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Abstract

BACKGROUND: The contribution of persulfate oxidation to the water treatment

technologies based on advanced oxidation processes is howadays widely accepted. However,

the importance of the water matrix on the removal of micropollutants has been neglected
Q) during early screening of heterogeneous catalysts, which can hinder further developments in
the field.

RESULTS: Three magnetic graphitic nanocomposites (MGNC), obtained by carbon

cl

) ﬁ encapsulation of magnetite (FesO,), nickel ferrite (NiFe,O,4) and cobalt ferrite (CoFe;0y),
were prepared and employed as heterogeneous catalysts in the activation of persulfate for the
degradation of antibiotic sulfamethoxazole (SMX). The importance of the water matrix and
its constituents on the performance of the MGNC materials was assessed. It was found that
their relative performance in terms of oxidation of SMX in pure water decreases in the order:
NiFe;O4/MGNC > Fe3;04/MGNC > CoFe,0O4/MGNC. However, the order changed
(FesO4/MGNC > NiFe;O4/MGNC > CoFe,O4/MGNC) when drinking water or secondary
treated wastewater were employed. The individual effects of the water matrix constituents,
such as bicarbonate, chloride, pH, and humic acid, or the use of added radical scavengers, on
the catalyst performance were investigated, while the heterogeneous nature of the process was
confirmed through leaching tests.

CONCLUSION: A realistic water matrix should be considered throughout all the steps
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involved in the evaluation of new heterogeneous catalysts for the activated persulfate
oxidation of SMX. Otherwise, misleading conclusions may be withdrawn, limiting potential

improvements of this treatment technology.

Keywords: catalytic activity; contaminants of emerging concern; magnetic graphitic

nanocomposites; water quality.
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1. Introduction

The inadequacy of conventional water treatments based on biological processes to remove
persistent organic contaminants from water matrices has driven the scientific community
towards the study of alternative treatment processes and related technologies, such as the so-
called Advanced Oxidation Processes (AOPs) and Advanced Oxidation Technologies
(AOTs). Different AOPs and AOTSs have been studied, including photocatalysis *, ozonation
2 electro-oxidation 3, cavitation #, Fenton process °, catalytic wet air oxidation °, catalytic wet
peroxide oxidation ’ and persulfate oxidation . They were initially regarded as those relying
on the generation of hydroxyl radicals (HO"), which subsequently act as the active species for
the destruction of the organic pollutants present in water. ° Nowadays, the participation of
other reactive oxygen species is also recognized. This is the case of persulfate oxidation, in
which highly reactive sulfate radicals (SO,”) are formed upon activation of the persulfate
anion (S,0g%). ® Among the different strategies for persulfate activation (e.g., thermal,

alkaline, ultraviolet, ultrasonic, electrochemical and/or adding catalysts), & °

the application
of transition metals allows obtaining SO, through a reaction mechanism similar to that of the
Fenton process (cf. Egs. 1 and 2), i.e., via a one-electron transfer mechanism from the ferrous
ion (Fe®") to S,05>. M Secondary HO' radicals are also expected to participate in the activated
persulfate treatment, as they can be obtained through the reaction described in Eqg. 3. % In
this case, the participation of HO' radicals becomes increasingly relevant as the solution pH
increases. ® 2 In addition, a non-radical mechanism was also reported. ** ** This alternative
reaction pathway is based on the ability of persulfate to act as electron acceptor; it involves
electron transfer from the organic pollutant to persulfate, occurring preferably in the presence
of an electron transfer mediator (e.g., conductive materials such as carbon nanotubes). * A

non-radical reaction mechanism involving the formation of singlet oxygen (*O,) has also been

reported. **
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S;08” +Fe** — Fe* +S0,% +5S0,” (1)
Fe** + S,05% Fe®* + S,05" (2)
SO, +OH — SO, +HO (3)

!

