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ABSTRACT

We report on the degradation of aqueous propranolol (PRO) in a heterogeneous system with natural iron oxide
(N.I.O.) and oxalic acid (OAA) under near UV-Vis irradiation. Photolysis experiments showed ca. 65% degra-
dation of PRO after 2 h irradiation, and a similar degradation in the presence of N.I.O. A more efficient PRO
removal was obtained upon irradiation within a mixture of N.I.O. and OAA. Under the best conditions consid-
ered, complete degradation (> 95%) was observed in less than 10 min, and TOC decreased by 60% after 3 h
irradiation. The observed processes were adequately fitted by pseudo-first-order kinetics, the corresponding rate
constants were determined, and the effect of different variables analyzed. Photodegradation of PRO is acceler-
ated under acidic conditions, and neutralization takes place along the reaction. Hydroxyl radicals play a pre-
dominant role in the photodegradation reaction, as shown by the dramatic inhibition observed upon t-butanol
addition. Furthermore, HO* formation is strongly dependent on the pH of the medium. LC-MS identification of
ten different intermediates leads to the proposal of a degradation mechanism. This photocatalytic system has also
proven effective, for the first time, in different real aqueous matrices (river water > distilled water > sewage >
> seawater, revealing quite efficient in the former) and also employing sunlight, where PRO photodegradation
was slower. The results obtained show that N.I.O.-oxalate complexes are a green, cheap choice for removing
organic pollutants in aqueous solution.

1. Introduction

different organisms has been assessed in several studies; for instance, the
average 48-h LCso for Daphnia magna, Ceriodaphnia dubia and Oryzias

The presence of pharmaceuticals in aquatic environments and,
therefore, in drinking water is of major concern due to their extensive
use and incomplete removal during water treatment. [1,2] Propranolol
(PRO, 1-naphthalen-1-yloxy-3-(propan-2-ylamino)propan-2-ol, Fig. 1)
is a B-adrenergic blocker used for the treatment of hypertension, angina
pectoris, and arrhythmia. [3] With more than 9 million prescriptions in
the U.S. in 2019, [4] it is included in the WHO Model List of Essential
Medicines. This drug has been repeatedly found in natural and waste-
waters [5,6] at concentrations ranged from 0.07 to 89 ng~L’1 (median
values of different studies) [7] and up to 18 nng’l [8], respectively.

Besides, several studies have informed about the potential toxic ef-
fects of this compound, so that its presence in surface water can pose a
risk to both humans and aquatic ecosystems. [9,10] PRO toxicity to
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latipes was 1.6, 0.85 and 24.3 mg-L™!, respectively. [11] Thus, the
development of novel technologies to efficiently remove pharmaceuti-
cals such as p-blockers is of great importance. Several studies have
indicated that advanced oxidation processes (AOPs) are able to remove
B-blockers from aqueous solution. [12,13]

Photocatalysis using iron oxides is a popular technology because
they are widely available and inexpensive, [14] as they comprise natural
minerals abundant in the Earth's crust. [15]. Major iron oxides show
semiconductor properties with a narrow band gap of 2.0-2.3 eV and,
thus, they can be photoactive under solar radiation. [16] As a result,
they may act as natural photocatalysts to mediate the degradation of
organic pollutants in the environment. [17,18] Typically, their induced-
reactions start with sunlight excitation of semiconductor particles to
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Fig. 1. Molecular structure of PRO.

produce conduction band electrons (e ) and valence band positive holes
(h™) (Eq. 1), which may prompt photoreduction and photooxidation
processes, respectively. [16,19] Thus, these excited electrons can be
transferred to molecular oxygen (O3) to form the superoxide anion
(02°7):

Iron oxide +hv—h" + e~ (€8]

02 +e —>O;7 (2)
Hydroxyl radicals (HO®) can be formed via oxidation of HO™ by h':
HO™ +h"—HO® 3)

The photoinduced degradation of organic pollutants by irradiated
iron oxides has been extensively investigated with different degrees of
success [20-24], but it has been recently found that this mode of
degradation can be accelerated by photo-Fenton-like reactions assisted
by polycarboxylic acids (oxalic, malic, citric, tartaric, etc.). [21,25-29]
These carboxylic acids show an important chelating ability toward
multivalent cations. [30] In particular, oxalic acid reveals quite prom-
ising as compared to similar compounds, due to its acid strength, good
complexing characteristics and high reducing potential. [31] Oxalic acid
(H2C204, OAA) can bind iron oxide to form =Fe(IlI)-oxalate complexes
through chemical adsorption (Eq. 4), where = stands for the N.LO.
surface lattice. The photolysis of these complexes results in an oxidative
degradation of the oxalate ligand and the reduction of the ferric center to
Fe(II) (Eq. (5)), [32] a process that may also occur in solution with
solubilized iron ions (Eq. (6)). Thus, a series of reactive oxygen species
(ROS), such as CO,*~, 05", and HO>® (Egs. 7, 8, and 9, respectively) are
produced in the solution. Besides, H,O2 can be obtained by dismutation
of 02°~/HO,® (Eq. (10)) or via oxidation of Fe2t (Eq. (11)). Superoxide
anion can also react with Fe®* yielding the ferrous cation (Eq. (12)). Fe
(1) and H0, may react to produce the hydroxyl radical, HO® (Fenton
reaction, Eq. (13)), which acts as primary oxidant. [33-35] This radical
reacts readily and unselectively with organic compounds due to its very
high oxidation potential (+2.80 V vs. NHE). [36] Therefore, organic
pollutants can be efficiently degraded, or even mineralized, in this
photochemical system. Reaction (13) generates HO- in a relatively slow
way, considering its reported k=40-80 M'.s? [37], and the concentra-
tions of both Fe?* and H50,.
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Fe' [c204),1} M {Fe"(czo4)(,z,,) }4*2" +C,05” (6)
C,0;—>CO, +CO;5~ )
C,057 /CO5™ + 0,—2C0, /CO, + 05~ (8
HO; +H,0=05" + H;0" (pK, = 4.8) ©)
2(03” /HO3) +nH*-H,0, + O, (10)
05” /HO; + nH* + Fe** ->Fe’* 4+ H,0, an
05 +Fe*" >Fe’™ + 0, 12)
Fe** + H,0,—Fe’ + OH™ + HO® (k=40-80M's7") 13)

