivity of
Fe(Ill)-cit complexes were first examined. Iron was reused by
the addition of cit to reaction solution at pH 7.0 to examine the
feasible application of Fe(Ill)-cit complexes. Furthermore, the pho-
toproducts of the propranolol were determined by GC-MS, and the
photodegradation pathway was proposed.

2. Materials and methods
2.1. Materials

Propranolol hydrochloride (CAS: 318-98-9, 99%) and humic
acid (HA) was purchased from Sigma and used as received. Fulvic
acid (FA) was obtained from Serva Corporation (Germany). Ferric
chloride (99%) and trisodium cit dehydrate (99%) were obtained
from Fengchuan Chemicals Corporation (Tianjin, China). CaCl,,
MgCl,-6H,0, MnCl,-6H,0, CuCl,-6H,0, isopropanol, and benzene
were supplied by Wuhan Chemicals Corporation. Stock solution
of propranolol was prepared from the solid in deionized water
for photolysis experiments. All chemicals used were of at least
analytical-reagent grade.

2.2. Photolysis experiments

The photolysis experiments were performed under 150-W
Xenon Short Arc Lamp in a 60 mL capped cylindrical Pyrex vessel
(40 mm i.d., containing 50 mL solution). The radiation of wave-
lengths less than 300nm was filtered with the Pyrex glass to
simulate the sunlight. Lamp output was monitored over time by
ferrioxalate actinometry [27]. The incent intensity of the lamp
is 1.5 x 107 einstein/s. All solutions for the photolysis experi-
ments were freshly prepared prior to irradiation. In general, the
initial concentration of propranolol was 2.0 x 10-> M. HO® quench-
ing experiment was conducted by the addition of 1.0x 103 M
isopropanol to the reaction solutions. Aliquots of samples were
withdrawn at various intervals and substrate decay was measured
by high performance liquid chromatography.

2.3. Determination of HO®

Benzene (7 x 1073 M) was used as the probe to detect HO* gen-
erated in the irradiated Fe(Ill)-cit solutions [28]. The HO* was
quantified by phenol, the hydroxylation product of benzene. The
concentration of phenol was determined by HPLC. The generation
of HO*® was determined in Fe(Ill)-cit solutions with three ratios of
Fe(IlI)-to-cit (10:50, 10:150, 10:500) within the pH range of 3.0-9.0
under simulated sunlight.

2.4. HPLC analysis

The concentration of propranolol was analyzed by Shimadzu
Essentia LC-15C HPLC system with Agilent HC-C18 column (5 pm,
250 mm x 4.6 mm). The mobile phase was a mixture of acetoni-
trile and pH 2.5 KH,PO4 buffer (0.01 M) with a ratio of 35:65. The
flow rate was 1.0 mL/min and the detector wavelength was set at
213 nm. Phenol concentration was analyzed with a mobile phase
of 40:60 acetonitrile:H,0 and the detector wavelength was set at
270 nm. Cit concentration was detected with a mobile phase of

10:90 MeOH:H,0(0.01 M KH;PO4 buffer and pH 2.5) and the detec-
tor wavelength was set at 268 nm. The calibration curves for the
detection of propranolol and phenol are shown in Fig. A1.

2.5. Photoproducts identification

Photoproducts of propranolol were obtained after about 80%
of the parent compound had been degraded by Fe(Ill)-cit com-
plexes at pH 7.0. The reaction solution was evaporated to dryness by
rotary evaporator. The residue was trimethylsilylated with 0.1 mL
hexamethyldisilazane and 0.05 mL chlorotrimethylsilane at room
temperature. All photoproducts were extracted and identified as
silylation forms except 4-hydroxypropranolol. GC-MS analysis was
carried out on an Agilent 7890A/5975C system with a HP-5 MS cap-
illary column. The GC was operated in a temperature programming
mode with an initial temperature of 80 °C held for 20 min, ramp at
5°Cmin~! to 280°C, and held at this temperature for 3 min. The
injection port and MSD were held at 250 and 280 °C, respectively.