In order to avoid the typical constrains of using homogenous catalysts, our previous studies
were focused on the application of magnetic carbon xerogels containing iron and/or cobalt
microspheres embedded in its structure to promote persulfate activation. * ** In those studies,
the ability of the heterogeneous catalysts for activated persulfate oxidation was evaluated
using different model systems for contaminants of emerging concern. In both cases, it was
found that the efficiency of the treatment decreases when ultrapure water is replaced by
environmentally relevant water matrices, such as drinking water and secondary treated

wastewater®® 161> 1614, 1514, 1514, 1514, 1514, 1514, 15 14, 15 geysera] examples of similar phenomena

17,18 19, 20 In

were also reported for other heterogeneous AOPS, including our previous studies.
spite of the recognized impact resulting from the type of water matrix, 2* the performance of
new catalytic systems developed for AOPs is still widely evaluated using unrealistic water
matrices, mainly laboratory grade water (distilled or ultrapure), containing the model
22,23

pollutant under consideration.

The continuous developments achieved in the field of materials science pose an enormous

pted Article

G) potential to improve the efficiency of the different AOPs and AOTSs. In that sense, the goal of
this study is to provide further insights on the importance of the water matrix during the

preliminary evaluation of heterogeneous catalysts for activated persulfate oxidation, i.e.,

CC

during the initial screening of catalysts. Unlike the common practice, in which different
catalysts are initially employed in unrealistic water matrices to select the best performing
system for additional studies, the performances of three hybrid magnetic graphitic
nanocomposites (MGNC) were compared in this work using drinking water and secondary
treated wastewater, in addition to ultrapure water. The MGNC materials prepared in our

previous work were employed for that purpose. 2* These materials are core-shell structures
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composed by a magnetic core and a carbonaceous shell, which were obtained by hierarchical
co-assembly of magnetite (FezO,), nickel ferrite (NiFe,O4) and cobalt ferrite (CoFe,0,)
nanoparticles, and carbon precursors, followed by thermal annealing. * The antibacterial

agent sulfamethoxazole (SMX), often found throughout the urban water cycle, 2> %

was
selected as model system of persistent micropollutants. Sodium persulfate (SPS) was used as

source of persulfate radicals.

cle

° ﬁ 2. Materials and methods

2.1. Chemicals

Sulfamethoxazole (SMX, analytical standard), acetonitrile (99.9 wt.%), humic acid (technical
grade), sodium bicarbonate (99.7 wt.%), sodium chloride (99.8 wt.%), sodium hydroxide (98
wt.%), sodium persulfate (SPS, 99 wt.%) and sulphuric acid (95 wt.%) were purchased from
Sigma-Aldrich, Switzerland. N,N-diethyl-p-phenylenediamine (99 wt.%), monosodium
phosphate (99 wt.%), disodium phosphate (99 wt.%) and tert-butanol (t-BuOH, 99 wt.%)
were obtained from Fluka, Switzerland. Methanol (MeOH, 99.9 wt.%) was purchased from
Riedel-de-Haén, Germany.

All chemicals were used as received, without further purification.

2.2. Water matrices

SMX solutions were prepared in: (i) ultrapure water (pH = 6.5; 0.056 pS cm™ conductivity);

ccepted Art

(i) drinking water (pH = 7.8; 357 uS cm™ conductivity; 250 mg L™ bicarbonates; 9.1 mg L™
sulphates; 5.0 mg L™ chlorides) obtained from a bottle of the commercially available brand
Zagori®, Greece; (iii) secondary treated wastewater (pH = 7.9; 6.2 mg L™ total organic
carbon; 1.07 mg L™ total suspended solids; 18.9 mg L™ chemical oxygen demand; 311 uS cm’
! conductivity; 30 mg L™ sulphates; 0.44 mg L™ chlorides) collected from the wastewater

treatment plant of the University of Patras, Greece; and ultrapure water in the presence of (iv)
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sodium chloride (5.0 mg L™ chlorides), (v) sodium bicarbonate (250 mg L™ bicarbonates),
(vi) humic acid (10 mg L™) and (vii) MeOH or t-BuOH (10 g L™ either) used as radical

scavengers.

