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Abstract

This study was carried out to determine the best conditions for the preparation of
magnetic activated carbons (mACs) from Sargassum sp. as both adsorbents and
catalytic supports. Coupling of adsorption and catalytic ozonation for removal and
degradation of antibiotics was implemented for several cycles of use in order to
assess the efficiency and the stability of these mACs. The mAC prepared by the
post-impregnation method (activated carbon with Sargassum sp. + FeCl2.4H20
pyrolyzed at 200 °C for 120 minutes) showed better adsorption capacity of a mixed
solution of antibiotics (95.3, 48.3, 13.4 mg g for tetracycline (Tc), penicillin (Pen)

and erythromycin (Ery) respectively after 3 cycles of use) than the mAC prepared by
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the pre-impregnation method (Sargassum sp. + FeCl2.4H20 pyrolyzed at 664 °C for
65 minutes). Whereas the evaluation of the degradation under ozone after mAC
saturation by adsorption showed a better degradation after 3 cycles of reuse higher
than 96% for Ery, and higher than 99% for Tc and Pen for the mAC prepared by the
pre-impregnation method. Their physicochemical properties were characterized by
different techniques, in particular X ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectrometry (XPS), analysis of the
surface acid-base groups by Boehm method, pore analysis and specific surface area
measurement (using the Brunauer—-Emmett—Teller method) by nitrogen adsorption,
scanning electron microscopy (SEM) and thermogravimetric analysis (TGA). The use
of Sargassum sp. is therefore promising for the preparation of efficient bio-sourced

mCAs for the removal of organic pollutants from polluted waters.

Keywords: Sargassum sp., magnetic activated carbon, adsorption, catalytic

ozonation, antibiotics

1. Introduction
Issues related to the presence of emerging micropollutants in the environment, such
as antibiotics, continue to raise concerns. These molecules represent a danger for
both humans and wildlife, due to their relatively low degree of biodegradability and,
above all, their possible effect on increasing the resistance of bacteria once released
into the environment [1—4]. Various strategies including separation [5], adsorption [6]
and advanced oxidation [7—11] processes have been used to remove antibiotics from

wastewater.
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In that regard, activated carbon (ACs) are widely used for adsorption of many
pollutants due to their large specific surface area and simple production methods
[12]. However, they only concentrate the contaminants without ultimately removing
them [13] and their regeneration is an obstacle to their large-scale application [14].
Advanced oxidation processes can convert antibiotic molecules into simple oxidized
compounds or achieve complete mineralization [13,15]. To increase the efficiency of
pollutants treatment and to reduce operational costs, the combination of several
processes is currently being considered [8,16,17]. A promising combination is
adsorption on ACs coupled with an ozonation operation (both together and after
adsorption). However, the degradation of the AC surface during ozonation limits its
long-term use [3,17—-20]. To this end, the idea of using magnetic ACs (mACs) acting
as catalysts in ozonation processes is herein considered. Such catalysts, especially
those made from inexpensive precursors, can be easily separated from the treated
water by applying an external magnetic field, thus proving to be economical and
more environmentally friendly [8,21].

For a decade now, Sargassum sp. algae have caused dramatic inundation of North
Atlantic and Caribbean seashores, hence becoming increasingly problematic. The
amount of seaweed washing up on these beaches contributes to economic
disruptions from tourism, aquaculture, traditional fishering and more recently has
raised environmental concerns. To minimize these negative impacts, one of the
proposed solutions is to collect the seaweed within 48 h to consider potential
valorization. Indeed, due to those expansive beds they form, they are considered as
the largest producers of biomass, growing to over a meter tall. Sargassum sp. has
thus been used for its alginate extraction, as biosorbent material and more recently

