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sulfamethoxazole in PS systems: implication of
solar irradiation for process improvement†

Zahraa Abou Khalil,a Abbas Baalbaki,a Alice Bejjani *b and Antoine Ghauch *a

The aim of this study was to demonstrate a feasible system that utilizes solar irradiation for the activation of

persulfate PS using a mediator, MIL88-A, an iron-based MOF since PS is poorly activated under sunlight.

UVA was also used to simulate solar irradiation, which contains both UVA and UVB. A solution containing

sulfamethoxazole (SMX) antibiotic (5 mg L−1) placed in continuously stirred reactors, irradiated with

either UVA or natural solar light and spiked with PS (2 mM) and MIL88-A slurry was investigated. The

study showed the combined effects of UVA or solar/MIL88-A/PS on the degradation of SMX. The total

degradation of SMX occurred in 2 h using the UVA/MIL88-A/PS system compared to just 5–20 min in

the solar/MIL88-A/PS system; the system was also examined for its recyclability and matrix effect such as

MOF load, pH and UV irradiation as well as chloride, phosphate and bicarbonate contents. The results

showed that (i) MIL88-A is recyclable up to five successive cycles, whereby 100% SMX degradation is

achieved after 2 h; (ii) chlorides slightly enhanced SMX degradation, while phosphates and bicarbonates

greatly inhibited it. This study also investigated the SMX degradation mechanism using XPS, EPR and

TOF-SIMS techniques. They revealed that the degradation mechanism is mainly based on sulfate radical

(SR) and hydroxyl radical (HR) oxidation. Three SMX degradation products were identified using an HPLC

coupled with a QToF high-resolution mass spectrometer.
Environmental signicance

This research investigated the applicability of indirectly activating persulfate using solar radiation. MIL88-A was used as a mediator to activate persulfate using
UVA and UVB irradiation. This was done to overcome the limitation faced in the UVC requirement for PS activation, which can only be produced articially at the
ground level. To achieve such an objective, sulfamethoxazole (SMX) antibiotic was used as a probe. A special reactor was designed and constructed to keep
MIL88-A in suspension under solar radiation limiting the inner lter effect. Full SMX degradation was achieved in a short time without interference from
common water species. In addition, recyclability experiments showed that MIL88-A can be used for up to ve successive cycles without any signicant decrease
in the SMX degradation rate.
1. Introduction

Pharmaceuticals and personal care products (PPCPs) are
a group of various organic and inorganic compounds. These
materials include antibiotics, hormones, antimicrobial agents,
NSAIDs, cosmetics, fragrances, etc. They were classied as
emerging environmental contaminants in the last two decades
due to their environmental and potential human health risks.1–3

Many research projects were conducted to study the effect of
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mation (ESI) available. See

the Royal Society of Chemistry
PPCPs not only on the aquatic environment but also on the
terrestrial one including their presence, magnitudes, factors
that affect their levels, consequences, and treatment.1 PPCPs
tend to enter the environment through different routes. Human
and animal waste is one of the main routes, in addition to the
uncontrolled disposal of expired medications into wastewater
or landlls whichmay reach surface and ground water as well as
soil. Similarly, industrial effluents proved to contain consider-
able amounts of these PPCPs.4,5 They are mainly made of two
components: excipients and active pharmaceutical ingredients
(APIs). The presence of APIs in waste water treatment plants had
been stated, in many countries over the world, at the levels of ng
L−1 to mg L−1,6 such as the US,7 UK,8 Spain,9 Finland,10 and
Japan.11 The resistance of PPCPs to the available treatment
methods led to the accumulation and possibly the bio-ampli-
cation of pharmaceuticals in water, which has a signicant
negative impact on the ecosystem and possibly on human
Environ. Sci.: Adv., 2022, 1, 797–813 | 797
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health.12 Over the last two decades, these categories of PPCPs
have been widely used due to their low cost, availability over the
counter and minor side effects. Consequently, signicant
concentrations of these pharmaceuticals and their metabolites
reach groundwater, and even surface and drinking water.13,14

Persulfate (PS) has been widely used in the past few years due to
the variety of activation mechanisms that can be applied for
PS,15 being (i) a cost-effective method compared to other AOPs,10

and (ii) an environmentally friendly method that degrades
pharmaceuticals and results in sulfate ions in aqueous
medium.16 Upon its activation, PS (E0 ¼ 2.1 V) generates sulfate
radicals (SRs) (E0 ¼ 2.6 V) characterized by high reactivity close
to that of hydroxyl radicals (HRs) (E0 ¼ 2.7). However, the life-
time of SRs is much greater than that of HRs, t¼ 20–30 ms versus
t ¼ 20 ns, respectively. Moreover, SRs are distinctively more
selective and have a high oxidizing ability across a broader
range of pH compared to HRs, allowing therefore more efficient
and targeted water treatment applications.17 The most common
PS activation methods are thermal (eqn (1)),18–20 UV (eqn (2))21–23

and chemical using Fe2+ ions in a homogeneous medium (eqn
(3))24,25 or heterogeneous catalyst such as MOFs (Metal–Organic
Frameworks) or magnetite.26,27 The aim of this study is to acti-
vate PS under solar irradiation using a mediator MIL88-A, an
iron-based MOF.

S2O8
2− / 2SO4c

− (thermal activation) 30 �C < T < 99 �C (1)

S2O8
2− + Fe2+ / S04

2− + SO4c
− + Fe3+ (chemical activation)(2)

S2O8
2− + hv / 2SO4c

− (UV activation) (3)

MOFs are a relatively new class of porous 3d materials. They
have a modular structure that gives them huge structural
diversity and the possibility of creation of materials with
tailored characteristics. They are synthesized through different
methods such as microwave, ultrasonication, electrochemical
and mechanochemical processes. MOFs are also functionalized
so that they suit certain applications. They are highly porous
and consist of metal ions or clusters connected to organic
linkers to form one, two, or three-dimensional structures. This
has changed upon discovering that the inorganic part has high
dimensionality that can form layers and may extend to frame-
works and not only chains.28,29 This combination of organic and
inorganic structures leads to materials with unique properties,
so MOFs are oen characterized by their high surface area
reaching around 10 000 m2 g−1 and huge pore volumes around
50% of the total volume or more (0.99 cm3 g−1 10−2 for
MIL88A).30,31 These properties make them good candidates for
gas adsorption or separation,32–34 drug delivery,35,36 magne-
tism,37 polymerization,38 catalysis,39 and many other applica-
tions. MOFs, especially those having Fe as a metal ion, showed
effective photo-catalytic activity for the removal of organic
pollutants. This activity is accomplished by the use of a medi-
ator such as PS. Recently, Fe-based MOFs have been investi-
gated for the activation of PS to degrade organic dyes.40,41

Experiments showed promising results especially in recycla-
bility and reproducibility making MOFs a greener alternative.42
798 | Environ. Sci.: Adv., 2022, 1, 797–813
For example, Li et al. studied the degradation of acid orange 7
(AO7) by activating PS using four different MOFs.42 The results
showed that MIL-101 (Fe) has the best adsorption properties
and catalytic activity toward PS activation for the removal of
AO7.42 In addition to that, Shen et al. studied the degradation of
atrazine with Bi2MoO6 nanosheets using peroxymonsulfate
(PMS) as an activator under visible light irradiation. The results
showed that full degradation of atrazine was accomplished
within 60 min.43 Furthermore, Hu et al. demonstrated the
degradation of an organophosphorus ame retardant, tris(2-
chloroethyl) phosphate (TCEP).44 The photocatalysis reaction
involved the activation of MIL-101(Fe) for the conversion of
Fe(III) to Fe(II) (eqn (4)), which induced further transformation of
PS into SRs (eqn (3)), allowing the oxidative degradation of
TCEP (eqn (5)) as well as other studies using iron-based MOFs.44

hFe3þ
����!irradiation

hFe2þ (4)

SO4
−c + contaminant / byproducts (5)