2.3. Synthesis of hybrid magnetic graphitic nanocomposites

The hybrid magnetic graphitic nanocomposites (MGNC) were prepared as described in our
previous work, by hierarchical co-assembly of magnetic nanoparticles and carbon precursors,
followed by thermal annealing. ** Magnetite (FesO,), nickel ferrite (NiFe,O4) and cobalt
ferrite (CoFe,O,) were prepared by co-precipitation and then encapsulated within
carbonaceous frameworks, producing three different materials. The materials were denoted as
X/MGNC, in which X represents the magnetic material. Additional details on the synthesis

procedure are provided in our previous publication. **

2.4. Experimental procedure

Activated persulfate oxidation experiments were performed at room temperature (T =25+ 1
°C), in a cylindrical glass reactor (internal diameter = 6 cm; height = 9.5 cm) with magnetic
stirring (500 rpm). The reactor was loaded with a SMX solution (75 mL; 500 pg L™, prepared
in the water matrices described in Section 2.2), the catalyst was loaded (50 mg L™) and SPS
(250 mg L™) was added. When necessary, the solution pH was adjusted before catalyst
addition, by means of sodium hydroxide and sulphuric acid solutions. In all cases, the reaction

was allowed to proceed without further pH conditioning, during 2 h.
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Pure adsorption experiments were performed in the absence of SPS, while non-catalytic
experiments were performed in the absence of catalyst. Leaching tests were performed by
removing the catalyst after 30 min of reaction and allowing the reaction to proceed further.

The standard deviation of the SMX determination was never greater than 2.5% in selected

experiments performed in duplicate.
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2.5. Analytical methods

SMX concentration was determined by high performance liquid chromatography (HPLC),
using a previously described method. ** An excess of methanol was added to each aliquot
withdrawn from the reactor in order to stop the reaction instantaneously. The amount of SPS
was determined by a colorimetric method with N,N-diethyl-p-phenylenediamine, adapting the

procedure described elsewhere. %’

3. Results and discussion

3.1. Catalyst characterization

Fe3s04/MGNC, NiFe,04/MGNC and CoFe,0,/MGNC are core-shell hybrid materials obtained
by encapsulation of FesO,, NiFe,O4 and CoFe,O, nanoparticles within carbon frameworks. 2
The most relevant textural and surface chemistry properties of these materials are summarized

in Table 1. A thorough characterization can be found in our previous publication. 2

3.2. Activated persulfate oxidation experiments: the importance of the water matrix

The performance of the MGNC materials for the activated persulfate oxidation of SMX (500
ug L) was initially evaluated in ultrapure water. SMX conversions obtained after 2 h of
reaction are given in Figure la. For comparison purposes, SMX removal obtained in pure
adsorption runs is also provided. As shown in our previous publication, adsorption of
antibiotic substances over graphitic materials is usually a multilayer process involving mainly
electronic interactions rather than strong chemical interactions. % In this case, a direct
comparison between SMX removals obtained by adsorption and persulfate oxidation should
not be performed as both SMX and SPS are expected to compete for the same active
sites/functional groups during persulfate oxidation experiments. #  Indeed, it was
demonstrated in our previous publication that the amount of SMX (and its oxidation by-

products) adsorbed on the catalyst surface after the activated persulfate treatment is negligible
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when hybrid magnetic carbon nanocomposites are employed. ** Nevertheless, the higher
SMX removal obtained in the presence of SPS, when compared to those obtained only in the
presence of the MGNC materials (i.e., by adsorption), confirms that the three MGNC
materials are active for persulfate oxidation. The non-catalytic SMX removal obtained under
the same conditions, but in the absence of catalyst, is negligible, corresponding to less than
10% of its initial content. It can also be observed that the highest SMX removal is obtained in

the presence of NiFe,O4/MGNC. Therefore, based on the results shown in Figure 1a, it is