successfully converted into activated carbons (ACs) [22—-24].
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This work focuses on developing magnetic activated carbons (mACs) as ozonation
catalysts derived from renewable precursor, Sargassum sp. algae. The resulting
mACs were synthetized via two simple methods: post impregnation and pre-
impregnation of iron precursor followed by an appropriate thermal treatment. Those
synthesis routes were explored to seek optimal stability of the material during
ozonation in tandem with their ability for magnetic separation. Prior catalytic
ozonation, isothermal adsorption measurements on mACs were performed with
three typical pollutants tetracycline (Tc), caffeine (Caf) and methylene blue (MB), to
identify the best mAC candidate in term of adsorption efficiency. Then, the catalytic
activity of mAC in the degradation of para-chlorobenzoic acid (pCBA) (a probe
molecule) was evaluated in order to determine the catalyst efficiency in generating
hydroxyl radicals *OH. Finally, the degradation of a mixture of antibiotics (tetracycline
(Tc) + penicillin (Pen) + erythromycin (Ery)) under ozone after saturation of mACs,
was investigated. Although the use of this technology in treating wastewaters has
been documented to a great extent [25,26], the research on the removal of mixture
of antibiotics by this type of immobilized biomass is still new and research efforts in

this direction are considered as vital.

2. Materials and methods

2.1 Chemical products

Tetracycline (Tc, purity = 98%, Lot. 097M4852V), penicillin G sodium salt (Pen G
purity = 96%, Lot. 089M4795V), para chlorobenzoic acid (pCBA, purity = 99%, Lot.
135585), caffeine (Caf, purity = 98.5%, Lot. 021M0092V) were purchased from
Sigma-Aldrich. Pure methylene blue (MB, Lot. 310 95-7) was purchased from RAL
Reagents. Erythromycin (Ery, purity = 98%, Lot. HP6IA-PI) was purchased from

Tokyo Chemical Industry.
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Raw Sargassum sp. was collected in the Caribbean area (Guadeloupe French west-
indies), washed, sun-dried, grounded and finally sieved to particles size between 0.4
mm to 1Tmm. The alga collection was carried out in March 2021. All other chemical
reagents in the study HzPO4 (85 wt%), NaOH, HCI, FeCls.6H20, FeCl2.4H20 were of
analytical grade. Stock solutions were prepared separately by dissolving an

appropriate amount of the powdered compounds in ultrapure distilled water (15 MQ).

2.2 Preparation of mACs derived from Sargassum sp.

Two different procedures were used for the preparation of the mACs, which consist
of the post- or pre-impregnation of iron precursors (FeCls.6H20 and FeCl2.4H20).
The simplified flowchart of the synthesis procedure is shown in Fig. 1. For
comparison purpose, unsupported iron oxide catalyst and pure activated carbon
were also prepared (herein referred to as FexOy and AC_OP, respectively). Details of

their synthesis are given in Sl 1.
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Fig. 1 Flow chart of the mACs synthesis.

Details about synthesis process of pure activated carbon (label AC_OP) are

provided in previous study [12].

2.3 Adsorption capacity measurements of ACs

Adsorption isotherms of methylene blue (MB), tetracycline (Tc) and caffeine (Caf),
were carried out at room temperature on the six prepared mACs as described on
Table S1. Such experiments aim to identify the mAC with the highest adsorption
capacity for each selected molecules. Calibration curves were obtained from UV-

visible absorbance spectira of the solutions, recorded with a UviLine 9400
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spectrophotometer. Absorbance maxima were identified at Amax = 273, 358 and 663
nm for Caf, Tc and MB, respectively.

Experimental adsorption capacities, Qe (mg g'), were calculated according to
equation (1)

(CO - Ce)-V
Q=" — (1)

where Co is the initial adsorbate concentration (mg L), Ce, the adsorbate
concentration at equilibrium time (mg L), V, the volume of the adsorbate solution
(L), and W, the mass of the adsorbent (g). Two models were used to fit the
experimental data by applying a non-linear regression, Langmuir model and

Freundlich model.

2.4 Physicochemical characterization of ACs

BET surface area and pore size distribution of the prepared solids (from the above
mentioned adsorption results), were evaluated via N2 adsorption experiments at 77 K
using a Micromeritics analyzer (ASAP 2020 V4.04). Chemical surface groups of the
pristine and spent carbon materials (before and after ozonation exposure), were
determined by Fourier transform infrared spectroscopy (FT-IR spectrometer
equipped with an ATR accessory, Spectrum Two Perkin Elmer). Analysis of the
surface acid-base groups by Boehm method and the determination of the zero point
of charge (ZPC), were carried out following procedures described in a previous study
[23].