Though several studies are available on the photocatalytic trans-
formation of PRO [13,38-40], its photodegradation pathways using the
iron oxide-oxalate complex system have not yet been described. Besides,
to the best of our knowledge, this procedure has not been tested under
real conditions, i.e. employing sunlight and with pollutants dissolved in
complex matrices, rather than distilled water. This last point is very
important to assess the feasibility of this technique. In fact, the major
objective of this study was the evaluation of the system comprised of
suspended natural iron oxide (N.I.O.) together with OAA to photo-
degrade PRO, as a model pollutant in water, with no other chemicals
added to obtain a very efficient, economical, sustainable technique for
water decontamination. The effect of OAA concentration, N.I.O. load,
and pH on the photodegradation was analyzed. The degree of pollutant
mineralization was also examined, and the efficiency of the reaction was
tested in different aqueous matrices and using solar radiation. Besides,
products and intermediates of the photocatalytic degradation of PRO
have been identified and appropriate reaction pathways proposed.

2. Materials and methods
2.1. Materials

Overall, reactants of the highest purity commercially available were
used. (+)-propranolol hydrochloride (>99%, Sigma-Aldrich), oxalic
acid 2-hydrate (PRS, Panreac), sodium hydroxide (PA-ACS-ISO, Pan-
reac), 1,10 phenanthroline monohydrate (p.a., Merck), sodium acetate
(99%, Panreac), sulfuric acid (96% p.a., Panreac), titanium tetrachloride
(98%, Fluka), potassium dihydrogen phosphate (p.a., Merck), phos-
phoric acid (85% RPE-ACS, Carlo Erba), and acetonitrile (Ultra Gradient
HPLC Grade, J. T. Baker) were employed in the experiments, without
further purification. Natural iron oxide (N.I.O.) was obtained from
Chaabet El Ballout mine in Souk Ahras, NE Algeria, ground and used
without any chemical treatment. N.I.O. has already been characterized
by X-ray powder diffraction (XRD), X-ray fluorescence, energy-
dispersive X-ray spectroscopy (EDX), Brunauer-Emmett-Teller (BET)
surface area measurement, scanning electron microscopy (SEM), and

iron oxide(s) 4+ nH,C,04— [ = Fe(C,04), | (3-2m) 4) Raman spectroscopy in previous studies. [41,42] Particle size distribu-
tion has been analyzed with a Saturn Digisizer II laser granulometer and
the density measured with an Accupyc 1340 helium pycnometer, both
[ = Fe™(Cy04), |7 + hv— [ = Fe (C,04) (n1) ]4’2”/ [Fe" (C204) u1y | * 72" + C205” 5)

from Micromeritics, Inc.
According to EDX (Table 1) N.I.O. contains mostly iron (50%) and
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Table 1
most abundant elements present in N.I.O. as analyzed by EDX. [41].
Element Fe o C Ca Si Mn Al
% (weight) 50+ 3 38+2 7.4+23 21+0.3 1.5+0.1 1.5+0.3 0.5+0.1

oxygen (38%), with smaller amounts of carbon, calcium, silicon, man-
ganese, and aluminum. XRD data confirmed that it is mostly composed
of hematite, the alpha polymorph of Fe;O3. [41] Particle size distribu-
tion is broad, where particles with diameter ranging 0.2-100 pm
comprise 99% of the total volume, with a mean value of 20.6 pm, me-
dian of 14.2 pm, and mode is 23.8 pm. These particles present different
morphologies according to SEM micrographs: N.I.O. mostly contains
irregular micrometric particles in the form of aggregates and some small
spherical particles. [41] This corresponds to a BET specific surface area,
measured by N adsorption, of 79 m?g ™1, and a total pore volume of
0.0892 cm®-g ™. The density of this material is relatively high for a clay,
3.856 g-cm_g.

All solutions were prepared with bidistilled, organic matter-free
water, whereas Millipore Milli-Q® ultrapure water (resistivity >18.2
MQ-cm) was employed as HPLC mobile phase.

2.2. Photodegradation experiments

Irradiation experiments were carried out in a stirred batch photo-
reactor, comprising a 200 mL borosilicate glass photoreactor and an
ultraviolet A plus visible (UVA-Vis) light source (Fig. 2). A Heraeus
medium-pressure mercury-vapor lamp, model TQ-150-Z3, is cooled to
298.0 + 0.1 K by water circulation, and irradiation bands below 350 nm
were cut off with a Duran 50® glass filter. The photoreactor was covered
with aluminum foil to reflect escaping radiation and to avoid the
entrance of any other light; thus, photon flux at 366 nm was 2.38-10°
Einstein-s .

Continuously stirred suspensions, formed by adding the desired
quantity of N.I.O. powder into 200 mL of PRO and OAA aqueous solu-
tion, were kept in the dark for 30 min to allow for the adsorption-
desorption equilibrium to be established. Initial PRO concentration
was 8 ppm in all experiments, far below PRO solubility in water at 298 K
(61.7 ppm), [43] and pH was not adjusted unless stated otherwise, thus
resulting in the natural pH of the heterogeneous mixture. Photo-
degradation experiments were initiated by insertion of the previously
warmed up lamp (15 min) and then, samples were collected at specific
times, filtered through 0.45 pm Sartorius nylon filters, to remove par-
ticles, and analyzed. It was previously checked that the nylon filters did
not retain PRO to a measurable level, and consequently assumed the
same was true for PRO metabolites.

For solar experiments, magnetically stirred borosilicate flasks were
placed under sunlight with a 100 mL suspension of PRO, OAA and N.I.