3. Results and discussion
3.1. Photoformation of HO® in Fe(Ill)-cit solution

The HO* was quantified in Fe(Ill)-cit system at three different
Fe(III)-to-cit molar ratios of 10:50, 10:150, and 10:500 (10-6 M). As
shown in Fig. 1a, the generation of HO*® decreased with increasing
pH within the range of 3.0-9.0 at the Fe(III)-to-cit molar ratio of
10:50 (10-6 M). A similar trend was observed by Zhang et al. at the
Fe(III)-to-cit molar ratio of 30:30 (10-6 M) [23]. However, when the
concentration of cit increased to 1.5 x 10~ M, the formation rate of
HO* increased in the order of pH 9.0<3.0<7.0<4.0<5.0 (Fig. 1b).
Further increase of cit concentration did not affect the order of pH
for HO* production (Fig. 1c). This indicated that it was likely to
extend pH to neutral for the elimination of organic pollutants in
Fe(III)-cit system.

Balmer and Sulzberger have reported a similar result for the
photoreactivity of Fe(lll)-oxalate complexes [29]. According to
the studies of pH-dependent degradation of atrazine, the degra-
dation rate increased in the order of pH 7.5<5.6<3.2<4.3 at
the Fe(Ill)-to-oxalate ratio of 6:18 (10~ M). In contrast, the pH
followed the order of pH 7.9<3.2<4.6~5.4 at the Fe(Ill)-to-
oxalate ratio of 6:180 (106 M) [29]. Jeong and Yoon also gave a
similar report for the degradation of 2,4-dichlorophenoxyacetic
acid in photo/ferrioxalate system [30]. For both Fe(Ill)-cit and
Fe(Ill)-oxalate complexes, higher Fe(Ill)-to-carboxylate ratio is
more favorable for HO* formation at lower pH. However, lower
Fe(IlI)-to-carboxylate ratio renders the trend of HO*® formation dif-
ferent due to the presence of excessive carboxylate in the solutions.

3.2. HO* formation mechanism

The generation of HO®* depends on the Fe(Ill) species in aque-
ous solutions, which are the function of pH and Fe(IlI)-to-ligand
ratios. In Fe(Ill)-cit system, there is some discrepancy in literature
concerning the Fe(Ill)-cit species dominant in solution at different
pHs [31]. According to Field and Stumm, the main Fe(IlI)-cit species
include Fecit, FeHcit*, FeOHcit~, and Fe,(OH),(cit),2~ [24,32]. Fig. 2
illustrates the fraction of Fe(Ill) species in the Fe(Ill)-cit aqueous
solution based on the data from Medusa soft (version: 18 February
2004). Although hydrous ferric oxyhydroxide precipitation is ther-
modynamically expected at pH > 7.0, the precipitation kinetics was
slow, resulting in the presence of homogeneous Fe(Ill)-cit cata-
lyst within the pH range studied according to the UV-vis spectra
(Fig. A2). At low pH, Fecit is the predominant species. With increas-
ing pH (pH>4), FeOHcit~ and Fe,(OH),(cit);2~ become the main
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Fig. 1. Determination of HO* at different [Fe(Ill)]o/[cit]o ratios: (a)
[Fe(I]o/[cit]o = 10/50, (b) [Fe(IlI)]o/[cit]o = 10/150, and (c) [Fe(IlI)]o/[cit]o = 10/500
within the pH range of 3.0-9.0: (W) pH 3.0, (®) pH 4.0, (a) pH 5.0, (v) pH 7.0, and
(<) pH9.0.

species gradually. Fecit and FeOHcit™ are reported to photochemi-
cally induce HO* via the following reactions [18,33-36].

Fecit + hv™S Fe(Il) + cit*2~ (1)
FeOHcit™ + hv"™STFe(I) + 3-HGA*>™ k=1.3x102M s~ (2)
Cit*?” + 0y — 3-0GA%™ + CO, + 05°~ (3)
3-HGA*?™ + 0, — 3-HGA?  +0,*~ k=1.0x10°M"'s1 (4)
HO,* & Ht + 0,°~ Ky=10"%%M (5)
_2H" 7 -1 o1
Fe(Il) + O5*~=>Fe(Illl) + H,0, k=1.0x10"M's (6)
Fe(Il) + HO,* "> Fe(Ill) + Hy0; k= 1.2 x 106 M1 s~ 7)