X-ray photon electron spectroscopy (XPS) of AC_OP before and after ozonation was
performed (ESCALAB 250 from Thermo Electron) with a monochromatic excitation
source, Al Ka line (1486.6 eV). The photoelectron spectra were calibrated in binding

energy with respect to the energy of the C=C component of C1s carbon at 284.4 eV.
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Volatiles and ash (including iron oxides) contained in mACs were measured by
thermogravimetric analysis (TGA) in air at a heating rate of 10 °C min' from 25 to
1000 °C (TA Instruments Thermal Analysis DSC-TGA Standard).

Scanning electron microscopy (SEM) observations, combined with energy dispersive
X-ray (EDX) chemical analyses were performed with a HiVAC + VCD - Quanta 250
detector instrument (operated at 100 KeV). This aims to study the surface
morphology of samples followed by chemical mapping of various elements (Fe, O, P,
Ca, and S).

X-ray diffraction (XRD) analysis was done to identify the crystalline iron phases
present in the mACs. The diffractograms were obtained by scanning in 26 between
23 and 96° with a step size of 0.04°, using a cobalt anode X-ray tube as the source
(Aka co = 1.79 A, power supply: 40 kV and 30 mA) and a Malvern Panalytical
Empyrean diffractometer.

Magnetic field applied to separate the mACs from the treated solution, was
measured, with a teslameter, in the air gap of an electromagnet as a function of
current intensity (4 A) and air gap distance (2 cm). It was equal to ~0.65 Tesla. The
mean separation time was also evaluated. The measurements were performed in a
1.5 cm diameter glass tube containing 500 mg of carbon and 5 mL of distilled water.
Finally, the measurement of the total leached iron concentration after each ozonation

cycle was measured by atomic absorption (AAnalyst 400 Perkin Elmer).

2.5 Degradation of pCBA
The decomposition of para chlorobenzoic acid (pCBA) using ozone Os on ACs was
firstly studied to define the characteristics of catalytic ozonation process. The pCBA

was chosen as a probe molecule for «<OH monitoring as it has very low reactivity with
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O3 (constant rate kosjpcea = 0.15 M' s°'), but reacts readily with *OH (k.oHpcea = 5 X
10° M s). In an ozonation system, the decomposition of the probe is an indirect
measurement of the *OH concentration as a function of the time. Hence, calculating
the term [[e OH]dt, defined by Elovitz and von Gunten [27], as the total amount of
hydroxyl radicals to which a reference compound (pCBA) is exposed in the treated
water, allows to quantify the exposure to hydroxyl radicals (equation (2)).

In(E0)
pCBA
° dt =
f[ oH] kaH/pBCA = 5.2x10° M-151 (2)

Ozonation of a solution of pCBA (50 mg L) with three ACs (AC_OP, AC_Fe3, and
SAR_Fe2) derived from Sargassum sp. was carried out for 1 h. For this purpose 250
mL of pCBA solution was mixed with 150 mg of one of the ACs. The suspension was
then stirred for 12 h to reach adsorption equilibrium. The ozonation experiments
were carried out in a 500 mL batch reactor under 200 rpm stirring. The ozonated gas
(concentration varying between 10 and 25 g Nm™) was introduced by bubbling,
through a porous sinter at a flow rate of 15 L h' at 25 °C.

Sampling was carried out periodically the concentrations of pCBA (after equilibrium
and ozonation treatment) were measured by UV-visible spectroscopy, after filtration
of the supernatant through a 0.45 um filter followed by 5 minutes of centrifugation at
9500 rpm. To evaluate the effect of AC reactivity after each ozonation, the mixture
was centrifuged to remove the supernatant and added back to the 250 mL bottle of

pCBA stock solution. Each measurement was triplicated.

2.6 Degradation of antibiotics
Mixed adsorption of the 3 molecules (Tc, Pen and Ery) on ACs, coupled with

ozonation, was performed at pH 7. The adsorption was used (i) to concentrate
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pollutants on the solid surface (i.e. near by the degradation sites), before ozonation
[21], and (i) to adsorb the by-products generated during ozonation step. Hence,
adsorption measurement before ozonation allows a better assessment of the
catalytic effect of ACs [28]. In addition, the reuse of ACs helps to estimate the
degree of adsorption of the ozonation by-products upon the ACs surface. The pH
was adjusted with a concentrated solution of HCI or NaOH after reaching adsorption

equilibrium.