COOLING > —]
WATER

(25°C) — =] SAMPLING

LAMP BULB

MAGNETIC STIRRER

Fig. 2. Schematic representation of the stirred batch photoreactor employed in
the study.

0., and the same procedure was followed.

2.3. Analytical methods

2.3.1. HPLC analysis

Filtered samples were analyzed with a Thermo Finnigan HPLC in-
strument equipped with a diode-array UV-Visible detector and a
Scharlau KromaPhase 100 C18 column (5 pm, 250 x 4.6 mm). A 35:65
mixture of acetonitrile and pH 2.5 buffer (0.01 M KHyPO4/H3POy) at a
flow rate of 1.0 mL-min~! was used as mobile phase, and PRO was
detected at 289 nm.

2.3.2. UHPLC-MS analysis

The identification of obtained photoproducts was carried out by
UHPLC-MS, using a Thermo Fisher Scientific LTQ-Orbitrap Discovery
mass spectrometer, equipped with an electrospray interface operating in
positive ion mode (ESI+), coupled to a Thermo Fisher Scientific Accela
UHPLC apparatus. A Phenomenex Kinetex XB-C18 column (2.6 pm, 100
x 2.1 mm) column was used. Analyses were carried out using full-scan
data-dependent MS, acquiring data from m/z = 50 to 400.

2.3.3. Other analytical measurements

Total organic carbon (TOC) values were measured in a Shimadzu
TOC 5000A analyzer. Results at different reaction times were compared
to the starting value to determine the mineralization degree. [Fe2'] in
solution was measured by the 1,10-phenanthroline method. [44] [H202]
was measured using a colorimetric method based on its derivatization
with TiCl4 reagent, where the molar absorption coefficient at 410 nm is
e =720 M Lem L. [45]

2.4. Recovery of the catalyst
N.I.O. was recovered after its use following a very simple procedure.
The nylon filter employed during the experiment was backwashed with

distilled water and this effluent, containing some N.I.O., was merged
with the leftover reaction solution and, therefore, with the remaining
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Fig. 3. Degradation of 8 ppm PRO under different conditions: (M) 1.0 g-L™* N.
1.0., (+) 1.0 mM OAA, (@) UVA-Vis, (a) 1.0 g-.L.7! N.L.O. + UVA-Vis, (v) 1.0
mM OAA + UVA-Vis, and (+) 1.0 gL 7! N.LO. + 1.0 mM OAA + UVA-Vis. T =
298 K, pHepro) = 7.2, pPHpro+n.1.0) = 9-3, PHero+0ar) = 3.2, PHpro4N.LO. +
oaa) = 4.2
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catalyst. The particles of N.I.O. were allowed to settle for 2 h, the su-
pernatant was decanted away, and the sediment was dried in the same
reaction vessel at 90 °C for 12 h, prior to the following degradation run.
No washing or any other further treatment of the used N.I.O. was
performed.

3. Results and discussion

PRO degradation in aqueous solution under different reaction con-
ditions, presence and absence of N.I.O. and/or OAA, and either in the
dark or under UVA-Vis irradiation, is shown in Fig. 3. In this and the
following figures, unless differently stated, lines just represent ten-
dencies and are not mathematical fits of mechanistic models.

PRO does not decrease within 2 h in the dark; the addition of N.I.O.
did not induce degradation, but some weak surface interaction phe-
nomena in the heterogeneous medium at natural pH. Also, no effect was
observed with OAA alone. Therefore, no evidence of significant
adsorption or degradation of PRO has been observed in the dark. PRO is
a weak base with pK, = 9.5 [46] and N.I.O has zeta potential >0 when 2
< pH < 8). [47,48]

The fact that both PRO and N.L.O. are positively charged at pH < 9
explain the lack of PRO adsorption onto N.I.O. On the other hand,
approximately 65% conversion was observed with or without N.L.O.
after 2 h of lamp irradiation, indicating a relatively slow photolysis
process and the absence of any relevant effect of N.I.O. Light dispersion
by N.LO. suspended particles accounts for the difference between
UVA-Vis and N.I.O. + UVA-Vis experiments. This suggests that the
photoreductive dissolution of N.I.O. does not present any noticeable
effect on PRO degradation, [49,50] and that the photocatalytic activity
of N.LO. particles acting as a semiconductor (generation of e /h" pairs)
has a minor contribution under these conditions, despite it has been
previously observed in other systems. [17,18]

OAA/UVA-Vis system leads to a 98% degradation of PRO in 2 h. This
is attributed to HyO4 production by the direct photolysis of OAA to yield
HO®. [51] When 1.0 g~L_1 N.I.O. was added to the reaction medium, the
degradation notably accelerated by the photo-Fenton-like system, and

Table 2

First-order kinetic rate constants (k) obtained for the photodegradation of 8 ppm
PRO under different initial conditions. All experiments performed with distilled
water. T = 298 K.

Radiation  [N.L.O.]/ [OAA]/ [t-BuOH]/ pH k-10%/571
g-L’1 mM mM

None 1.0 - - 9.3 12 +13
(natural)

None - 1.0 - 3.2 1+1
(natural)

Lamp - - - 7.2 159 +7
(natural)

Lamp - - 0.1 7.2 55+3
(natural)

Lamp 1.0 - - 9.3 112 £19
(natural)

Lamp - 1.0 - 3.2 348 + 60
(natural)

Lamp 0.5 1.0 - 3.4 6198 +
(natural) 318

Lamp 1.0 1.0 - 4.2 3565 +
(natural) 243

Lamp 1.0 1.0 0.1 4.2 61 +5
(natural)

Lamp 2.0 1.0 - 6.9 130 + 15
(natural)

Lamp 1.0 0.5 - 5.7 92 +8
(natural)

Lamp 1.0 2.0 - 3.0 6158 +
(natural) 515

Lamp 1.0 1.0 - 4.8 1938 +

142
Lamp 1.0 1.0 - 10.5 79 £41
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the reaction took place in ca. 15 min, with 80% PRO elimination.
Degradation of PRO under suitable conditions is adequately fitted by a
first-order kinetic model, and the corresponding rate constants (k) are
listed in Table 2.