In this study, SMX was the probe selected for the degradation
process. It is an antimicrobial agent, which is used to treat
a variety of bacterial infections such as middle ear, urine, and
respiratory infections. Due to its overuse, its active molecules
reach surface and ground water due to different industrial and
domestic activities. Studies showed that it is present at low
concentrations in surface water around the globe (e.g. 21 ng
L−1);45 nevertheless, this low concentration causes certain
modications in the microbial community structure leading to
antibiotic resistance in environmental microbial communi-
ties.46–48 This entails its elimination at its point sources. Several
research groups have investigated the elimination of SMX from
waste water by chlorination,49 ozonation50 photo-Fenton and
solar photo-Fenton,51,52 and photo-catalysis.53–55 All the
mentioned treatment methods are energy and catalyst
consuming, sometimes leading to stable and toxic metabolites.
Accordingly, AOPs using PS have been widely investigated due
to their advantages in terms of non-toxic by-product formation
(sulfates) and low cost.16 For instance, SMX removal was
demonstrated by Ghauch et al. and Ayoub and Ghauch through
PS assisted micrometric Fe0 as well as bimetallic and trimetallic
iron-based particles in aqueous solution.24,56 However, all the
above-mentioned systems lack the option of recyclability and
reproducibility making the systems relatively expensive and can
generate sludge due to iron corrosion product (ICP) formation.
In this paper, a heterogeneous catalyst (MIL88-A) will be used to
activate PS. First, the choice of the MOF was based on several
factors. It must contain an activator for PS such as a metal. Iron
is considered one of the most suitable metals for PS activation
since it is abundant, relatively safe, and easy and affordable to
produce. On the other hand, the choice of the ligand, the MOF's
second component, is also based on similar criteria such as
affordability, safety, and abundance so MIL88-A was chosen
since it consists of a safe and cheap ligand and metal source as
well. MIL88-A is composed of ferric chloride as the metal source
and fumaric acid as the ligand. The synthesis of MIL88-A is
based on water as the solvent in contrast to most other MOFs
© 2022 The Author(s). Published by the Royal Society of Chemistry
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that require organic solvents.57,58 Second, we tried to nd a low-
cost ligand, which is fumaric acid in our case and a green
synthesis method, which is based on water as a solvent instead
of an organic one. In fact, Wang et al. studied the catalytic
activity of MIL88-A with PS for the degradation of orange G
(OG), where MIL88-A synthesized at 85 �C for 2 h gave the
highest degradation rate of OG that reached 96.4%.31 These
results drove our attention towards the use of MIL88-A as the PS
activator. We tried in this work to explore additional factors that
can improve the properties of MIL88-A in aqueous solutions
and play the role of a PS activator in a heterogeneous medium
with the possibility of showing some synergistic effect. For
example, we investigated the combination of PS activators in
systems such as UVA/MIL88-A/PS or solar/MIL88-A/PS and
monitored the impact on SMX removal in terms of the degra-
dation rate and transformation product nature and persistence.
This was possible upon using the time of ight secondary ion
mass spectrometry (ToF SIMS) technique previously used for
the characterization of materials of environmental and phar-
maceutical interest59–63 as well as the time of ght high resolu-
tion mass spectrometry (ToF HRMS) technique for the
identication of transformation products. Moreover, we studied
the effect of various factors such as salinity, carbonates, and
phosphates on the performance of both systems UVA/MIL88-A/
PS/SMX and solar/MIL88-A/PS/SMX toward SMX degradation
and the potential application of this system on real pharma-
ceutical industry effluents.
2. Materials and methods
2.1. Chemicals

Sulfamethoxazole (SMX) (C10H11N3O3S) and sodium persulfate
(Na2S2O8, purity $ 99%) were obtained from Sigma Aldrich
(USA). Potassium iodide (KI) (puriss, 99.0–100.5%) was used for
PS quantication andmonobasic (H2NaO4P assay$ 99.0%) and
dibasic phosphate buffer (HNaO4P assay: 98–100.5%) used to
study the effect of phosphate were purchased from Sigma
Aldrich (China, France, and Germany, respectively). Fumaric
acid (C4H4O) and iron(III) chloride (FeCl3) (both reagent grade >
97%) used in the synthesis of MIL88-A were acquired from
Sigma Aldrich (France and Switzerland, respectively). Ethanol
(absolute) was purchased from Scharlau (Spain). Formic acid
and methanol used as HPLC mobile phases were acquired from
Loba Chemie (India) and Honeywell (Germany), respectively.
Millipore deionized water (DI) was used in the preparation of all
solutions. To evaluate the matrix effect, sodium bicarbonate
(NaHCO3) and sodium chloride (NaCl) were acquired from
Fluka (Netherlands). Furthermore, hydrochloric acid (HCl) and
sodium hydroxide used to modify the pH were purchased from
Fluka (Switzerland, Germany, respectively).
2.2. Synthesis of MIL88-A

MIL88-A was synthesized using a hydrothermal synthesis tech-
nique previously reported.27,41,64 This method was selected since
it is greener than the conventional solvothermal method. It was
done by adding 1949 mg of fumaric acid and 4544 mg of ferric
© 2022 The Author(s). Published by the Royal Society of Chemistry
chloride to a beaker containing 84 mL of DI water. The solution
was stirred to homogenize for 1 h using amagnetic stirrer at 300
rpm. Later, the solution was transferred to a 100 mL Teon-
lined stainless-steel autoclave bomb and heated in an oven at 85
�C for 24 h. The autoclave bomb was then removed and le to
cool passively before opening. Aer that, the solution contain-
ing suspended MIL88-A crystals was transferred to two 50 mL
Falcon tubes to be centrifuged at 4000 rpm (G-force ¼ 2200) for
10min. The crystals were then collected, transferred to a 400mL
beaker, and then washed three times with 390 mL of ethanol/DI
(1 : 1) solution, followed by two consecutive DI washes. This
washing process was followed to ensure the complete removal
of all unreacted fumaric acid and ferric chloride. The precipitate
was recovered aer each wash by centrifugation using the
aforementioned conditions. Finally, the precipitate was dried in
a vacuum oven at 100 �C for no less than 10 h. Each synthesis
yielded 2350 � 220 mg of MIL88-A, which was characterized to
ensure its purity.
2.3. Characterization of MIL88-A

2.3.1. XRD, SEM, BET, TGA, FTIR and XPS analyses.MIL88-
A was characterized according to the common techniques re-
ported in the literature.41 First, to guarantee the crystallinity of
the obtained crystals, a D8 Advance (Bruker) X-ray diffractom-
eter (XRD), equipped with a copper anode material (40 mA, 40
kV), was used to obtain the X-ray diffraction pattern. MIL88-A
was set on a customized zero-background holder and scanned
with a scan rate of 0.02� per second from 5� to 20� (2q). To
identify the morphology of the synthesized material, a scanning
electron microscope (SEM), Tescan, Mira III, was used. Also, to
determine the accurate surface area and pore size of MIL88-A,
a Brunauer–Emmett–Teller (BET) surface area and pore size
analyzer (Micromeritics, 3 ex surface area characterization)
was used. Furthermore, a Micromeritics, Q2000 dynamic light
scattering instrument (DLS) was used to calculate the hydro-
dynamic diameter, particle size distribution and zeta potential.
Moreover, MIL88-A thermogravimetric analysis (TGA) was con-
ducted in a nitrogen atmosphere with a heating frequency of 5
�C min−1 and a temperature of 30 to 900 �C using a TG 209 F1
Iris (Netzsch, Germany). Finally, a Bruker Tensor 27 IR was used
to perform Fourier Transform Infrared Spectroscopy (FTIR) of
the TGA analyser exhaust under nitrogen. XPS measurements
were performed with a VG ESCALAB 220iXL spectrometer
(Thermo Fisher Scientic) utilizing focused mono-chromatized
AlKa radiation (1486.6 eV) of a beam size of�500 mm2 (power of
150 W). The measurements were done on the MOF crystals
being mixed with 10% conductive carbon (Super-C 65, Timcal).
The pressure in the analysis chamber was approximately 2 �
10−9 mbar. The spectrometer was calibrated on a clean silver
surface by measuring the Ag 3d5/2 peak at a binding energy (BE)
of 368.25 eV with a full width at half maximum (FWHM) of 0.78
eV. All the spectra were recorded under the conditions of 30 eV
pass energy and 50 eV for the surveys in steps of 50 meV and
a dwell time of 50 ms. The calibration of the binding energy
peak positions is applied on C 1s located at 284.6 eV.65
Environ. Sci.: Adv., 2022, 1, 797–813 | 799
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2.3.2. TOF-SIMS analysis. The experiments were performed
using a TOF-SIMS V mass spectrometer (ION-TOF GmbH,
Münster, Germany). Bismuth clusters (Bi3+) at an energy of 25
keV with a low intensity of 0.08 pA were used to keep all the ions
under the saturation limits. Negative secondary ions were
extracted at an energy of +2 keV passing through a single-stage
reector before hitting a single microchannel plate detector.
Charge compensation was provided by 21 eV electrons. The
reector voltage was kept at +50 V. The internal mass calibra-
tion of the acquired spectra is done using C−, C2

−, C3H3O2
− and

Fe2O3H
−, which permits a mass accuracy of a few ppm. The

mass resolution at m/z 24 was 3000. The images of the negative
ions, presented in this work, were collected using Bi3+ on a 100
� 100 mm2 size area with a pixel size of 0.4 � 0.4 mm2. The
lateral resolution was 800 nm. More details on the analysis
conditions can be consulted elsewhere.66

2.4. Experimental procedure

All solutions were prepared on a daily basis using DI water. SMX
stock solution (100 ppm) was prepared by dissolving 100 mg of
SMX in a 1000 mL volumetric ask. The solution was stirred
overnight away from light. PS stock solution (100 mM) was
prepared by dissolving 2381 mg of sodium persulfate in a 100 mL
volumetric ask. For all the experiments that were carried out in
the laboratory in the presence of UVA, the required volume of SMX
stock solution was added to a 400 mL beaker along with a specic
volume of DI. Aer that, at t0, the essential amount of MIL88-A was
added and le to stir for 1 min. The reaction was initiated by the
addition of PS solution and turning on UVA lamps. In order to
ensure consistent mixing and accumulation of MIL88-A, contin-
uous stirring was established throughout the 120 min reaction
time. Samples were taken immediately before and aer the addi-
tion of MIL88-A as well as before and aer spiking with PS. Aer
that, samples were taken every 20 min till t¼ 120 min. All samples
were ltered using 0.45 mm PTFE 13 mm disc lters (Jaytee
Biosciences Ltd, UK) and later stored at 4 �C in amber HPLC vials
for a maximum period of 12 h before analysis.