100 mL of each antibiotic solution (Pen, 100 mg L + Ery, 100 mg L' + Tc, 250 mg
L") were mixed with 150 mg of the different ACs. pH was adjusted with a
concentrated solution of HCI or NaOH after reaching adsorption equilibrium. The
mixtures were stirred for 12 h at 25 °C in a water bath and were then placed in the
ozonation pilot for 1 h (ozone concentration varying from 10 to 25 g Nm™ at a flow
rate of 15 L h'). Reuse for three cycles was carried out after removing the
supernatant by centrifugation and the recovered AC was put back in contact with the
same volume of the initial solutions. Sampling was carried out periodically
quantification of antibiotics (after adsorption equilibrium and after ozonation), was
performed by LC-MS chromatography after filtration of the supernatant with 0.45 um
filters and subsequent centrifugation for 5 minutes at 9500 rpm. Total leaching of iron
into solution after each ozonation cycle was determined by atomic absorption

(AAnalyst 400 Perkin Elmer).

3. Results and discussion

3.1 Adsorption isotherms
Adsorption experiments were conducted for all samples: pre-impregnated

(SAR_Fe2, SAR_ Fe3 and SAR_Fe23), posted-impregnated (AC_Fe2, AC_ Fe3 and

10



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

AC_Fe23) and pure activated carbon (AC_OP) (Fig. 2). All capacities adsorption
were obtained from Langmuir model with a R? between 0.90 to 0.98.

AC_Fe3 (obtained by the post-impregnation route), was identified as the best
performing mAC sorbent for the three molecules. One the other hand, adsorption
capacities on mAC were lower than those of AC_OP towards Tc and Caf, expect for
MB where a maximum value of 310 mg™' was reached with AC_Fe3. In addition, the
same trend was observed in term of adsorption (i.e. order Tc > MB > Caf),
suggesting similar properties of mACs.

Among the pre-impregnated samples, SAR_Fe2 shows the highest adsorption
capacities for 2 of the 3 molecules Caf (142 mg g') and MB (182 mg g'), while
SAR_Fe23 shows the best uptake for Tc (242 mg g') (Fig. 2). For comparison, Zhu
et al [29] found a Tc adsorption capacity of 24.44 mg g'' for hydrochar (coal obtained
from hydrothermal carbonization), and Zhou et al [30] measured a capacity of more
than 300 mg g on magnetic coal prepared with wood, thus suggesting reasonable
performance of the mAC samples. Based on these adsorption data, the following
mAC samples SAR_Fe2 and AC_Fe3, were selected to proceed the ozonation

degradation.

11
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Fig. 2 Adsorption capacities of the different prepared ACs towards MB, Caf,
and Tc.

3.2 Physicochemical characterization of ACs

Physicochemical properties of the synthetized samples were investigated via nitrogen
sorption, SEM and TGA analysis. As depicted in Table 1, a decrease in surface area
was observed between AC_OP (pure activated carbon) and AC_Fe3 (post-
impregnated AC), but the latter exhibits a significantly higher specific surface area
compare to SAR_Fe2 (Table 1). Besides, TGA and SEM/EDX results reveals lowest
iron concentration in AC_Fe3 and the iron oxide particles formed in both mACs were
uniformly distributed (Fig. 3). Further chemical analysis performed by EDX indicates
the presence of common inorganic compounds such as C, Na, S, Ca, P, Mg, and O
in all three ACs, in tandem with Fe in SAR_Fe2 and AC_Fe3 samples. Boehm
titration results indicate that SAR_Fe2 has more basic than acidic surface clusters, in
contrast to AC_Fe3 and AC_OP, which also agreed with ZPC values and FT-IR
analyses.