As already observed for other compounds, [52] PRO photo-
degradation must take place both on the iron oxide surface (heteroge-
neous process) and in solution (homogeneous reaction). Once N.LO. is
added to the solution, OAA is chemically adsorbed on N.L.O. surface
forming iron oxide-oxalate complexes ([EFeIII(C204)n]3'2"). Zeta po-
tential becomes negative at pH ca. 2. [48] The N.L.O.-oxalate system
under UVA-Vis irradiation can be excited to yield radicals such as
C204°7, CO5" ™, 02" /HO,® and HO® (Egs. (5)—(9) & (13)). The hydroxyl
radical (HO®) is an extremely strong, non-selective oxidant leading to
the mineralization of most organic chemicals. Iron(III)-oxalate com-
plexes ([FeHI(C204)n]3’2“), Fe’*and H50, are also formed in solution:
the two latter react to produce HO® radicals (Eq. (13)), while the
photolysis of Fe(Ill)-oxalate complexes in solution yields HO® as well.
Additional ROS, such as radical cations, arise from photodegradation of
OAA and, though it is dependent on N.LO. nature, k = 3.5.10"2 min~!
may be accepted for the corresponding rate constant (Eq. (14)). [52,53]

OAA + O, +hv—OAA*" + 05~ 14)

Finally, photoinduced homolysis of HyO; also leads to formation of
HO?® radicals (Eq. (15)).

H,0, + hv—»2 HO® (A < 365 nm) (15)

3.1. Formation of H,04 and Fe?*

[Fe*'] and [H205] in solution, both involved in Fenton reaction,
were monitored (Fig. (4)). HoO, is generated via two pathways: HO5®
reacting with 02~ /HO,* (Eq. (10)) and Fe(Il) reacting with 0,°/HO,*
(Eq. (11)). In the described experiment, i.e. 1.0 g-L’1 N.I.O., 1.0 mM
OAA, and UVA-Vis lamp, [H205] reaches a maximum value of 3.6:10°*
M after 10 min. This photochemical reaction occurs both onto the iron
oxide surface and also in the bulk of the solution. [49,52] In the course of
photodissolution of N.I.O., dissolved iron may be photoreduced to Fe?",
reaching a peak value of 2.9.107° M after 15 min. Fe(Il) formation
profile is similar to that occurring with goethite, where two stages have
been identified, the first one is slower and then the presence of Fe(II)
speeds up the process. [54] [Fe2+] and [H»03] in Fe(III) + oxalate sys-
tems show different profiles depending on the medium pH, [Fe(II)]o
and [oxalate ion]g, [33,48,55] but it is also conditional on the incident
radiation. The presence of ferrous cations is the determining-step for the
overall reaction rate. However, it has been reported that both the lack
and the excess of iron cations (both Fe?t and Fe3+) are not favorable for
the degradation of organic pollutants. [56] Thus, iron leaching is crucial

3.0x10° 1 - 4.0x10™
-3.0x10™ .
T—.’ 2.0x10° - ’-__,
5 °
£ -2.0x10* E
= o
Q 1.0x10° I

-1.0x10™

0.0 L= : : Lo.0
0 5 10 15

Time (min)

Fig. 4. Formation of Fe?' (M) and H,0, (@) during the photodegradation of 8
ppm PRO under UVA irradiation in the presence of 1.0 g-L.”! N.L.O. and 1.0 mM
OAA T =298 K, pH = 4.2.
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Time (min)

Fig. 5. Effect of 0.1 mM t-butanol on the photodegradation of 8 ppm PRO: (H)
only UVA-Vis irradiation; (@) UVA-Vis irradiation with 1.0 g-L’1 N.I.O. + 1.0
mM OAA; (a) UVA-Vis irradiation with 0.1 mM t-BuOH; (v) UVA-Vis irradi-
ation with 1.0 g-L™! N..O. + 1.0 mM OAA + 0.1 mM t-BuOH. T = 298 K,

PHpro) = 7.2, pHpro+N.LO. + 0an) = 4.2.
in the catalytic process (more information below, in Section 3.4).
3.2. Effect of tert-butanol

t-BuOH is a commonly used HO® scavenger, [20] as the corre-
sponding reaction rate is very fast (ko® + rBuoH) = 6.0-108 M~1sh)
[36] and the resulting radical is relatively inert. It has been observed
that small amounts of +-BuOH (0.1 mM) inhibited ca. 60% of the pho-
tocatalytic degradation of PRO in 2 h (Fig. 5). Besides, PRO direct
photolysis was similarly affected by t-BuOH, exhibiting kinetics that are
comparable to the inhibited photo-Fenton-like process. This indicates
that HO® is also generated during PRO photolysis, which must be
attributed to PRO acting as a photosensitizer. [57,58] The comparison
between the effect of t-BuOH on PRO direct photolysis and photo-
catalysis (Fig. 5) suggests that PRO removal by N.I.O. + OAA photo-
catalysis is mainly promoted by HO®.

Competition between oxalate and PRO by HO® could be discarded,
since kpro+Ho®) is diffusion controlled [59] whereas k(o® + oxalate) =
10’ M~ts7L. [60]

0.0

T

0 5 10 15
Time (min)

Fig. 6. N.I.O. dosage effect on the photodegradation of 8 ppm PRO under

UVA-Vis irradiation in the presence of 1.0 mM OAA [N.LO.] = 0.5 g-L ! (H,
pH = 3.4); 1.0 gL ™! (@, pH = 4.2); or 2.0 gL™* (a, pH = 6.9). T = 298 K.
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3.3. Effect of photocatalyst concentration

The catalyst load may have a positive or negative impact on the
photodegradation depending on its amount. An increase in photo-
catalyst concentration means a higher number of reactive sites, thus
increasing the degradation rate. On the other hand, the addition of an
excess of catalyst increases turbidity and light dispersion, reducing the
amount of effective UV photons, which negatively affects the reaction
rate. Besides, N.I.O. also has some effect on the pH of the reaction me-
dium, as it increases with catalyst concentration, which decreases the
degradation rate (see below, Section 3.5). We have tested all these fac-
tors together, by modifying the amount of catalyst without changing the
other chemicals that participate in the reaction. Thus, to determine the
optimal N.I.O. dosage, experiments were carried out in the 0.5-2.0
g-L7! N.IO. range, while PRO was kept constant and pH was not
adjusted (Fig. 6). The obtained results indicate that photodegradation
efficiency increases with decreasing N.1.O. load. First-order kinetic rate
constants (k) are listed in Table 2.