On the other hand, for the experiments that were carried out
under solar irradiation, a specic amount ofMIL88-A was added to
a home-built rotisserie shaker that was placed directly under sun
light, and then a required volume of SMX solution was added
along with a specic volume of DI water. The reaction was initiated
by the addition of PS solution, and the reaction time was set to be
120min, and samples were taken immediately before and aer the
addition of MIL88-A as well as before and aer spiking with PS. A
sample was taken at t ¼ 5 min aer which samples were taken
every 20 min till t ¼ 120 min following the same procedure as
described above. The timing of the sample collection was varied by
different experimental criteria. Control experiments were done
either without PS and/or MIL88-A and/or UVA. Experiments were
conducted in triplicate and each sample was analysed twice for
uncertainty measurements.

2.5. Reaction setup

All experiments were done using six 400 mL beakers placed on
the top of a solid state multi-magnetic stirrer of capacity equal
800 | Environ. Sci.: Adv., 2022, 1, 797–813
to six beakers, irradiated with two commercial T5 8 watts near-
ultraviolet (UVA) uorescent lamps, of dosage 700 mW cm−2,
placed on the top of the beakers as shown in Fig. S1.† The
emission spectrum of the lamps is presented in Fig. S2† and was
obtained using a modied spectrophotometer.67 This spectrum
showsmain emission between 350 and 400 nm lying in the UVA-
vis range. However, for the experiments conducted under solar
energy, 8 homemade watertight 110 mL borosilicate reactors
were attached radially to a Labquake shaker rotisserie of speed 8
revolutions per min. The solar ux measured at the start and at
the end of the experiment was equal to 3950 mW cm−2 and 1600
mW cm−2, respectively. This mixing setup was developed to
maintain MIL88-A in suspension during irradiation as shown in
Fig. S3.†
2.6. Chemical analysis

For the quantication and identication of SMX and its
degradation by-products, a high-performance liquid chro-
matograph (Agilent 1100 HPLC) equipped with a quaternary
pump, a vacuum degasser, an auto sampler maintained at 4 �C,
and a thermally controlled column compartment set at 30 �C in
addition to a DAD detector was used. The elution process was
carried out on a C-18 reverse phase column (5 mm; 4.6 mm
internal diameter � 250 mm in length) connected to a security
guard column HS C-18 (5 mm; 4.0 mm internal diameter 20 mm
long). SMX was quantied at its maximum absorbance wave-
length of l ¼ 263 nm. The mobile phase consisted of methanol:
0.1% formic acid solution of (50 : 50) (v/v) and was kept under
a constant ow rate of 0.5 mL min−1. The injection volume was
set to 25 mL. Under these conditions, SMX was eluted at
a retention time of 6.3 min. The linear dynamic range (LDR)
obtained was between 0.1 and 10 mg L−1 with a limit of detec-
tion¼ 0.0009mg L−1 (Fig. S4†).68 To account for leaching of iron
in solution an atomic absorption spectrometer Ice3000 AAS
series equipped with a ame atomizer was used. For MS anal-
ysis, a high-resolution mass spectrometer detector (HRMS
X500R QTOF MS) was used. The HRMS detector along with
a DAD detector was coupled to an UPLC (Shimadzu X500R)
equipped with a quaternary pump, a vacuum degasser, an auto-
sampler with cooling maintained at 4 �C, and a thermally
controlled column compartment set at 30 �C. The elution
process was carried out on a C-18 column (100 � 2.1 mm). The
mobile phase consisted of a mixture of solvent A (99.9%
methanol/0.1% formic acid) and solvent B (0.1% formic acid).
The chromatographic elution conditions were as follows: 0–16.5
min, gradient 95% to 5% A, 16.5–21.5 min, gradient 95% to 5%
B, and the ow rate was kept constant at 0.4 mL min−1 with
a run time of 25 min.
3. Results and discussion
3.1. Characterization of MIL88-A

The XRD pattern of MIL88-A showed well-resolved peaks at 2q
positions of 7.7�, 10.6� and 12.9� (Fig. 1a). These peaks,
although they don't exactly match with what was reported
experimentally in the literature,41,69 are however consistent with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEQ Fig. \* ARABIC Characterization of synthesized MIL88-A:
(a) XRD diffraction pattern, (b) BET adsorption/desorption isotherms 71,
and (c and d) SEM of crystals at different magnifications.71

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
W

ay
su

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
3/

07
/2

02
5 

5:
24

:4
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the theoretical simulated ones, indicating the crystalline nature
of MIL88-A. Furthermore, SEM images show hexagonal crystals
of a single phase morphology typical of MIL88-A, with sizes
ranging from 100 to 800 nm (Fig. 1c and d). This is similar to the
size range previously published.41,69 This was further veried by
dynamic light scattering analysis that revealed an average
hydrodynamic diameter of 411.7 nm with the distribution
prole of the hydrodynamic diameter presented in Fig. S5.† In
the DI matrix, zeta potential analysis was carried out as well.
The values obtained ranged from −5 mV to + 5 mV, suggesting
© 2022 The Author(s). Published by the Royal Society of Chemistry
that MIL88-A crystals are vulnerable to settling and require
continuous stirring to remain suspended. Moreover, the
nitrogen adsorption desorption isotherm showed a good
adsorption capacity of 2.6463 mmol g−1(Fig. 1b). The surface
area of MIL88-A was calculated to be equal to 37.3 � 1.8 m2 g−1,
which is relatively better than that reported in the literature
ranging from 19 to 30 m2 g−1 41. Finally, TGA analysis (Fig. S6†)
revealed a 6% weight loss at a furnace temperature below 100
�C. This is mostly due to water evaporation from the MIL88-A
sample. Then, a second weight loss (14.7%) was observed and
attributed to the dissociation of the organic linker (fumaric
acid) that is used in the synthesis process of the MIL88-A
sample, which proceeded till 400 �C. Then a signicant weight
loss of 30% is detected, aer which a complete breakdown of
fumaric acid is observed at around 600 �C resulting in a nal
weight loss of 14% before ash remains. A different pattern of
total dissociation was observed with pure fumaric acid at
around 300 �C and was reported before in the literature.70 It is
suggested that the thermal stability of fumaric acid increases
when it is entrapped within the MIL88-A framework, requiring
a higher temperature for its dissociation, which was then vali-
dated by FTIR analysis (Fig. S7†). The results showed three
signicant signals at 3 different temperatures (316, 445 and 613
�C). In fact, the obtained spectra showed bands characteristic of
the following functional groups: (i) O]C]O stretching at 2350
cm−1 at all temperatures; (ii) C]C]O stretching at 2100–2150
cm−1 at temperature 613 �C conrming the existence of fumaric
acid residues at t $ 300 �C.