These features are consistent with previous works showing that magnetization of
biomass can reduce physicochemical properties of mMACs such as BET surface area,
pore volume, and acid-base groups [31]. Even though previous studies [31,32]

reported promising magnetic separation when a high Fe content is used (i.e. mAC

12
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with a C : Fe ratio close to 4), a too high magnetic phase content can affect
adsorption properties of mACs. With only 3.7% and 7.2% of iron oxide in our
samples AC_Fe3 and SAR_Fe2 respectively, a relatively fast average separation
time (337 s and 167 s, respectively), from the liquid phase was obtained, under a
magnetic field of ~0.65 T. Iron crystalline phase was determined by XRD
measurements (Fig. 4a) which indicate the presence of (i) FesOu4 (diffraction peaks at
20 = 35.08°; 41.39°; 50.46°; 67.24°; 74.14°), (ii) FeO (main peak at 20 of 49.27°), (iii)
iron metal (main peak at 26 = 52.36°) and (iv) FexOy [33]. Overall, magnetite Fe3Oa4
was the predominant Fe form contained in the mACs matrix, thereby confirming their
attractive magnetic properties.

To assess the stability of samples, FTIR measurements were carried out (i) before
and after ozonation treatment (ii) after 3 reuses of AC_OP and AC Fe3 and
SAR_Fe2. The spectra displayed in (Fig. 4b), show absorbance bands at 1066 cm,
1558 cm', 2952 cm-, 3526 cm" detected in 3 ACs, which were attributed to C-O, R-
COO, C-H, OH groups, respectively [34]. The band at 590 cm™' assigned to metal,
confirms the presence of Fe3Oas in these ACs [35]. Interestingly, SAR_Fe2 exhibited
excellent surface bond stability compare to AC_Fe3 and AC_OP over the 5 tested
cycles with pCBA degradation. No clear changes were detected in its spectrum in
contrast with AC_OP and AC_Fe3, which show chemical surface modification. This
is also consistent with XPS analysis of the pure activate carbon AC_OP before and
after ozonation (FigS. 1, FigS. 2), showing a chemical modification of the coal
surface with the decrease of C=C and C-C groups, and an increase of C-O, C=0,

and 0-C=0 groups (Jans and Hoigné,1998).

13
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Table 1: Physicochemical characterization results of the different ACs.

Sample ZPC Boehm (mmol g') | BET surface | Pore volume | TGA EDX
P Acid Basic area (m2g’') | (cm3g™) VM+FC? Ash (wt%) (at% Fe)
Vmeso: 0.11
SAR_Fe2 8.5 2.77 6.34 248 Vicro: 0.02 26 74 7.2
Viotar: 0.18
Vimeso: 0.37
AC_Fe3 4.3 3.02 1.18 607 Vmicro: 0.02 57 43 3.7
Viotal: 0.54
Vmeso: 0.78
AC_OP 5.8 4.60 2.19 929 Vmicro: 0.02 85 15 -
Viotal: 0.95
Vmeso: 0.02
FexOy - - - 54 Vmicro: N/A - - -
Viotar: 0.05
285 2VM + FC: volatile matter + fixed carbon in wt% without moisture
286
287
Sum Spectrum
T '1|I T '2|I T "3|"'I"'4|"" """"""5\“"“"%"'
Full Scale 504405 cts Cursor: 8.846 (5988 cts) keV  |Full Scale 664901 cts Cursar: 7.608 (3171 cts) keV]
(a) (b)
288 Fig. 3 SEM images and EDX analysis of (a) SAR_Fe2 and (b) AC_Fe3.
289
290
291
292
293

14
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3.3 Degradation of probe molecule pCBA

The pCBA was chosen as a probe molecule due to its high reactivity with «OH
radicals [37]. If pCBA is well degraded, this implies that the solid has successfully
catalyzed the transformation of dissolved ozone into hydroxyl radicals (radical
pathway).

Analysis of the degradation of pCBA after ACs saturation (by adsorption of the
different ACs) shows that SAR_Fe2 exhibited excellent stability over the five tested
cycles, with high removal efficiency up to 97-98% (Fig. 5). Noteworthy, pH of the
mixtures varies from 5 (before ozonation) to 4.2 (after ozonation). As pCBA
ozonation was carried out at pH>3, such variation of pH was probably associated to
oxidation reactions taking place at the catalyst-solution interface and in bulk solution
as found by others (Park et al., 2004). In parallel, study of the variation of the Oz
concentration in the pilot showed that the degradation kinetics of pCBA nearby the

mAC surface, was very fast, (less than 10 min) [38].