More Fe(IIl)-oxalate complexes may be formed on the surface or in
solution with growing N.I.O. load, and consequently, more HO® should
be produced, and increased PRO degradation would be expected. [61]
However, a degradation decrease is observed at higher catalyst loads,
which is attributed to strong light dispersion by suspended particles, that
reduces the availability of photons and, therefore, the formation of HO®.
Also, the increase in pH with growing [N.I.O.] (see Section 3.5) operates
against the photodegradation process.

3.4. Effect of oxalic acid concentration

[OAA]y is an important factor to determine optimal PRO-removal
conditions. This effect was investigated from 0.5 to 2.0 mM OAA at
constant 1 g-L™! N.L.O. load (Fig. 7). PRO photodegradation has proved
very sensitive to oxalate, its efficiency increases with [OAA]p. As it in-
creases, both adsorbed and in solution Fe(llI)-oxalate complexes also
increase and, consequently, the amount of reactive radical species
responsible of PRO degradation. Besides, a higher amount of OAA leads
to a more acidic initial pH, which also markedly affects the reaction rate
(Section 3.5).

pH changes along the reaction, increasing with time (Fig. 8), so that
the initial acid pH of the medium is mostly neutralized by the end of the
reaction. This implies an important advantage for this system with
respect to regular photo-Fenton processes using HoO» in acidic medium,
as any subsequent neutralization steps may not be necessary. This
change can be explained by the consumption of OAA (Egs. (1)-(9) [52]

1.0 4

Time (min)

Fig. 7. Effect of initial OAA concentration on PRO photodegradation under
UVA-Vis irradiation with [PRO] = 8 ppm, [N.I.O.] =1 g-L "}, and [0AA] = 0.5
mM (ll, pH = 5.7); 1.0 mM (e, pH = 4.2); or 2.0 mM (a, pH = 3.0). T =298 K.
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Fig. 8. pH variation along the photodegradation of 8 ppm PRO under UVA-Vis

irradiation, with 1 g-..”! N.L.O. and different values of initial OAA concentra-
tion: [OAA] = 0.5 mM (D, 1.0 mM (@), or 2.0 mM (a). T = 298 K.
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Fig. 9. Concentration of Fe>* along the photodegradation of 8 ppm PRO under
UVA-Vis irradiation, with 1 gL ! N.L.O. and different values of initial OAA
concentration: [OAA] = 0.5 mM (), 1.0 mM (@), or 2.0 mM (4). Initial 45 min
correspond to the period in the dark for the establishment of the adsorption
equilibria. T = 298 K.

along with HO® production (Eq. (13)), with a minor contribution of HO™
generation, and Hy0O, formation, which also consumes protons (Egs.
(10) & (11)).

Iron leaching depends on the concentration of OAA and the processes
undergone are strongly affected by the irradiation (Fig. 9). An increase
in OAA led to a rise in [Fe?*] under irradiation, whereas the presence of
this cation in the reaction medium was negligible in the dark. It has been
reported that iron oxides can be quickly dissolved in OAA solution, but
the reduction process of Fe3t hardly occurs without irradiation. [35]
Besides, the dissolution of iron oxides in organic acid solutions is pro-
moted by ultraviolet and visible light radiation (Egs. (5) & (6)) [26,33].
[Fe2+] increases along the first 60 min of irradiation as Fe(IIl)-oxalate
complexes are easily photodissolved and reduced to Fe(II)-oxalate
complexes (Eq. (6)); [62] Fe®" ions can be also produced through Eq.
(12). In the late stage of the reaction, the transference of iron cations
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0.0

0 5 10 15
Time (min)

Fig. 10. Effect of initial pH on the photodegradation of 8 ppm PRO in the
presence of N.I.O. (1 g~L’1) and OAA (1.0 mM) under UVA-Vis irradiation. pH
=4.2 (W), 4.8 (@), or 10.5 (a). T = 298 K.

from the N.L.O. surface to the solution slows down due to both the
consumption of OAA and the corresponding pH increase. Under these
conditions, Fe>t precipitates as Fe(OH)3 so that the concentration of
Fe®' declines. [35]

3.5. Effect of initial pH

pH is commonly an essential parameter for photo-Fenton processes.
In this study we have employed natural pH after the addition of the
necessary OAA, for avoiding the use of other chemicals. Still, we have
also checked the effect of this parameter on the kinetics of the degra-
dation process. Photocatalytic degradation of PRO was examined at pH
values 4.2, 4.8, and 10.5 by adjusting pH with NaOH(aq) (Fig. 10). The
best results were obtained under acidic conditions (pH 4.2), where
dissolved Fe must be present predominantly as the photoactive
[FeHI(C204)3]3’ and [FeH(C204)2]2’ complexes. [63] This result is in
agreement with the previously reported optimal pH range around 3-4
for the photodegradation of organic pollutants in the N.I.O.-oxalate
complex system. [20,42] At higher pH (4-5) predominant Fe(III)-
oxalate complexes are less photoactive, [49,52] thus PRO photo-
degradation at pH 4.8 is slowed down.

A negligible decrease in PRO concentration at pH 10.5 was observed.
Under alkaline conditions the predominant Fe(III)/Fe(II) species are the
insoluble hydroxides Fe(OH); and Fe(OH), that readily precipitate.
Therefore, the generation of active species is strongly inhibited at basic
pH values, preventing PRO photodegradation.