Also, XPS analysis of MIL88-A was conducted before and
aer experiment. As can be noticed from Fig. S8,† the oxidation
state of Fe atoms within the MOF powder on the three prepared
samples (as synthesized, before exposure to UV, and aer
exposure to UV) was examined by XPS. The results showed that
Fe 2p3/2−1/2 and O 1s core levels as presented show the same
features conrming that the oxidation state of Fe remains the
same aer the experiment. The Fe 2p3/2 and Fe 2p1/2 binding
energies are measured at 712.4 eV and 726 eV, respectively. The
binding energy position as well as the presence of a satellite
peak at 719.4 eV are characteristic of Fe in an oxidation state of
+3 like in Fe2O3.
3.2. MIL88-A/PS/SMX in the absence of UVA

A preliminary experiment was conducted to test the capability of
MIL88-A for activating PS in the absence of any illumination (in
the dark). 50 mg of MIL88-A was added to a 200 mL solution
containing [SMX]0 ¼ 10 mg L−1 and [PS]0 ¼ 2 mM. The reaction
time was set to be 2 h and samples were taken every 10 min for
the rst hour followed by a single sample at t ¼ 120 min.
Control experiments were also conducted, in which SMX
degradation was tested in the presence of MIL88-A as well as PS
only under the above-mentioned conditions. As can be noticed
(Fig. S9†), both controls showed insignicant drops by 10% and
12% at t ¼ 0 min, respectively, aer which the [SMX] remained
constant. This shows that PS only and MIL88-A only are not
effective in removing SMX from the solution. For the case where
MIL88-A and PS are combined (lower curve), the % degradation
Environ. Sci.: Adv., 2022, 1, 797–813 | 801
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Fig. 2 TOF-SIMS negative spectra of (a) MIL88-A as prepared, (b) SMX powder, (c) MIL88-A after use in the presence of SMX and PS, and (d)
MIL88-A+ 5% SMX powder. The areas of the spectra are multiplied by 8 for visual purposes. * The characteristic peaks of the SMX molecule.
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of [SMX] was around 21% aer a period of 2 h, which can be
attributed to a slight activation of PS at room temperature at the
surface of MIL88-A. Therefore, it can be concluded that the
MIL88-A/PS system should require the presence of an assisting
agent for the effective elimination of SMX.

To further investigate the SMX removal process, ToF SIMS
analysis was done on pristine MIL88-A and on used MIL88-A in
SMX solution. As can be seen from Fig. 2a, the negative mass
spectrum of MIL88-A shows a series of ions corresponding to
different fragments and recombined fragments including
[C3H3O2]

−, [FeO2]
−, [Fe2O3H]−, [C2O2H2Fe2]

−, [Fe2O4H]−,
[Fe3O3]

−, [C2O2Fe3]
− and [Fe3O4H]− at 71.05, 87.84, 160.69,

169.73, 176.64, 215.53, 223.66, and 231.53 m/z, respectively.
These ions are attributed to the secondary ions generated by the
reactants used for the synthesis of MIL88-A e.g. fumaric acid
and iron(III) chloride under Bi3+ cluster beam impact. The mass
spectrum of pure SMX powder, as displayed in Fig. 2b, shows
mainly the well-known deprotonated SMX molecular ion [SMX–
H]− at 252.3 m/z. In addition, the spectrum reveals 197.3 and
157.3 m/z SMX fragments corresponding to the loss of the
C3H6N and C4H4N2O moieties, respectively. These fragments
have already been identied in previous work.25 However, these
ngerprints are missing from the mass spectrum of MIL88-A
collected aer reaction in the MIL88-A/PS/SMX system (Fig. 2c).
In order to check the possibility of identifying SMX on MIL88-A,
an analysis was done on a mixture of pristine MIL88-A mixed
with SMX powder at 5 ppm. The results show the presence of the
corresponding SMX ions (molecular and fragments), which can
be considered as a proof of absence of any matrix effect.

Compared to previous work done with a naproxen (NPX)
probe, one can deduce that SMX is not adsorbed on MIL88-A in
view of the absence of its ngerprint while NPX was clearly
present on the surface of MIL88-A used in a similar system e.g.
802 | Environ. Sci.: Adv., 2022, 1, 797–813
MIL88-A/PS/NPX71 as was attested by the NPX fragment ion at
185.1 m/z.

3.3. MIL88-A/PS/SMX system in the presence of UVA (UVA/
MIL88-A/PS/SMX)

In an attempt to improve the SMX degradation process in the
MIL88-A/PS system, experiments were carried out under UVA
irradiation either on the side or at the top of the beakers
(Fig. S1†). UVA irradiation has been demonstrated in different
studies,27,72 as an effective factor to enhance the activation of PS
initiated by an iron-based system, which is the case here. The
reconversion of Fe(III) into Fe(II) species takes place upon UVA
irradiation, therefore forming a redox cycle for a sustained PS
activation process in the reactive medium (eqn (4)). In order to
study the effectiveness of UVA/MIL88-A/PS for the degradation
of SMX, two controls were conducted, one in the presence of
MIL88-A only (UVA/MIL88-A/SMX system) and the other in the
presence of PS only (PS/UVA/SMX system) (Fig. 3). The results
showed slight SMX degradation (5% vs. 7% for side and top UVA
irradiation, respectively) aer a reaction time of 2 h in the
presence of MIL88-A only (UVA/MIL88-A/SMX system) (Fig. 3a
and b; two upper curves). This implies that no signicant
adsorption of SMX on MIL88-A took place since [SMX] slightly
decreased with time. On the other hand, the rate of SMX
degradation slightly improved to reach 17% and 27% aer 2 h
in PS/UVA/SMX as can be noticed (Fig. 3a and b; two middle
curves). This is mostly due to the presence of a modest number
of SRs generated upon PS photolysis in the bulk solution.
However, a great improvement in SMX degradation is noticed
reaching 58% and 78% when MIL88-A/PS systems were irradi-
ated with UVA (side vs. top) over a reaction time of 2 h (Fig. 3a
and b; lower curves). This can be explained by the additional
role that UVA can play by activating PS, not only in the bulk
solution, but also at the surface of MIL88-A playing the role of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The % degradation of SMX irradiated with UVA lamps as
a function of time (min) in three different systems: UVA/PS/SMX, UVA/
MIL88-A/SMX and UVA/MIL88-A/PS/SMX in (a) UVA lamps are placed
on the side of the reactors and (b) UVA lamps are placed on the top of
the reactors. Experimental conditions: [SMX]0 ¼ 10 mg L−1, [PS]0 ¼ 2
mM, and [MIL88-A]0 ¼ 250 mg L−1. Vertical bars represent the stan-
dard deviations of the means; absent bars fall within symbols. Sample
before t ¼ 0 min was taken before the addition of PS and after PS
addition at t0.

Fig. 4 Recyclability experiments of MIL88-A in the UVA/MIL88-A/PS/
SMX system. Experimental conditions: [SMX]0 ¼ 5 mg L−1; [PS]0 ¼ 2
mM; [MIL88-A] ¼ 125 mg L−1; error bars are calculated as ts/On, where
absent bars fall within the symbols.
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a catalyst as demonstrated in our previous work.71 These results
suggested an optimization approach to better improve SMX
degradation as shown in the next sections.
3.4. UVA/MIL88-A/PS/SMX: system optimization

3.4.1. Optimization of UVA irradiation. As discussed above,
one can notice that positioning the UVA lamps on the top of the
beakers improved the degradation yield of SMX by a factor of
35% (78% vs. 58% degradation) aer a reaction time of 2 h
(Fig. 3a and b; lower curves) compared to the side irradiation
system. This can be explained by (a) a greater UVA irradiance
reaching SMX solutions directly without passing through the
borosilicate glass of the beaker attenuating considerably the
UVA irradiance and (b) a greater surface area to which the UVA
irradiated SMX solution is exposed to. As such this produces
a higher number of SRs contributing as well to more effective
reconversion of Fe(III) into Fe(II) resulting in greater PS
activation.

3.4.2. Effect of [MIL88-A]0. Three different concentrations
of [MIL88-A]0 (10, 125 and 250 mg L−1) were tested at xed [PS]0
(2 mM) so as to determine the optimum amount of the catalyst
that should be added to the reactive medium in order to achieve
© 2022 The Author(s). Published by the Royal Society of Chemistry
complete degradation of SMX within 5 h. As can be noticed
(Fig. S10†), the results showed that all concentrations of MIL88-
A yielded 100% SMX degradation however with different reac-
tion rates. It was witnessed that 125 mg L−1 of MIL88-A showed
the highest degradation rate as attested by the lower curve of the
graph of Fig. S10.† This suggests that a lower concentration of
MIL88-A cannot generate temporally enough active sites for PS
activation on hand, while an excessive amount of MIL88-A
might produce a high number of SRs resulting in some
temporal quenching reactions. Accordingly, 125 mg L−1 was
adopted as the optimum concentration for MIL88-A to carry out
the rest of this study as shown in the next sections.