Conversely, catalytic activities of AC_OP and AC_Fe3 were lower than of SAR_Fe2,
whilst declining quickly. For instance, for pure carbon (AC_OP), pCBA removal
decreased from 73% to nearly 20% over the three tested cycles. This severe
catalytic deactivation could be related to the fact that chemical surface bonds of
AC_OP (which allowed pCBA degradation over the 1%t cycle) were denatured (Fig
4b), thereby hindering effective formation of +OH radicals [8,28]. Therefore,
adsorption capacity of AC_OP decreased significantly after each ozonation cycle.

Similar trend was observed for AC_Fe3 where ozone-induced degradation of pCBA
decreased after each cycle but remained higher than of degradation capacity of

AC_OP. With the presence of iron oxide in the AC_Fe3 matrix, its capacity to form

16
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*OH radicals has therefore increased. Loss in adsorption capacity was also observed
in AC_Fe3, which thus contributed to the decline its catalytic effect, with a maximum

removal efficient of (56% of the initial pPCBA concentration is observed).

Stability of samples was further assessed by performing (i) XRD measurements
before and after ozonation and (i) atomic absorption analyses to determine the
amount of iron leached into solution after reaction. As shown in Fig 4a, diffraction
peaks (at 260 = 35.08° and 67.27°) related to FesOs in AC_Fe3, have significantly
decreased or disappeared after ozonation. This correlates well the values of iron of
0.33 and 1.46 mg L' found after the second and third cycles, respectively, indicating
slight dissolution of the iron impregnated in AC. One can note that such relatively low
levels of iron leaching are below the European Union Directive values of 2 mg L. A
concentration of iron higher than 0.3 mg L' may increase the turbidity of the water

without being a proven health hazard [39].

As above mentioned, SAR_Fe2 seems to be the best catalytic candidate, with a
percentage removal greater than 92% after the first cycle which tends to increase
over the following cycles. Owing to the fact that pCBA adsorption on SAR_Fe2 was
measured to be less than 20%, this implies that all the removed pCBA was mainly
degraded during ozonation. As a comparison, pCBA degradation efficiency of 92.5%
was achieved by others through the addition of dissolved metal ion Fe?* during
homogenenous catalytic ozonation [40].

After the third cycle, SAR_Fe2 was ozonated in 300 mL of ultrapure distilled water
for 3 h. XRD diffraction patterns of SAR_Fe after 5 cycles of use, shows enhanced

intensity of FesO4 peaks (at 26 of 35.08°, 41.39°, 50.46°, 67.27°, and 74.14°) (Fig.
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4a), while intensity of the main iron metal peak (at 26 = 49.27°) tends to decrease.
This could be explained by subsequent dissolutions of iron into solutions during
ozonation, corresponding to iron leaching of 2.07, 5.26, and 5.37 mg L' after the
first, third, and fifth cycle, respectively. This is in line with the results previously
published by C.V Rekhate and J.K. Srivastava [8]. Overall SAR_Fe2 remains a
stable mAC, exhibiting high activity for the production of *OH radicals during catalytic

ozonation.

Finally, the exposure to hydroxyl radicals accordingly to the different ozonation
experimental conditions was determined following equation (2). Results are listed in
Table 2 for AC_Fe3, AC_OP and SAR_Fe2 and were compared with other reported
values. The results confirms that the catalytic ozonation with SAR_Fe2 shows a high

generation of hydroxyl radicals.

3.4 Degradation of antibiotics

Kinetic data indicate the highest reactivity of antibiotics with hydroxyl radicals (kon >
10° M s) versus direct oxidation of molecular ozone (koz >105 M s) [41].
Catalytic ozonation was carried out within the pH range of 7 — 3.6, since the
measured pH of solutions varied between 3.68 and 6.26, after each cycle of
ozonation. Fig. 6 presents the degradation graphs of the three studied molecules
(Tc, Pen G and Ery) over three cycles of ozonation, with an ozonation exposure time
of 1h for each carbon material.