Fe(Il) + H,0, — Fe(lll) + HO®* + OH~ k=63M's7! (8)
Fe(Il)cit™ + H,0, — Fe(Ill)cit + HO®* + OH™ 9)

1.0

FeOHcit

0.8+
0.6+
0.4+

Fe(OkIjl)3 aq

0.2+

Fraction of Fe(III) species

Fe,(OH), (cit)’,

0.0 T T

pH

Fig. 2. The fraction of Fe(IIl) species based on the stability constants of Fe(Ill)-cit and
Fe(Il)-hydroxo species as a function of pH ([Fe(IIl)]o/[cit]o = 10/150; data of stability
constants is from Medusa soft, formation of iron precipitation was omitted).

According to Eq. (1) and Fig. 2, Fecit complex undergoes a rapid
LMCT process with generation of Fe2* and cit*2~ within the pH
range of 2-4. In the presence of oxygen, 0,°~ is formed and lead
to H,0, which, in turn, reacts with Fe(Il) via a Fenton process to
produce HO* (Egs. (3), (6) and (8)). Like Fenton reaction, lower pH
(in a range of 3.0-9.0) favored the formation of HO® in Fe(IIl)-cit
system at Fe(Ill)-to-cit ratio of 10:50 (10-6 M). As the increase of
cit concentration (1.5 x 10~4 M), the amount of cit was far enough
for the complexation with Fe(III). So it has the ability to outcom-
pete hydroxide ions for Fe(Ill) at higher pH and the Fe(III) species
are present as FeOHcit~ and Fe,(OH),(cit),2~ (Fig. 2). Like Fecit,
FeOHcit™ has a considerable photoreactivity. O,°*~ was generated
after a LMCT process in the presence of FeOHcit~ (Egs. (2) and (4)).
In comparison with HO,*, O,*~ are more favorable for the gener-
ation of H,0, [30], the key factor for production of HO* (Egs. (6)
and (7)). The pK, for HO,*/O,*~ equilibrium is 4.8 [34], suggesting
that O,*~ account for approximately 99% in the solution at pH > 6.8.
Accordingly, higher pH (until pH 6.8) facilitates the formation of
0,*~ and consequently H,0,.

Furthermore, the redox potential of Fe(Ill)cit/Fe(Il)cit
(EOFE(HUCMFE(H)C“) is calculated to be 0.34V according to the
standard redox potential of Fe(IIl)/Fe(II) (EOFe(m)/Fe(n) =0.77V)
[37] The EOFe(lll)cit/Fe(ll)cit is far below EOFE(HI)/FE(II)v indicating that
Fe(Il)-cit is more readily oxidized compared to Fe(Il) in alkaline
solution. Therefore, the Fenton-like reaction (Eq. (9)) is more rapid
than Fenton reaction (Eq. (8)). Meanwhile, as the increase of pH,
Fe(II) can also be oxidized into Fe(Ill) more easily via reaction with
0, according to the well-known reaction equation [38]:

,"Fsg") — K[Fe(II)]po, [OH™|* (10)

Likewise, Fe(Il)-cit is more easily oxidized by O, at higher pH
in aerated aqueous solution. Accordingly, an increase of pH facil-
itates the formation of O,*~ (pH<6.8), whereas it is unfavorable
for the stable presence of Fe(Il) reduction state including Fe(Il) and
Fe(Il)-cit. The contrary effect on Fenton (or Fenton-like) reaction
(Egs. (8) or (9)) led to the optimal pH 5.0 for the production of HO®
in the experiment at Fe(III)-to-cit ratio of 10:150 (10-% M). There-
fore, the O,*~ production and the stability of Fe(II)/Fe(Il)-cit were
two predominant factors for the pH-dependent formation of HO*
in the Fe(III)-cit solutions.
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Fig. 3. Photodegradation of propranolol in Fe(Ill)-cit solutions at different con-
ditions: (W) pH 3.0, (®) pH 4.0, (a) pH 5.0, (v) pH 7.0, («) pH 9.0, and (v) pH
7.0 with the addition of isopropanol. Initial conditions: [Fe(IlI)]o/[cit]o =10/150,
[propranolol]o =2.0 x 10~ M, [isopropanol]o =1.0 x 103 M.