3.4.3. Recyclability. Throughout the scope of catalytic
materials such as MIL88-A, recyclability is an important variable
for assessing their cost/commercial value since a heterogeneous
catalyst can be recovered and used again. In this part, MIL88-A
was recovered three times successively aer each experiment.
The recovery cycle included the collection of MIL88-A used and
then its separation using centrifugation followed by drying in
a vacuum oven at 90 �C for 24 h. Aer that, MIL88-A was used in
a second, third, fourth and then in a h experiment. However,
it is worth noting that each time the quantity of MIL88-A
recovered decreased due to the difficulty in collecting MIL88-A.
This was due to the fact that some of the MIL88-A crystals are
stuck in the 0.45 mm PTFE lter used in the sampling process.
The results showed that 100% degradation of SMX was obtained
in each of the ve successive cycles, with the catalytic activity of
MIL88-A improved aer each cycle (Fig. 4). For every next cycle,
the volume of SMX solution (5 mg L−1) was adjusted in a way to
keep the concentration of MIL88-A constant equal to 125 mg
L−1, in order to perform an accurate and reproducible
comparative study of the results obtained from each cycle. The
improvement in the catalytic activity of MIL88-A across cycles
may be explained rst by the fact that the more defects in
a heterogeneous catalyst the better its catalytic activity and that
was clearly inferred from the data shown in Fig. 4. In fact, the
rst cycle showed around 58% degradation within the rst 20
min of reaction time compared to cycle 2 and cycle 3 where it
reached 65% and 68%, respectively. Also, looking at cycle 3 and
cycle 4, the catalytic activity of MIL88-A remained the same
Environ. Sci.: Adv., 2022, 1, 797–813 | 803
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Fig. 5 (a) SEM images of recycled MIL88-A and (b) XRD pattern of new
vs. used MIL88-A crystals.
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where the degradation rate of SMX reached 68% in both cycles.
Second, these results demonstrated the high potential of PS in
reactivating the MIL88-A surface. In order to conrm this
hypothesis, SEM images were taken aer each cycle. MIL88-A
showed a rod-like morphology similar to that obtained with
freshly synthesized MIL88-A; however MIL88-A crystals lost
some of their homogeneity when the crystals were elongated
(Fig. 5a). The XRD pattern of MIL88-A recorded aer the
experiments showed peaks at two theta positions that comply
with the freshly prepared MIL88-A as shown in Fig. 5b.
Fig. 6 The % degradation of SMX under solar irradiation as a function
of time (min) in four different systems: solar/SMX, solar/PS/SMX, solar/
MIL88-A/SMX and solar/MIL88-A/PS/SMX. The inset shows the UV/vis
spectrum of the MIL88-A solution. Reactors were placed under
sunlight in a rotisserie shaker. Experimental conditions: [SMX]0¼ 5 mg
L−1, [PS]0 ¼ 2 mM, and [MIL88-A]0 ¼ 125 mg L−1. Vertical bars
represent the standard deviations of the means; absent bars fall within
symbols. Sample before t ¼ 0 min was taken before the addition of PS
and after PS addition at t0.
3.5. solar/MIL88-A/PS/SMX system

As can be noticed from Fig. 6, different control experiments
were done to better understand the effectiveness of the solar/
MIL88-A/PS/SMX system on SMX degradation. We witnessed
that stand-alone solar energy kept the medium unchanged,
whereby the degradation of SMX reached only 10% aer 2 h
(Fig. 6, upper curve), which can be attributed to the photo-
sensitive properties of SMX toward the solar spectrum.73 It is
important to mention that during the conducted experiments,
the solar ux reached a maximum of 3900 mW cm−2 initially
and decreased to reach a minimum of 1600 mW cm−2 at the
end of the reaction as the experiment started at 11 : 00 am and
ended by 1.00 pm. For instance, throughout the day, the sun
ray's intensity increases gradually to reach its maximum at
noon (12 : 00 pm), and then decreases at dawn and dusk, and
in between other hours of the day. The drop in SMX concen-
tration was less than the one observed in a similar system
804 | Environ. Sci.: Adv., 2022, 1, 797–813
(20% SMX degradation24) in the presence of PS, at room
temperature however in the absence of any kind of irradiation.
Accordingly, a successful AOP scenario should be dependent
on additional activation agents such as iron particles, UV
irradiation22,25 or heat20 under standalone conditions or in
combination. This veries the imperative role of solar energy
in the generation of reactive oxidative species (ROS) in
a medium containing adequate additives. For example, several
studies have also investigated the use of solar energy however
with H2O2 as an oxidant in combination with a heterogeneous
catalyst and showed promising results of TOC removal in
waste water treatment.74 Accordingly, in this part PS and
MIL88-A were added separately to the system in an attempt to
optimize SMX degradation on hand and to account for the
contribution of each additive in SMX degradation on the other
hand. Luckily, both additives showed an almost similar trend
in the variation of the degradation extent of SMX reaching 82%
and 78%, respectively, aer a reaction time of 2 h (Fig. 6,
middle curves). Moreover, the results showed that when PS
and MIL88-A are both combined in the SMX solar irradiated
solution, the degradation extent improved drastically to reach
100% in a reaction time of less than 20 min. We recall that the
MIL88-A UV/vis absorption spectrum in solution showed
much greater absorbance in the UV range (200–380 nm) than
in the visible range (400–700 nm) as can be attested by the
inset of Fig. 6 showing the UV/vis spectrum of pure MIL88-A
solution. This conrms the synergistic role played by the
oxidant (PS) and the catalyst (MIL88-A) improving solar PS
activated systems (solar/MIL88-A/PS/SMX) toward full degra-
dation of SMX.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of [NaCl] ¼ 200−20000 mg L−1 on the degradation of
SMX as a function of time (min): (a) in the UVA/MIL88-A/PS/SMX
system and (b) in the solar/MIL88-A/PS/SMX system. Experimental
conditions: [SMX]0¼ 5 mg L−1, [PS]0 ¼ 2 mM, and [MIL88-A]0 ¼ 125 mg
L−1. Error bars are calculated as ts/On, where absent bars fall within the
symbols.

Fig. 8 Effect of bicarbonate concentration on the degradation of SMX
as a function of time in different systems: (a) UVA/MIL88-A/PS/SMX
and (b) solar/MIL88-A/PS/SMX systems. Experimental conditions:
[HCO3

−] ¼ 1–100 mM, [SMX]0 ¼ 5 mg L−1, [PS]0 ¼ 2 mM, and [MIL88-
A]0¼ 125 mg L−1. Error bars are calculated as ts/On, where absent bars
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3.6. Matrix effect: solar vs. UVA activated systems

3.6.1. Case of chlorides. The inuence of common anions
in natural water was determined on SMX degradation in both
UVA/MIL88-A/PS/SMX and solar/MIL88-A/PS/SMX systems.
Three different concentrations of chlorides corresponding to
fresh water ([NaCl] ¼ 200 mg L−1), brackish water ([NaCl] ¼
2000 mg L−1), and saline water ([NaCl] ¼ 20 000 mg L−1) were
tested to mimic natural water conditions.75 As can be noticed
from the UVA/MIL88-A/PS system (Fig. 7a), both fresh water and
brackish water showed a similar trend of the variation in the %
degradation of SMX with slight enhancement of the process,
whereby SMX degradation reached 100% aer 80 min similar to
that obtained with a NaCl-free experiment. This is mainly due to
the formation of chlorine radicals (Clc) with a redox potential E0
¼ 2.432 V close to that of SRs (E0 ¼ 2.4 V) as shown in eqn (6)
and (7) in addition to the formation of reactive hydroxyl radicals
(HOc). However, SMX degradation was accompanied by a slight
inhibition in saline water, whereby it reached around 90% aer
2 h (Fig. 7a). However, this was not the case in the solar/MIL88-
© 2022 The Author(s). Published by the Royal Society of Chemistry
A/PS system where the three different concentrations of NaCl
showed no signicant effect on the degradation of SMX
(Fig. 7b). This can be explained by the excellent photocatalytic
properties of MIL88-A under solar irradiation resulting thereby
in heterogeneous PS activation on the surface of the photo-
catalyst. Moreover, one should not neglect, to a certain extent,
thermal PS activation due to a slight increase in the temperature
of the solution (from room temperature to �40 �C) aer 2 h of
solar irradiation and that in a close reactor.20,76 These results are
in accordance with previous research done on the assessment of
the NaCl effect on ketoprofen and chloramphenicol degrada-
tion in PS activated systems as demonstrated by Ghauch
et al.20,22 In these systems, the degradation of ketoprofen/
chloramphenicol was inhibited in brackish and more signi-
cantly in saline water where the concentration of Cl− ions is
above 10 mM (584 mg L−1 of NaCl) and the chloride quenching
effect is more evident in the media.