cle

[ ﬁ concluded that NiFe,O4/MGNC is the MGNC material with the best performance for the
activated persulfate oxidation of SMX. This is usually a fair assumption. However, it may be
an oversimplified conclusion, as ultrapure water is an unrealistic simple water matrix. In order
to explore this hypothesis, additional experiments were performed under the same conditions,
except that ultrapure water was replaced by drinking water (additional details on this water
matrix are given in Section 2.2). As observed in Figure 1b, the non-catalytic SMX removal
obtained under these conditions is still negligible (ca. 5%), actually decreasing when
compared to that obtained in ultrapure water. Likewise, the SMX removal obtained in the
presence of NiFe,04/MGNC and CoFe,04/MGNC also decreases. This detrimental effect is
particularly relevant in the presence of CoFe,O4/MGNC, the SMX removal obtained by
persulfate activation being actually lower than that obtained by pure adsorption (possibly due
to some competition for the active/adsorptive sites at the surface of the catalyst).

The decrease of pollutant removal observed when ultrapure water is replaced by drinking
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water is usually explained by radical scavenging promoted by inorganic species such as
bicarbonates (250 mg L™) and chlorides (5.0 mg L™). *> However, exceptions to this
behaviour were already reported, as in a recent publication of our group. *® In the present
study, unlike the detrimental effect observed when NiFe;O,/MGNC and CoFe,O4/MGNC are
employed, the SMX removal obtained by activated persulfate oxidation in the presence of

Fe304/MGNC is unaffected when ultrapure water is replaced by drinking water (cf. Figures 1a
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and b). Consequently, based on the results given in Figure 1b, it is concluded that
Fe304/MGNC is the MGNC material with the best performance for the activated persulfate
oxidation of SMX. This is in direct contradiction with the conclusion previously withdrawn
from the analysis of the results given in Figure 1a. In order to provide further insights on this
subject, experiments with secondary treated wastewater (additional details on this water
matrix are given in Section 2.2) were also performed. As observed in Figure 1c, the SMX

removal obtained under these conditions is always below 30% of its initial content. If the

cle

[ ﬁ results given in Figures 1a and c are compared, it is observed that the catalytic activity of the
H MGNC materials significantly decreases when ultrapure water is replaced by secondary
treated wastewater. The presence of organic species is expected to hinder the performance of
the activated persulfate treatment, mainly due to competition with the target SMX molecules
for the oxidizing species. ° Nevertheless, this negative effect is more pronounced in the case
of CoFe,04/MGNC and NiFe;04/MGNC, turning FesO4/MGNC the catalyst with the best
performance for the activated persulfate oxidation of SMX in secondary treated wastewater,
as in the case of drinking water. The extent upon which water matrix impacts the catalyst
performance may be explained by the different reaction mechanisms discussed in Section
3.2.2.
The performance of the activated persulfate treatment obtained in the presence of the MGNC

materials follows the order NiFe,O4/MGNC > Fes04/MGNC > CoFe,04/MGNC, when SMX
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solutions are prepared in ultrapure water, while the relative order of catalytic activity changes
to Fe304/MGNC > NiFe,04/MGNC > CoFe,0,/MGNC, when SMX solutions are prepared in
realistic water matrices (i.e. drinking water and secondary treated wastewater). These results
allow concluding on the critical importance of choosing a realistic water matrix when
evaluating heterogeneous catalysts for activated persulfate oxidation of SMX.

FIGURE 1
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Complementary experiments were performed in order to confirm the heterogeneous reaction
with MGNC catalysts. For that purpose, the so-called “leaching tests” were performed as
described in Section 2.4. As observed in Figure 2a, the reaction solution reveals negligible
activity for SMX removal once Fe3sO4/MGNC is removed after 30 min of reaction. This result
allows concluding that (i) the contribution of metal species, possibly leached from
Fe304/MGNC during the reaction, is negligible when compared to the overall SMX removal
obtained in the presence of the heterogeneous catalyst, and/or (ii) the catalyst itself is stable.
Similar phenomena are observed for NiFe,O4/MGNC and CoFe,O4/MGNC (cf. Figures 2b
and c, respectively), confirming the heterogeneous nature of persulfate oxidation promoted by
the MGNC materials.