3.3. Photodegradation of propranolol

According to the determination of HO® production, the Fe(III)-
to-cit ratio of 10:150 (10~ M) was satisfactory for treatment
of pollutants at neutral pH. The bimolecular rate constant
for the reaction between propranolol and HO® (kyge) was
(8.7+£0.3)x 10°M~1s-1 [9], indicating that propranolol reacts at
near diffusion-controlled limits with HO*. Fig. 3 illustrates the effect
of pH on the photodegradation of propranolol within the pH range
of 3.0-9.0 in Fe(Ill)-cit solution. The removal rate of propranolol
increased in the order of pH 9.0<3.0<7.0<4.0<5.0, which agreed
well with the trend for the HO* production at the Fe(III)-to-cit ratio
0f 10:150 (10-6 M). The similar pH trend for the generation of HO*
and degradation of propranolol suggested that the photodegrada-
tion of propranolol was related to HO*® formed in Fe(IIl)-cit solution.

The photodegradation mechanism was investigated by the HO®
quenching experiments. As shown in Fig. 3, the photodegrada-
tion of propranolol was markedly inhibited in the presence of
isopropanol. It was further verified that HO® was the main reac-
tive oxygen species (ROS) responsible for the photodegradation of
propranolol in Fe(Ill)-cit solution. The photodegradation followed
pseudo-first-order kinetics. At pH 7.0 the apparent rate constant
(kops) Was 3.1 x 104s~1, corresponding to a half-life 2.2 x 103 s
(Fig. 3). According to bimolecular rate constant for the reaction
between propranolol and HO®, the steady-state concentration of
HO® (kops/kioe ) was calculated to be 3.6 x 10~14 M in the Fe(IlI)-cit
solution at pH 7.0.

3.4. Effect of cations and anions on the photodegradation

The metal ions including Ca?*, Mg%*, Mn2*, and Cu2?* were
added to the Fe(Ill)-cit solutions to better understand the envi-
ronmentally photochemical removal of propranolol. The presence
of metal ions inhibited the photodegradation of propranolol
at pH 7.0 (Fig. 4). The inhibition effect followed the order of
Mn?2* > Cu?* > Ca2* > MgZ*. According to the UV-vis spectra, the
absorbance of the mixture of each metal ion and propranolol was
equal to the sum of single absorption, suggesting that the no
complexation occurred between the metal ions and propranolol
(Fig. A3). Thus, the inhibition effect may be attributed to the com-
petitive complexation of these metal ions for cit with Fe(III), which
gave rise to decrease of photoreactivity of Fe(Ill)-cit complexes.
The first logarithms values of the stability constant for formation of
Mn?*, Cu?*, Ca2*, and Mg2*—cit complexes are 5.5, 7.2, 4.7, and 4.7,
respectively [24]. According to the stability constants, it appears
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Fig. 4. Effect of cations and anions on the photodegradation of propra-
nolol. Initial conditions: [Fe(Ill)]o/[cit]o =10/150, [propranolol]p=2.0x 1073 M,
[ion]p=2.0 x 10> M, pH 7.0.

that Cu?* will show more inhibition than Mn?*, but opposite phe-
nomenon was observed in this experiment. This is likely due to the
photoreactivity of Cu?*—cit complexes [20]. Cu?* can accept elec-
tron from HO,°*/O,°*~ and be reduced to Cu*, which reacts with
H,0, and produce HO*® according to Egs. (11)-(13) [20,39]

Cu(Il) + 02*~ — Cu(I) + Oy (11)
Cu(Il) + HO*~ — Cu()+ Oy*~ + HT (12)
cu(I) + H,05 — Cu(Il) + HO® + HO™ (13)
Mn(II) + H, O, — Mn(IIl) + HO®* + HO™ (14)

Nevertheless, Cu(Il) was involved in the redox cycle of HO,*/0,*~
and thus affected the Fenton reaction of Fe(Ill)-cit, which has
higher photoreactivity than Cu(Il)-cit. Likewise, the addition of
Mn(II) in Fe(Ill)-cit system may induce the Fenton-type reaction
(Eq. (14)) [39]. Meanwhile, the reduction-state Mn2* in the solu-
tion could be oxidized to Mn3* by HO* and the Mn3*, in turn, is
reduced by HO,*/O,*~. Therefore, the multivalent metal-ions affect
the Fe(Ill)-cit-induced photodegradation by involving the redox
cycling in the system.