SO4
−c + Cl− / Clc + SO4

2− (6)

Clc + Cl− / Cl2c
− (7)

Cl2c
− + Cl2c

− / 2Cl− + Cl2 (8)
fall within the symbols.
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Fig. 9 Effect of drinking water and deionized water (control) on the
degradation of SMX as a function of time (min): (a) in the UVA/MIL88-
A/PS/SMX and (b) in the solar/MIL88-A/PS/SMX systems. Experiments
were done in a rotisserie shaker. Experimental conditions: [SMX]0 ¼ 5
mg L−1, [PS] ¼ 2 mM, and [MIL88-A]0 ¼ 125 mg L−1. Error bars are
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3.6.2. Case of bicarbonates. The effect of bicarbonate was
also studied in both systems: UVA/MIL88-A/PS/SMX and solar/
MIL88-A/PS/SMX as shown in Fig. 8. It is evident that in the rst
system, the addition of NaHCO3 inhibited greatly the SMX
degradation process. In fact, regardless of NaHCO3 concentra-
tion, [SMX] dropped by only 10% aer a reaction time of 20 min
(upper curves) compared to 80% degradation in the case of
carbonate-free solution (lower curve). Moreover, one can notice
that the SMX degradation rate reached a steady state at 80 min
of reaction with a maximum of 20% of degradation reached in
all carbonated systems. However, an additional 20% of SMX was
degraded in the bicarbonate-free system to reach full degrada-
tion at a reaction time of 80 min. On the other hand, the results
showed that in the solar/MIL88A/PS/SMX system gradual
degradation of SMX at a constant rate occurred in all bi-
carbonated systems regardless of [NaHCO3] (Fig. 8b). It also
showed that the degradation of SMX is independent of the ionic
strength of the solution. This inhibitory effect of NaHCO3 can
be explained by the reaction of SRs with products which have
moderate oxidative properties (E� ¼ 1.59 V) compared to that of
SRs toward SMX (eqn (9)). Moreover, one can admit a less
inhibitory effect of bicarbonate on SMX degradation in the solar
irradiated system. This can be explained by the role that MIL88-
A can play as a more effective photocatalyst when irradiated by
a full solar spectrum including more energetic radiation e.g.
UVB rather than with only the UVA spectrum of lower energy. As
such, SMX degradation is more likely to occur close to the
surface of the catalyst rather than in the bulk of the solution.
Finally, it is important to mention that for bicarbonate
concentration above 50 mM, the pH of the reactive medium
increased toward signicantly basic pH values e.g. pH > 8.50
affecting thereby the activation process of PS toward a lower
SMX oxidation reaction. However, this is not well revealed for
the lowest concentration of bicarbonate that did not affect the
activation process of PS since the nal pH of the solution
exhibited values lower than the starting pH conditions e.g. pHi

¼ 6.46 and pHf ¼ 5.31 for the UVA system and pHi ¼ 6.18 and
pHf ¼ 5.19 for the solar irradiated system as previously proved
by the formation of acidic species such as HS2O8

− in solution.20

At low bicarbonate concentration, the ionic strength of the
solution is not enough to keep good buffer capacity resulting in
breaking the buffer strength (Table S1†). Finally, it is worth
noting that the pH of the medium plays an important role in
terms of SMX ionization and charge distribution. The pK1 and
pK2 values of SMX are about 1.39 and 5.8, respectively. This
means that at pH lower than 1.39, SMX exists as a cation, and
between pH 1.39 and 5.8 SMX, it exhibits neutral charge, while
at pH above 5.8, SMX is negatively charged. This can clearly
explain the neutrality of SMX toward MIL88-A under the pH
working conditions. For example, the dominant working pH in
carbonate-free or slightly containing carbonate solution e.g. 1
mM favors the neutral form of SMX. A previous study showed
that acidication of the carbonated solution might reverse the
inhibition process because of the removal of carbonate species,
through CO2 escape from solution, opening the way toward the
806 | Environ. Sci.: Adv., 2022, 1, 797–813
quenching-free reaction medium for an improved reaction
stoichiometric efficiency.24

SO4
−c + HCO3

− + SO4
2− + CO3

−c + H+ (9)

3.6.3. Case of phosphates. The phosphate effect on SMX
degradation was also assessed in both UVA and solar systems to
account for phosphate residues that may escape from conven-
tional wastewater treatment stations on hand and to study the
pH effect on the degradation of SMX on the other hand. The
results are somehow comparable to the bicarbonate case in
terms of efficiency drop in the SMX degradation extent
(Fig. S11†). As can be noticed (Fig. S11a†), aer a sudden drop in
SMX upon spiking with PS solution, the kinetics of the reaction
changed with phosphate buffer (PB) addition, which leads to an
instant drop in SMX by 70% upon addition of PS aer which it
remained constant throughout the 2 h reaction time
(Fig. S11a†). In contrast, this was not the case for the solar/
MIL88-A/PS system, where the degradation rate of SMX reached
around 80% at the end of the reaction with the different
concentrations of PB (5, 10 and 20 mM) (Fig. S11b†). One can
assume that PB has an inhibitory effect on the degradation
process of SMX, but it varied differently with the two studied
calculated as ts/On, where absent bars fall within the symbols.
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Fig. 10 Effect of HA on the degradation of SMX as a function of time
(min) in the solar/MIL88-A/PS/SMX system. Experiments were done in
a rotisserie shaker. Experimental conditions: [HA] ¼ 0.5, 5 and 20 mg
L−1 [SMX]0 ¼ 5 mg L−1, [PS] ¼ 2 mM, and [MIL88-A]0 ¼ 125 mg L−1.
Error bars are calculated as ts/On, where absent bars fall within the
symbols.
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systems. This can be attributed to the fact that phosphate
species form stable complexes with Fe2+ ions and accumulate
on the surface of MIL88-A, thus preventing the chemical acti-
vation of PS that is accomplished by free Fe2+ ions in solution or
adsorbed on the surface of the MOF. This hypothesis has
already been conrmed through our previous work on the
degradation of SMX and ranitidine in Fe/PS systems.24,25

3.6.4. Case of drinking water. The degradation of SMX was
also studied in a drinking water solution to account for the
effect of the different species present in a local bottled drinking
water brand (Nestle) of pH 7 having the following composition
in mg L−1: Mg2+ ¼ 5; HCO3

− ¼ 120; SO4
2− ¼ 50; Cl− ¼ 8; Ca2+ ¼

52; Na+ ¼ 5; K+ ¼ 0.5; and total dissolved solid ¼ 200. As can be
noticed from Fig. 9, the use of drinking water as a matrix
instead of DI water led to a signicant inhibition of SMX
degradation in the UVA/MIL88-A/PS/SMX system, whereby SMX
degradation reached around 53% only. This can be explained by
the fact that the Nestle water used in this experiment contains
enough bicarbonate concentration for quenching SRs (eqn (9))
just upon PS activation either in solution or at the surface of the
MIL88-A catalyst. Moreover, one can notice a similar trend in
the degradation curves of SMX in DI and in drinking water
either for the UVA/MIL88-A/PS/SMX or the solar/MIL88-A/PS/
SMX system. For example, considering the UVA/MIL88-A/PS/
SMX system, the % degradation yield of SMX reached almost
50% in drinking water [HCO3

− ¼ 2 mM]) while it showed only
20% degradation in DI water (Fig. 8a). We recall that the
drinking water solution contains Cl− that favors SMX degra-
dation as previously demonstrated (Fig. 7). Accordingly, it is not
surprising to have better SMX degradation in drinking water
where slight SR quenching takes place in the medium at the
same time as an improved oxidation process due to the
formation of chlorine radicals contributing to more SMX
degradation. However, the solar system showed better results as
© 2022 The Author(s). Published by the Royal Society of Chemistry
it is less affected by the presence of bicarbonate as long as the
reaction is more driven by photolysis at the surface of MIL88-A
with sufficient energy as provided by the solar irradiation. The
results in the solar system showed a constant degradation rate
of SMX to reach almost full degradation compared to the UVA
system showing a steady state, limiting therefore SMX degra-
dation to a maximum of 55% aer a reaction time of 2 h
(Fig. 9a).

3.6.5. Case of humic acids (HA). The effect of humic acids
(HA) on the degradation efficiency of the applied system has
been studied due to their signicant abundance in natural
water. HA concentration typically varies between 0.1 and 20 mg
L−1,77 so three [HA]0 concentrations were selected: 0.5, 5, and 20
mg L−1. Fig. 10 shows the effect of different [HA] on the SMX
degradation rate. As can be inferred, HA inhibited the degra-
dation of SMX whereby complete degradation of SMX was
attained within 5–20 min in the HA free experiment, while it
increased to 40 and 60 min with 0.5 and 5 mg L−1 [HA]
respectively. This observation is in accordance with previous
work done on KTP degradation using different PS activated
systems.20 Analogous results were also expressed in the studies
done on the degradation of chloramphenicol in UV-APS by
Ghauch et al.22 This inhibition is mainly ascribed to the HA's
quenching effect due to the presence of abundant electron-rich
sites thereby attracting electrophilic species such as SRs and
HRs.78–81 In addition, the considerable decrease in the SMX
degradation rate at [HA] ¼ 20 mg L−1 in the solar/MIL88-A/PS
system is also attributed to the inner lter effect induced by HA
due to its high absorbance at 254 nm.79,82

3.7. Leaching assessment

In an attempt to account for leached iron (Fe) in solution, AAS
measurements was done on sample solution aer a 2 h exper-
iment. The sample was ltered through a 0.45 mm lter and
then centrifuged to remove any MIL88-A crystals remained
suspended in solution. The results showed that [Fe] in solution
was 0.002 ppm, which is below the limit of the detection of the
AAS instrument (0.02 ppm). This proves that there is a very
negligible leaching of iron from MIL88-A in the bulk of the
solution. This also veries that the degradation of SMX is done
through iron clusters present on the surface of MIL88-A and not
by Fe2+ or Fe 3+ dissolved in the reaction mixture.