3.6. Photodegradation products and proposed reaction pathways

The main transformation products formed during UVA-Vis irradia-
tion of PRO in the N.I.O.-oxalate system were identified by HPLC-MS, in
positive ion mode, and are summarized in Table 3. The m/z value of each
peak corresponds to the molecular ion [M + H]". Some of them have
been also previously reported as intermediates of different oxidation
processes of PRO [64-68] Propranolol contains two types of reactive
sites, the aromatic moiety and the lateral chain (Fig. 1). Under attack of
HO®, C—O bond breaking takes place, releasing the lateral group. [64]
Piram et al. studied the photochemical behavior of PRO in environ-
mental waters; [69] they observed hydroxylation only in the aromatic
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Table 3
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Intermediates detected in PRO photodegradation by HPLC/MS, in positive ion mode.

Name

m/z tg (min) Proposed structure

PRO  Propranolol
(Cl 6H21N02)

P1 Naphthol
(C10HsO)

P2 3-(Isopropylamino)propane-1,2-diol
(CeH15NOo)

P3 Naphthoxy methanoic acid
(C11HgO3)

P4 2-(Isopropylamino)ethanol
(CsH;13NO)

P5 Naphthalene
(C10Hg)

P6 8-(3-(Ethylamino)-2-hydroxypropoxy)naphthalen-1-ol
(C15H10NO3)

pP7 (Z)-2-(2-Hydroxy-3-(isopropylamino)propoxy)-6-(2-hydroxyethylidene)cyclohexa-2,4-dienone

(C14H21NO4)

P8 (Z)-2-(5-(2-Hydroxy-3-(isopropylamino)propoxy)-6-oxocyclohexa-2,4-dienylidene)acetaldehyde

(C14H;9NOy)

P9 (Z)-2-(5-(3-Amino-2-hydroxypropoxy)-6-oxocyclohexa-2,4-dienylidene)acetaldehyde

(C11H13NO4)

P10 1-((5Z,6E)-6-Ethylidene-5-(hydroxymethylene)cyclohexa-1,3-dienyloxy)-3-(isopropylamino) propan-2-

ol
(C14H17NO4)

260.1645  12.24

.
.

145.0648 12.27 Ol

134.1103 3.73

o
I

s

189.0648 10.44

>:o

o
o
=

104.1070 4.09

o

129.0699 12.32

262.1438 10.46
OH

/_§

268.0816  12.73

o
o
X

3

o

H

266.1314  10.64

O/Y\NH

224.0917  10.51

264.1230  10.30

HO /

On the basis of the above reported results and taking into account the information reported in the literature, [64,66,67] the following PRO degradation pathways are

proposed (Scheme 1).

moiety without hydroxylation of the lateral chain, in agreement with
our findings.

HO?* radicals produced from the photolysis of N.I.O.-oxalate complex
are responsible for the transformation of PRO by attacking this com-
pound in the following ways:

HO® attack takes place in the benzene ring of PRO, leading to
naphthol (P, m/z = 145) with release of the lateral group, yielding the

corresponding 3-(isopropylamino)propane-1,2-diol (P, m/z = 134),
which have been also detected by Santiago et al. [64] and Xie et al. [70]

Further oxidation of PRO can give naphthoxy methanoic acid (Ps, m/
z = 189). This can be justified by the presence of the fragment CsH;3sNO
(P4, m/z = 104) that corresponds to a C;1-Cy2 bond cleavage on the side
chain. Product ions at m/z = 129 correspond to a cleavage in the
aliphatic chain of PRO leading to naphthalene (Ps).
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Pg with m/z = 262 was obtained by, firstly, the addition of HO®
radicals on the aromatic ring and, secondly, the loss of one methyl group
in the isopropyl moiety, followed by protonation.

The dihydroxylation of the aromatic ring led to non-observed prod-
ucts (m/z = 296). This was followed by an oxidative ring-opening re-
action involving decarboxylation, which leads to P; with m/z = 268.
[67] Subsequent oxidation of the alcohol moiety to aldehyde results in
the formation of Pg (m/z = 266). [67] The latter also led to the formation
of Pg (m/z = 224), the loss of 42 Da indicates the cleavage of the iso-
propyl group. The formation of products P; and Pg has been previously
observed in oxidation-coagulation treatment with ferrate (KoFe Yoy by
Wilde et al. [67]

Further, P1o (m/z = 264) was formed during the direct photolysis of
propranolol in aqueous solution. This fragment ion was found by Qin-
Tao et al. [66] who studied the degradation of propranolol by radia-
tion in the 295-800 nm range.

3.7. Mineralization

H. Yang et al. reported that PRO was fully mineralized to CO, and
NH,4 ", after 4 h of irradiation in the TiO,-catalyzed photodegradation.
[71] We have monitored total organic carbon (TOC) along the photo-
catalytic degradation of 8 ppm PRO with N.L.O. (1 g-L™!) and OAA (1
mM). Results showed that TOC decreases much more slowly than PRO
itself, and that mineralization is far for completion after 3 h irradiation
(Fig. 11). This can be explained by a multistep degradation of PRO, with
formation of several organic intermediates (in agreement with the
proposed reaction pathways, Scheme 1), which appear to be more
resistant to photodegradation.