As shown in Fig. 4, the addition of HCO3~, SO42~, and NO3~
to the reaction solutions exhibited negligible effect on the pho-
todegradation of propranolol in the Fe(Ill)-cit solutions. A similar
phenomenon is observed for the photodegradation of organic dyes
in the presence of [Fe(Ill)-salen]Cl and H,0, [26]. It is well-known
that HO® can directly oxidize HCO3~ and SO42~ via electron-
transfer reactions [40]:

HCO; + HO®* — CO3°*~ + H,0, (15)

S032~ + HO* — S04~ + HO~ (16)

The bimolecular rate constants for the reactions of HCO3;~ and
S042~ with HO® are 8.5 x 10% and 3.5 x 10° Lmol~' s~ [40], which
are 3-4 order-of-magnitude lower than that of propranolol [9].
Therefore, the indirect photodegradation of propranolol was not
affected in the presence of those anions with low concentrations.

3.5. Effect of humic substances on the photodegradation

Humic substances are ubiquitous in natural waters. The effect
of humic substances, including HA and FA, on the photodegra-
dation of propranolol was examined in the Fe(Ill)-cit system. As
shown in Fig. 5, the addition of HA and FA markedly suppressed
the photodegradation. The inhibition increased with increasing
concentration of HA (Fig. 5a) or FA (Fig. 5b). The degradation of
propranolol was slower with the addition of FA compared to that
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Fig. 5. Effect of humic acid (a) and fulvic acid (b) on the photodegradation of pro-
pranolol. Initial conditions: [Fe(II)]o/[cit]o =10/150, [propranolol]o=2.0 x 10> M,
pH 7.0.

of HA under otherwise identical conditions. For example, the addi-
tion of 10 mg/L HA and FA inhibited the degradation of propranolol
by 1.8- and 3.7-fold, respectively. In addition, the indirect pho-
todegradation was nearly stopped after 30 min in the presence of
FA.

Humic substances could complex with iron because they
contain a high density of carboxylate functional groups [25].
The competitive complexation of humic substances with cit for
Fe(Ill) led to decrease of the concentration of Fe(Ill)-cit com-
plexes, thereby affecting HO®* production. Although Fe(IIl)-humic
substances complexes have the ability to generate HO®, the pho-
toreactivity is lower compared to Fe(Ill)-cit complexes. Moreover,
humic substances can react with HO*® and thus disfavor the degra-
dation of propranolol. More importantly, humic substances can
absorb the UV-vis light and have light screening effect on the pho-
todegradation. The extinction coefficient of FA was higher than HA
[9], resulting in greater inhibition of the degradation.

3.6. Reuse of Fe(lll)/Fe(1l) in the solution

According to the above discussion, the Fe(IIl)-to-cit molar ratio
affected the pH application range for the degradation of propra-
nolol. At definite concentration of Fe(Ill), the main effect factor
was the concentration of cit, which is depleted during the pho-
tochemical reactions. In contrast, iron is present in the solution
throughout, which is only cycled between the +2 and +3 oxida-
tion states. Overuse of iron can give rise to increase of process cost
and colourity of water. Therefore, it was necessary to reuse the
Fe(Ill)/Fe(Il) in the solution. As shown in Fig. A4, the photodegra-
dation of propranolol in Fe(IlI)-cit and Fe(II)-cit solutions made no
difference at pH 7.0, suggesting that the oxidation state of iron did
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Fig. 6. (a) Decay of cit concentration after the addition of equimolar cit
(1.5 x 10~* M) in the Fe(1Il) solution (1.0 x 10-> M) and corresponding photodegra-
dation of propranolol during the three runs at pH 7.0 (b).

not affected the degradation. This was because Fe(II)-cit was easily
oxidized to Fe(Ill)-cit at pH 7.0. Accordingly, it was very convenient
to reuse the iron at any reaction period by a simple addition of cit
to Fe(Ill)-cit solution.