3.8. EPR measurements

Since MIL88-A is used as a heterogeneous catalyst to activate PS
for the degradation of SMX, it is suggested that SRs and HRs are
generated. They react with the target molecule (SMX) in an
oxidative mechanism to fully degrade and transform SMX into
harmless species. In such a heterogeneous system, it was
challenging to identify the presence of these species with the
common quenching techniques (TBA and MeOH) that were
used before with homogeneous catalysts such as Fe2+ ions in PS-
based AOPs.20,83 In fact, the identication of radicals relies on
the use of quenchers such as MeOH and TBA; however they may
highly interfere with MIL88-A active sites. Thus, the EPR tech-
nique was selected as an appropriate analytical method to
Environ. Sci.: Adv., 2022, 1, 797–813 | 807
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Fig. 11 EPR spectra. Green – simulated EPR spectrum for trapped
methyl radicals. aN ¼1.58 mT and aH ¼2.28 mT. Blue – simulated EPR
spectrum for trapped hydroxyl radicals. aN ¼ 1.49 mT and aH ¼ 1.49
mT. Red– the sum of the above two simulated trapped radical spectra.
Black – experimental EPR spectrum under the following experimental
conditions: [PS]¼ 2.5mM, [MIL88-A]¼ 12.5mg L−1, and [DMPO]¼ 100
mM.
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determine the presence of these radicals in the system. This was
accomplished by the use of 5,5-dimethyl-L-pyrroline N-oxide
(DMPO) as a free radical targeting molecule.84–86

The EPR analysis in this study was done on four different
solutions of the following systems: System 1 (MIL88-A), System
2 (PS), System 3 (MIL88-A/PS) and System 4 (MIL88-A/PS/SMX)
to conduct a reliable comparative study. As can be noticed from
Fig. S12,† there are no detectable signals in System 1 compared
to the peaks that are shown in the three investigated systems (2–
4). To better understand the results of the EPR spectra obtained,
a simulation on the EPR spectra was conducted via the EasySpin
library for MATLAB, where the rotational tumbling (5 � 10−11 s)
and the ‘chili’ functions were used.87 The results showed the
presence of DMPO–OH adducts of intensity 1 : 2:2 : 1 and
a hyperne splitting constant of aN ¼ aH¼ 1.49 mT and another
series of six peaks with intensities 1 : 1:1 : 1:1 : 1 that account
for the DMPO–CH3 adduct and a hyperne splitting constant aN
¼ 1.58 mT and aH ¼ 2.58 mT (Fig. 11). The obtained alkyl
radical may be generated from the alkyl leaching from the
organic linker used in the synthesis process of MIL88-A (e.g.
fumaric acid) or from ethanol solvent which is used in the
washing process. For system 1, one can estimate that the OH
radicals present may be generated from the photo-activation of
MIL88-A under the day light as previously investigated. More-
over, the EPR spectrum of DMPO solution in system 2 shows
four peaks attributed to the DMPO–OH adduct with an intensity
of 1 : 2 : 2 : 1 and a hyperne splitting constant of aN ¼ aH ¼
14.9 G that are much more resolved than the ones obtained in
system 1 that accounts for the pure formation of HRs. It is
important to mention that with time, as the measurements take
808 | Environ. Sci.: Adv., 2022, 1, 797–813
place, the activation of PS is possible at room temperature, and
thus unstable, very short lifetime DMPO–adducts are formed.

Accordingly, following a rational expectation, the production
of DMPO–OH adducts is favored in aqueous medium. This
could occur either by the nucleophilic substitution of DMPO–
(eqn (11)) or by the trapping of OHc formed (eqn (10)) as already
investigated.88 Upon spiking with PS (System 4), one can notice,
in addition to the DMPO–OH four split lines, six peaks with an
intensity of 1 : 1:1 : 1:1 : 1 corresponding to the DMPO–SO4

−

adduct with hyperne splitting constants of aN ¼ 13.9 G, aH ¼
10 G, aH ¼ 1.48 F, and aH ¼ 0.78 G. It is worth noting that
measurements done on the same system in the presence of SMX
(System 3) showed the presence of the same DMPO adducts
however with less improved DMPO–adduct. This can be attrib-
uted to the fact that some of the catalytically generated radicals
reacted with the SMX probe rather than with DMPO resulting in
lower trapping probability. Accordingly, the use of the EPR
technique helped in identifying the presence of HRs and SRs
and their coexistence in solution. We recall that some of the SRs
are being converted into HRs upon reaction with water as
previously demonstrated. This is the reason why the intensity of
the DMPO–OH adduct always shows a greater amplitude than
DMPO–adducts in aqueous systems. In conclusion, one can
assume that the degradation process of SMX takes place
through the radical mechanism since we were able to identify
both SRs and HRs through the EPR measurements done.

SO4
−c + H2O / OHc + H+ + SO4

2− (10)

DMPO − SO4
− + H2O / DMPO − OH + H+ + SO4

2− (11)
3.9. Degradation mechanism

3.9.1. Identication of degradation products. Under the
current experimental conditions, SMX showed, through its
degradation in aMOF-activated PS system, the presence of three
byproducts on HPLC (Fig. S13†). The identity of these byprod-
ucts is further investigated in Section 3.9.3 using high-resolu-
tion mass spectrometry.

3.9.2. Proposed activation mechanism: surface based acti-
vation of PS on MIL88-A. Based on the EPR measurements, the
elimination of SMX in the UVA/MIL88-A/PS system was mainly
due to a radical oxidation process. For instance, Fe active
species present in the MIL88-A are trivalent since they originate
from the ferric chloride salt used in the synthesis process of
MIL88-A through which PS chemical activation may occur by
a one-electron reduction mechanism (eqn (12) and (13)) as was
previously proven.27,71,89

^Fe3+ + S2O8
2− / Fe2+ + S2O8

−c (12)

^Fe2+ + S2O8
2− / Fe3+ + SO4

−c + SO4
2− (13)

For instance, XPS analysis was done on three different
samples: pristine MIL88-A, aer experiment in the absence of
UVA and aer experiment in the presence of UVA. As can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Suggested overall degradation mechanism of SMX in the UVA/MIL88-A/PS or solar/MIL88-A/PS systems.
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inferred from Fig. S8,† the Fe 2p3/2−1/2 and O 1s core levels of
the three tested samples showed the same structures validating
the same Fe oxidation state aer the reaction. The results
showed binding energy values at 712.4 eV and 726 eV for Fe 2p3/
2−1/2 and O 1s, respectively, and the presence of a satellite peak
at 719.4 eV. Its presence along with the position of the binding
energy are considered typical characteristics of Fe in a +III
oxidation state, which is the case in Fe2O3.90,91 It is important to
mention that Fe in a +II oxidation state could be present;
however it is quickly oxidized to Fe3+ in the presence of air or
oxygen. Moreover, the hydrolysis of PS and SRs may occur in the
reactive medium in the presence of water to generate SO4

−c,
O2

−c and OHc in the absence of UVA (eqn (14)–(16)). Fe2+ is
formed as stated in eqn (12), and generates unstable PS radicals
that undergo oxidative reactions quickly in the medium. Aer
that, Fe3+ is generated back through PS activation. So, SRs are
produced to effectively degrade SMX through oxidative mecha-
nisms yielding less stable molecules potent to further
Fig. 13 HR mass spectrum fragmentation patterns under oxygen condit

© 2022 The Author(s). Published by the Royal Society of Chemistry
transformation. Furthermore, in the presence of UVA irradia-
tion, Fe3+ (coordinatively unsaturated metal sites) could
undergo photochemical conversion into Fe2+ (eqn (17)) on the
surface of MIL88-A as demonstrated by Zhang et al.92 and Jiang
et al.93,94 As a result, HRs are produced and attack SMX allowing
its degradation. This was clearly noticed by the complete
degradation of SMX in the UVA/MIL88-A/PS system compared to
only 12% degradation in the MIL88-A/PS system. Our results
corroborate those obtained by Zhang et al. on the degradation
of tetracycline in MIL88-A/PS systems in the dark and under
visible irradiation.