The observed partial mineralization of propranolol brings attention
to the remaining toxicity of the incompletely degraded mixture. It has
been proposed that the photodegradation products from PRO should be
less toxic because of their presumed higher polarity and hydrophilicity
than the parent compound, and this hypothesis has been tested in
different studies. The toxicity evaluation of PRO and its degradation
products by algae (Raphidocelis subcapitata) and rotifer (Brachionus
calyciflorus) screening tests supported this postulate. [72] However, the
toxicity to Daphnia magna increased during the early stages of the pho-
tocatalytic decomposition of PRO and then progressively decreased
upon the elimination of this compound. [73] Also, the product mixtures
obtained from PRO degradation by UV/persulfate treatment showed
lower toxicity to Vibrio fischeri than the corresponding initial solutions.
[74]

AJA, or TOC/TOC,
o o o =
B o (o] o

o
N
1

o
o

60 120 180
Time (min)

o

Fig. 11. Fade of initial pollutant () and TOC of the solution (@) in the pho-
tocatalytic degradation of 8 ppm PRO with 1 g-.L."! N.I.O. and 1 mM OAA under
UVA-Vis irradiation. T = 298 K, pH = 4.2.
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3.8. Propranolol photodegradation by N.I.O.-oxalate system under real
conditions

In what has been described so far, the model pollutant, PRO, was
dissolved in distilled water, and the photodegradation process occurred
upon UVA-Vis irradiation with a medium pressure Hg-vapor lamp.
However, the study of elimination of persistent pollutants with AOPs is
intended for its application in water treatment, where these compounds
are part of a complex matrix containing a number of other substances. In
this context, the use of UVA (or Vis) radiation shows a relevant and
sustainable advantage, as emitting lamps can be replaced by sunlight.

Taking this into account, in addition to distilled water, the elimina-
tion of PRO in sewage, river water, and seawater has been studied with
UVA-Vis radiation (Fig. 12 and Table 4). The experiment was performed
under the most favorable conditions among those observed in distilled
water (see above), i.e. 1.0 g~L’1 N.I.O. and 2.0 mM OAA The optimal
conditions were obtained with for 0.5 g-.L™! N.I.O. (plus 1.0 mM OAA,
Fig. 6) and 2.0 mM OAA (plus 1.0 g-.L. ! N.I.O., Fig. 7) in distilled water.
However, complex matrices contain organic matter and inorganic ions.
Organic matter may react with HO® radicals, consuming a higher
amount of OAA, while inorganic ions may interact with N.I.O., being
adsorbed on its surface and thus reducing the availability of OAA to
produce =Fe(Ill)-oxalate complexes. Considering this, and to avoid any
shortage of OAA that may hinder the reaction or reduce the activity, we
decided to use 2.0 mM OAA and 1.0 g-L ! N.L.O. for the experiments.

PRO photodegradation in sewage yielded a slower kinetic constant,
which we attribute to the high concentration of organic matter in the
matrix, leading to competitive reactions that consume HO®. Still, the
degradation of PRO was hardly affected with respect to distilled water.

The process in river water was slightly faster than in distilled water,
presumably due to the presence of dissolved photosensitizing organic
materials and some inorganic ions. It has been reported that humic and
fulvic acids may act as natural photosensitizers. [75,76] Also inorganic
ions, such as nitrate and nitrite anions may produce NO3® and, ulti-
mately, HO®. [77] On the other hand, inorganic ions may slow down
PRO photodegradation, as some of (the most effective) HO® radicals are
consumed in parallel processes. [58,59]

PRO photodegradation was much slower in seawater. The presence
of high concentrations of Cl~ in the matrix inhibits the reaction through
two different pathways: Cl~ scavenges HO®, particularly at acidic pH
values, to yield the much less oxidant and less reactive species Cly*,
[781 and HO® production is affected by competitive Cl~ adsorption [79]
onto N.L.O. surface and by the formation of chloro-Fe(IlI) complexes,
which photolyze to Cl,*". [80] A similar analysis applies to sulfate an-
ions. [80]

Experiments with the same aqueous matrices were also performed
under sunlight (Fig. 13 and Table 4). Observed degradation rates are
considerably slower than with the UVA-Vis lamp due to the lower
amount of high energy photons reaching the photocatalytic system in
this case.

Again, river water enhances the process with respect to distilled
water, while sewage slightly reduces its rate, and it is strongly inhibited
in seawater, where the process revealed quite inefficient (less than 20%
degradation in 2 h). The experiments were performed in December at
the Northern Hemisphere (43°19'36” N), very close to winter solstice,
when solar elevation angle is the lowest, which explains the slow
degradation observed compared to artificial UVA-Vis experiments. A
relevant outcome in this case is the fact that, though photodegradation
with direct solar light is slower, ca. four times, than with the lamp, still
more than 95% of PRO degradation was achieved within 30 min in river
water and sewage, although such a percentage was not obtained in
distilled water even after 2 h irradiation. Considering these particular
conditions, the photocatalytic system here studied revealed quite
adequate for the photodegradation of organic pollutants with solar ra-
diation in several aqueous matrices, although it seems not suitable for
application in seawater.
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Scheme 1. Proposed degradation pathways for PRO in Fe(Ill)-oxalate / UVA-Vis systems.
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Fig. 12. Photodegradation of PRO dissolved in different water matrices in the
presence of N.I.O. (1 g~L’1) and OAA (2.0 mM) under UVA-Vis irradiation.
Distilled water (ll, pH = 3.0), river water (®, pH = 2.7), sewage (A, pH = 3.4),
and seawater (v, pH = 3.5). T = 298 K.

Table 4

First-order kinetic rate constants (k-10° s~!) obtained for the photodegradation
of 8 ppm PRO in the presence of N.I.O. (1 g~L’1) and OAA (2.0 mM) at natural
pH. Experiments performed with either UVA-Vis lamp or sunlight, and different
aqueous matrices.

Radiation Matrix
Distilled River Sewage Seawater
water water
Lamp 6158 + 515 7325 + 4384 + 717 + 54
419 378
Sunlight ~ December 1501 + 159 1853 £92 1263 + 90 31+ 4
October 1163 + 148 1449 + 1014 + 26 +3
1) 183 108
October 2028 + 161 1780 + 1032 + 62 17+1
(2) 126

0 30 60 90 120
Time (min)

Fig. 13. Photodegradation of PRO dissolved in different water matrices in the
presence of N.I.O. (1 g-L’l) and OAA (2.0 mM) under sunlight. Distilled water
(M, pH = 3.0), river water (®, pH = 2.7), sewage (a4, pH = 3.4), and seawater
(v, pH = 3.5). T ca. 298 K. All data were fitted to first-order kinetics equation.