In this study, three runs were conducted to investigate the
depletion of cit and the corresponding photodegradation of pro-
pranolol. Initially, the photodegradation of propranolol was carried
out in Fe(Ill)-cit solution at Fe(Ill)-to-cit ratio of 10:150 (106 M).
After 120 and 300 min, 1.5 x 10~4 M cit was added to the solution,
respectively. As shown in Fig. 6a, the depletion of cit was very rapid
within 60 min in the first run. It became slower in the subsequent
runs. The apparent depletion rate constants of cit were 5.3 x 1074,
2.8x 1074, and 1.8 x 10~4s~1, respectively. Correspondingly, the
photodegradation rate constants of propranolol were 3.6 x 1074,
9.5x 1072, 7.2 x 10~ s~1, respectively (Fig. 6b). The photodegra-
dation of propranolol decreased more obviously compared to cit
after each run. This can be attributed to the accumulation of inter-
mediates produced in the former run, which reacted competitively
with HO* in Fe(Ill)-cit solution and led to further mineralization.

3.7. Photodegradation products and pathway

The reaction intermediates and products of propranolol were
identified by GC-MS. The main intermediates formed in Fe(III)-cit
system are shown in Table A1l. All of these compounds were
unequivocally identified using the NIST98 library database and the
comparison of mass spectra between standard compounds and
the photoproducts is illustrated in Fig. A5. As shown in Table A1,
most of the intermediates are hydroxylation products, mainly
including naphthalen-1-01, 4-hydroxypropranolol, 1,5-dihydroxy-
naphalene, 1,6-dihydroxy-naphalene and some benzene series
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Fig. 7. The proposed pathways for the indirect photodegradation of propranolol in
Fe(IIl)-cit system.

compounds. These hydroxylation products can be further attacked
by HO¢, leading to oxidative cleavage of benzene ring. The results
further verified that HO®* was the main ROS for the photodegra-
dation of propranolol in Fe(Ill)-cit system. According to the above
results, the proposed pathway for the indirect photodegradation
of propranolol is illustrated in Fig. 7. The first attack of HO®
occurred in the side chain and benzene ring of propranolol, lead-
ing to naphthalen-1-o1 and 4-hydroxypropranolol, which have
been detected as HO® product by Song et al. [41]. The further oxi-
dation of naphthalen-1-o01 yielded 1,5-dihydroxynaphalene, and
1,6-dihydroxynaphalene. The subsequent cleavage of one of the
benzene ring gave rise to the production of some benzene series
compounds such as benzeneacetic acid, 3-hydroxybenzoic acid,
1,3-benzenedicarboxylic acid, 1,4-benzenedicarboxylic acid, and
2,6-dihydroxybenzoic acid. In addition, HO® further reacted with
the intermediates and generated a series of low-molecular-weight
carboxylic acids.

4. Conclusions

Fe(IlI)-cit-induced HO* formation rate increased with decreas-
ing pH at the Fe(Ill)-to-cit ratio of 10:50 (10-6 M). Lower ratio such
as 10:150 and 10:500 led to different orders for HO® formation:
pH 5.0>4.0>7.0>3.0>9.0. The pH-dependent HO® production are
governed by the stability of Fe(Il)/Fe(Il)-cit and amount of O,°~.
The presence of metal ions inhibited the photodegradation of pro-
pranolol in the order of Mn2* > Cu2* > Ca2* > Mg2*, while HCO3 ™,
S042-, and NO5~ did not affect the degradation in Fe(Ill)-cit sys-
tem. Both HA and FA markedly suppressed the photodegradation

of propranolol. Reuse of iron in Fe(Ill)-cit solution was convenient
by a simple addition of cit to the reaction solution. The attack
of HO* on propranolol led to 4-hydroxypropranolol, naphthalen-
1-o01, 1,5-dihydroxy-naphalene, 1,6-dihydroxy-naphalene, some
benzene series compounds, and low-molecular-weight carboxylic
acids.
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