S2O8
2− + 2H2O / 2SO4

2− + HO2
− + 3H+ (14)

S2O8
2− + HO2

− / SO4
2− + SO4

−c + O2
−c + H+ (15)

SO4
−c+ H2O / SO4

2− + OHc + H+ (16)

Fe(III)OH2+ + hv / Fe(II) + HOc (17)
ions of (a) BP1, (b) BP2, and (c) BP3.
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Table 1 SMX and its byproducts identified by QTOF MS

Compound Molecular formula ESI mode m/z Error (ppm) R.T. (min) Proposed structure

SMX C10H11N3O3S Positive 254.0593 −0.3 5.92

BP1 C4H6ON2 Positive 99.0554 0.8 2.16

BP2 C10H11N3O Positive 190.0974 −0.2 5.93

BP3 C10H9O5N3S Positive 284.0333 −1 8.63
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3.9.3. Proposed mechanism for SMX degradation. To get
more insight into the SMX removal mechanism, mass spec-
trometry (MS) was conducted in the present study. It is impor-
tant to mention that some studies worked on identifying SMX
degradation products;24,56,95 however, the results obtained
varied from one system to another depending on the MS
analyzer used. In this study, a high resolution mass spectrom-
eter SCIEX X500R QTOF was used to detect and identify SMX
degradation products in the UVA/MIL88-A/PS/SMX system. The
HRMS allows accurate determination of the mass of all
byproducts obtained with the designed structures (error # 2
ppm). In the above-mentioned system, three byproducts (BP1,
BP2 and BP3 at retention times of 7.0, 8.1, and 11.1 min,
respectively) were obtained and identied by HPLC/DAD and
HPLC/DAD/MS analysis (Fig. S13†). As can be inferred from the
overall mechanism shown in Fig. 12, in pathway 1, the sulfon-
amide moiety was susceptible to an electrophilic attack by OHc

or SO4c
− leading to S–N bond cleavage, and thus BP1 is formed

(m/z¼ 99) as presented in Fig. 13a. In pathway 2, intermolecular
Smiles-type rearrangement of the anilino radical took place by
SR attack through the electron transfer mechanism producing
a SO2 extrusion product (SEP) BP2 at m/z ¼ 190 as shown in
Fig. 13b. Finally, in pathway 3, SMX undergoes direct oxidation
to give BP3; specically SRs and/or HRs attacked N7 of SMX,
which is the most electronegative nitrogen in the SMX structure
(m/z ¼ 284) (Fig. 13c). It is worth noting that these different BPs
obtained (Table 1) disappeared totally at a later stage of the
treatment as they were further oxidized toward potential
mineralization.
4. PS quantification and RSE
calculation

[PS] was tracked throughout the reaction time using
a modied HPLC method68 previously developed in our
810 | Environ. Sci.: Adv., 2022, 1, 797–813
laboratory. The results showed that [PS] decreased from 2
mM initially to reach around 0.5 mM aer a 2 h reaction time
(Fig. S20†). Moreover, the reaction stoichiometric efficiency
(RSE) was calculated. The RSE is dened as the ratio of the
number of moles of the degraded organic contaminant
divided by the number of moles of oxidant (PS) consumed in
the process.

%RSE ¼ n(SMX)degraded/n(PS)consumed � 100 (18)

The RSE showed a relatively high value (6.12%). This value is
slightly greater to what was reported by Ghauch et al.24 (5.20%)
and Ayoub et al.56 (5.55%) when PS was activated bymicrometric
Fe0 iron particles in aqueous solution and plated micrometric
iron particles, respectively. This proves that SMX degradation
was improved in similar chemically activated systems using
however MIL88-A as a mediator.
5. Economic feasibility

The economic efficiency was assessed through cost calculation
using electrical energy per order (EEO) for UVA/MIL88-A/PS and
solar/MIL88-A/PS. EEO is dened as the electric energy in kilo-
watt hours (kWh) needed to degrade one order of magnitude of
the contaminant per unit volume (m3), expressed as per eqn
(19).96

EEO ¼ P � t � 1000/V � log(Ci/Cf) (19)

where P (kW) is the power supplied to the system, V (L) is the
volume treated in time t (h), and Ci and Cf are the initial and
nal concentrations of the pollutant, respectively.

The electrical and total system costs were later obtained
according to eqn (20) and (21):

Electrical energy cost ($ per m3) ¼ EEO (kWh per m3) � power

cost ($ per kWh) (20)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Total system cost ($ per m3) ¼ electrical energy cost + reagent

cost (21)

Table. S3† summarizes the total energy cost of the studied
systems in US dollars in Lebanon corresponding to 0.169 US
dollars. The cost of reagents is calculated using wholesale prices
for every case (Table S3†). By comparing the costs presented in
the table to previous work done on different probes such as
theophylline and ketoprofen, we notice that the use of the solar
PS activated system is the cheapest one at 2.76 $ per m3. For
more clarication, Amasha et al. obtained a total cost of 44.41 $
per m3 upon the degradation of ketoprofen (KTP) in the ther-
mally activated PS system, with [KTP]0 ¼ 7.87 mM (2.00 mg L−1),
[PS]0¼ 1mM and T¼ 60 �C,20 while El Hakim et al. got a value of
24.7. $ per m3 using the UVC/PS activated system for theoph-
ylline degradation in a real pharmaceutical effluent with [PS]0 ¼
25 mM.83 These results present in advance the cost effective
solar-based AOP systems and more specically persulfate
application on a larger scale such as articial wetlands for the
treatment of hazardous effluents.

6. Conclusions

In this study, PS-based AOPs proved to be highly efficient in the
degradation of emergent contaminants such as pharmaceutical
active ingredients e.g. SMX. Herein, a heterogeneous catalyst,
MIL88-A, was synthesized with the advantage of using a low-
cost, simple and organic solvent free process. The elimination
of SMX was demonstrated in two different systems: UVA/MIL88-
A/PS and solar/MIL88-A/PS systems. Several parameters were
considered to reach a higher efficiency for the degradation
process. [MIL88-A] alone showed no signicant effect on the
degradation of SMX in the absence and in the presence of
irradiation (UVA or solar). The combined effect of UVA or solar/
MIL88-A/PS showed promising results, whereby the total
degradation of SMX was reached within 80 min and 5–20 min in
the UVA/MIL88-A/PS and solar/MIL88-A/PS systems, respec-
tively. The results also demonstrated that MIL88-A may be used
for ve successive cycles of activation experiments with PS
without showing a decrease in the catalytic activity of the MOF.
The results also showed the superiority of the solar/MIL88A-A/
PS system over the UVA/MIL88-A/PS system in terms of additives
making the oxidation process more efficient under sunlight
irradiation regardless of the solution common ion content, e.g.
Cl− and HCO3

−. Moreover, HRMS analyses were conducted to
identify the degradation products of SMX, and three different
byproducts were identied with the proposed formation
mechanism of each. EPR analysis showed the presence of HRs
as well as SRs to better elucidate the activationmechanism of PS
on the surface of the MOF. The calculated %RSE (6.24%) was
comparable to those determined in similar persulfate-based
systems however using iron particles or Fe2+ as PS activators.
Future directions to consider are the investigation into
a continuous treatment system capable of improving the %RSE
along with the mineralization extent that was not considered in
this work. Moreover, this work puts forth in advance the feasi-
bility of using MIL88-A as a mediator to activate PS on a large
© 2022 The Author(s). Published by the Royal Society of Chemistry
scale and at a low cost under sunlight for the degradation of
organic contaminants in agriculture ponds and articial
wetlands. This can efficiently contribute to reducing pollution
stress by pharmaceutical compounds and pesticides for efflu-
ents before reaching the regular waste water treatment plants.
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28 G. Férey, Chem. Soc. Rev., 2008, 4732–4734.
29 N. A. Khan, Z. Hasan and S. H. Jhung, J. Hazard. Mater., 2013,

244–245, 444–456.
30 P. Z. Moghadam, A. Li, S. B. Wiggin, A. Tao, A. G. P. Maloney,

P. A. Wood, S. C. Ward and D. Fairen-Jimenez, Chem. Mater.,
2017, 29, 2618–2625.

31 J. Wang, J. Wan, Y. Ma, Y. Wang, M. Pu and Z. Guan, RSC
Adv., 2016, 6, 112502–112511.

32 J.-R. Li, Y. Ma, M. C. McCarthy, J. Sculley, J. Yu, H.-K. Jeong,
P. B. Balbuena and H.-C. Zhou, Coord. Chem. Rev., 2011, 255,
1791–1823.

33 K. Sumida, D. L. Rogow, J. A. Mason, T. M. McDonald,
E. D. Bloch, Z. R. Herm, T.-H. Bae and J. R. Long, Chem.
Rev., 2011, 112, 724–781.

34 M. P. Suh, H. J. Park, T. K. Prasad and D.-W. Lim, Chem. Rev.,
2011, 112, 782–835.

35 P. Horcajada, R. Gref, T. Baati, P. K. Allan, G. Maurin,
P. Couvreur, G. Ferey, R. E. Morris and C. Serre, Chem.
Rev., 2011, 112, 1232–1268.

36 A. C. McKinlay, R. E. Morris, P. Horcajada, G. Férey, R. Gref,
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