3.9. Reusability of N.I.O. usnder real conditions

The system studied in this work has also been verified under other
slightly different real conditions. Again, the elimination of the model
pollutant PRO in distilled water, river water, sewage, and seawater was
tested with sunlight at a different period of the year, October -Table 4
October (1)-, employing the same initial concentration of chemicals as
above (Fig. 13). Furthermore, N.I.O. was recovered after this first use
and it was reused again the day after -Table 4 October (2)- under the
same conditions, but the solar radiation, which was quite different.
Results obtained are shown in Fig. 14, while the radiation profiles
during the solar experiments are collected in Fig. 15.

Results obtained in the first use of N.I.O. in October were slower than
in December (Table 4). The elimination of PRO is very fast. Thus, 39% of
PRO was degraded in just the first 5 min in distilled water (December),
and this value increased to 58% after 10 min. However, the same
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Fig. 14. Photodegradation of PRO dissolved in different water matrices in the
presence of N.I.O. (1 g-L’l) and OAA (2.0 mM) under sunlight; first (A) and
second (B) use of N.I.O. Distilled water (ll, pH = 2.8), river water (®, pH =
2.8), sewage (A, pH = 3.0), and seawater (v, pH = 3.4). T ca. 298 K. All data
were fitted to first-order kinetics equation.
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Fig. 15. Global solar incident radiation measured during the experiments with

sunlight. December (—), and October 1st (—) and 2nd runs (—). These data
were obtained from a neighboring meteorological station.
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degradation only amounted to 16 and 46%, respectively, in October, due
to the lower incident radiation on the photoreactor in the initial part of
the reaction (Fig. 15). This applies to the four matrices employed, but
the rates are sorted likewise: river water > distilled water > sewage > >
seawater. Conversely, the second run with the same photocatalyst was
much faster than the other two experiments, despite the incident radi-
ation was considerably lower (this day it was cloudy).

It has been observed that the settling rate of N.I.O. notably depends
on the nature of the aqueous matrix. This different behavior was
detected when the catalyst was recovered but it also happened during
kinetic runs. Thus, the clay kept easily suspended in distilled water for a
long time, and similarly in seawater. However, it settled quickly in river
water and, particularly, in sewage. The latter has been collected from
the inlet of a treatment plant that receives inflows of both domestic
sewage and industrial wastewater, so it is a complex mixture of organic
matter with other organic and inorganic chemicals. Therefore, any
substance present in this matrix could have a flocculation effect or could
promote the aggregation of particulate in any other way. On the other
hand, river water should not promote the settling of N.I.O. The effect of
organic species with high molecular weight, such as humic acids, on the
settling rate of red mud, an industrial waste with high iron oxide con-
tent, has already been examined. [81] According to this study, N.I.O., a
clay mostly composed of hematite, should present slower settling rate in
river water than in distilled water, the opposite of what happened here.

This dissimilar settling behavior has two important effects. The first
of them is that N.I.O. suspensions in river water and sewage already in
the first use are less turbid. Thus, sunlight may reach the whole reaction
vessel, enhancing photo Fenton reaction with dissolved iron cations.
Apart from the previous discussion above (Section 3.8), this could also
support the high elimination rates obtained in these two aqueous
matrices (Table 4), despite they contain much greater amounts of
degradable organic matter. The second outcome is related to the re-
covery of the catalyst. Following the procedure described in Section 2.4,
the smaller particulate still in suspension after 2 h is discarded with the
supernatant. Thus, a higher amount of fine N.I.O. was removed in the
matrices where settling was slower, ie. the effect is maximum with
distilled water and minimum with sewage. Recovered catalyst samples
led to suspensions with lower turbidity, as the smaller particles have
been removed and the remaining N.I.O. settled easily, even under
vigorous stirring. Therefore, the second use of N.I.O. in all matrices (but
seawater, where only slight degradation occurs) revealed much faster
than the first one (Table 4), despite the radiation received in the second
run was considerably lower (Fig. 15). Furthermore, degradation rate
particularly increased in distilled water, where settling was the slowest,
and only very slightly in sewage, which showed much faster settling.

It must be taken into account that N.L.O. is a very affordable material.
From an economic point of view its reuse is only acceptable if the re-
covery process is easy and costless. N.I.O. is a natural clay with high
density and, therefore, it settles easily. A minor presence of iron oxide
particles in water does not possess toxicity risk to the environment or
any adverse outcome to human health, provided that they are not
nanoparticles, [82] which is the case here, the granulometric analysis
did not observe particles under 100 nm in the sample.

4. Conclusions

Propanolol (PRO) photodegradation is speeded up in acid media in
the presence of suspended natural iron oxide (N.I.O.) and dissolved
oxalic acid (OAA). PRO decomposes following first-order kinetics, faster
with higher OAA concentration, and lower pH value and load of N.L.O.
The addition of -BuOH inhibits the photodegradation, i.e. this process
takes place mostly via generated HO®. Besides the fast removal of the
target compound, a relevant advantage with respect to standard photo-
Fenton process was the observed neutralization of the initial acid pH
along the reaction. Although PRO disappears in nearly 10 min under
optimal conditions, TOC decreases much more slowly and ca. 40% TOC
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remains after 3 h irradiation. Ten intermediates were identified in PRO
photodegradation using HPLC/MS, and the corresponding reaction
mechanism is proposed.

PRO photodegradation, employing this photo-Fenton-like system (N.
1.0. & OAA with UVA-is radiation), accelerated in river water relative to
distilled water, but it was slower in sewage and seawater, almost one
order of magnitude with the latter. Photodegradation revealed also quite
effective when sunlight is used, except for seawater, despite this process
was studied under very weak winter solar radiation. Therefore, this
technology reveals as a very promising sustainable method for the
abatement of organic pollutants in fresh water and sewage, using sun-
light as irradiation source and N.I.O. and OAA as abundant and cheap
reagents, with the first of them being also reusable.
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