These results indicated that Tc adsorption capacity on AC_OP decreases up to 27%
after the 2" cycle of ozonation, whereas an increase in adsorption was observed for

the mACs (from 37% to 58% for SAR_Fe2, and from 78% to 82% for AC_Fe3). After
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the three cycles, optimal Tc degradation value of ~99% was achieved for all carbon
samples. In comparison, Kakavandi et al. [42] observed a loss of efficiency after 180
minutes of mAC use for Tc degradation, and complete Tc removal was obtained
beyond 60 minutes when the ozonation/ mAC process was coupled with other
chemical oxidants. In addition, Lu et al. [43] demonstrated that when using a
bifunctional catalyst, in a coupled ozonation/photocatalysis process, a decrease of
88% in total organic carbon (TOC) was achieved within 80 minutes for a Tc solution.

For Pen G, opposite trend was observed on AC_OP where adsorption capacity
values increased very significantly from 4% to 69%. Enhancement in Pen G
adsorption was also obtained on the mACs (24% and 40% for SAR_Fe2 and
AC_Fe3, respectively). This strongly suggests that the affinity of Pen G has thus
increased over the three cycles leading to a better removal (> 99%) of the molecule
during ozonation. This increase in affinity can be associated with the appearance of
FT-IR bands at 3526 cm™ for AC_Fe3 and AC_OP, corresponding to the elongation
vibrations of OH surface groups [19].

The optimization study by Hekmatshoar et al [44] previously showed that the
efficiency of the simple adsorption process on AC, the simple ozonation process,
and the catalytic ozonation process with AC were 11%, 33%, and 85%, respectively,
when removing Pen G at pH 10.

AC_OP has a very good affinity for Ery and its adsorption capacity increases by 20%
after the ozonation cycles. Very low adsorption is observed for SAR_Fe2 against a
clear increase (47%) in the adsorption capacity of AC_Fe3. The removal of Ery is not
complete after the three ozonation cycles on the different carbons. A 93 % removal
is observed on SAR_Fe2, 97% on AC_OP and 98% on AC_Fe3. For comparison,

Danalioglu et al [45] had measured, for a mAC, an adsorption capacity of 178.6 mg
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405

g, and desorption efficiency of Ery lower than 20% after more than 5 hours for
different solutions. Degradation of Ery after three cycles on multi-walled carbon
nanotubes in the presence of ozone leads to a TOC/TOCo ratio higher than 0.7 [46].

The study by Alameddine et al [47] showed that the combination of AC and O3 was
very efficient for the degradation of micropollutants including antibiotics. However,

the prepared AC could neither degrade nor adsorb pollutants after a first use.
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Table 2. Production of hydroxyl radicals for different catalytic ozonation.

Catalytic ozonation mol' s References

Ozone + nano zinc oxide 1.7624 x10" [38]

Alkaline catalytic ozonation | 3.5867 x10-10 [45]

Ozone + SAR_Fe2 7.10 x 10710 This work
Ozone + AC_OP 1.77 x 1010 This work
Ozone + AC_Fe3 1.57 x 10710 This work

4. Conclusion

Magnetic activated carbons based on the biomass Sargassum sp. were prepared to
allow magnetic separation and to be used as catalytic ozonation supports for the
removal of tetracycline, penicillin, and erythromycin from water. Our work showed
that the different materials selected (AC_Fe3, AC_OP, and SAR_Fe2) were effective
in producing hydroxyl radicals after three cycles of use. Stability of SAR_Fe2 is
demonstrated after more than five cycles of use, with a pCBA degradation
performance of more than 92% during ozonation.

The advanced oxidation process based on ozonation coupled with ACs used as
catalytic support showed its efficiency in removing pollutants, with a removal rate of
more than 96% for Ery, and more than 99% for Pen and Tc, after three cycles of use.
These results, therefore, provide new possibilities for the use of Sargassum sp.
algae for the removal of pollutants from wastewater. However, certain aspects such
as the kinetics and mechanisms of pollutant degradation, the performance of AC in
real wastewater, and the optimization of the ozone utilization rate must be deepened
order to conclude on the technological applicability of this hybrid process, before
promoting a large-scale implementation of these new bio-sourced and multifunctional

activated carbons.
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E-supplementary data of this work can be found in online version of the paper
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