FIGURE 2

3.2.1.Individual effect of typical constituents of environmentally relevant water matrices

The natural pH of SMX solutions prepared in ultrapure water is 5.7. However, the pH of
SMX solutions prepared in drinking water and secondary treated wastewater is 7.8 and 8.3,
respectively. In order to study the individual effect of pH on the activated persulfate oxidation
of SMX performed in the presence of the MGNC materials, three experiments were
performed by adjusting the initial pH of SMX solutions prepared in ultrapure water to 7.8.
This increase of pH from 5.7 to 7.8 leads to a similar decrease of the SMX removal for all the
MGNC materials (cf. Figure 3a). Therefore, the effect of pH does not explain why
NiFe,04/MGNC performs better than Fe;O./MGNC in ultrapure water, while the latter
exhibits the best performance in drinking water. Additional experiments were performed with
SMX solutions prepared in ultrapure water, using sodium chloride (5 mg L™ chlorides) and
sodium bicarbonate (250 mg L™ bicarbonates) to mimic the presence of some of the typical
inorganic constituents of drinking water (cf. Section 2.2). Overall, SMX removal is limited

both by the presence of chlorides as of bicarbonates (cf. Figures 3b and c, respectively).
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Nevertheless, in both cases, the detrimental effect seems more pronounced for
NiFe;O4/MGNC and CoFe,O4/MGNC. Indeed, the performance of Fe30,/MGNC surpasses
that of NiFe;O4/MGNC when chlorides or bicarbonates are added to SMX solutions. These
results allow concluding that the performance of the MGNC materials for the activated
Q) persulfate oxidation of SMX is affected differently by the presence of chlorides and
bicarbonates. Moreover, it is suggested that the presence of inorganic species can be held

responsible for the change of the relative order of catalytic activities of the MGNC materials

cl

) ﬁ observed when drinking water is employed instead of ultrapure water (as previously
discussed).

The effect of dissolved organic matter, typically found in secondary treated waste waters, was
also evaluated. For that purpose, humic acid (HA; 10 mg L™) was added to SMX solutions
prepared in ultrapure water. As observed in Figure 3d, the presence of HA limits the SMX
removal obtained in the presence of the MGNC materials. However, as previously observed
regarding the presence of inorganic species, the negative effect promoted by HA is more
pronounced when NiFe;0O,/MGNC and CoFe;O4/MGNC are employed in the activated
persulfate oxidation of SMX. It is thus suggested that the presence of organic species
accounts for the change of the relative order of catalytic activities of the MGNC materials
observed when ultrapure water is replaced by secondary treated wastewater (as previously
discussed).

FIGURE 3

3.2.2.Reaction mechanisms and sites

Accepted Art

The heterogeneous activation of persulfate begins upon the reaction described in Eq. 1
regardless of the iron oxide encapsulated within the carbon frameworks of the MGNC
materials. Nevertheless, the reaction can then proceed via different pathways (involving

secondary HO' radicals and/or non-radical electron transfer mechanism). An indirect way to
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assess the contribution of radicals in the activated persulfate process is to perform

experiments in the presence of various scavengers. In this case, methanol and tert-butanol

were selected as typical scavengers of hydroxyl and sulfate radicals, *° at a concentration

which is 20000 times greater than SMX. As seen in Figures 4a-4c, the detrimental effect of

Q) adding either alcohol on SMX removal is evident for the NiFe,O,/MGNC and
~ CoFe,04/MGNC catalysts, but such effect is insignificant in the case of Fe30,/MGNC.

FIGURE 4

C

[ ﬁ The comparison of the performances of the three catalysts on a quantitative basis can be made
H through Figure 4d where the pseudo-first order rate constants are computed from the profiles
shown in Figures 4a-4c. It is clear that different mechanisms are involved in SMX

degradation, whose relative contribution depends on the interactions between the chemicals

and the catalyst surface. The evolution of SPS concentration during the activated persulfate

oxidation experiments performed in the absence of radical scavengers is also given in Figures

4a-4c. As observed, the conversion of SPS obtained after 2 h under these conditions amounts

o
Q)l ) to ca. 24% and 20% of its original content when in the presence of CoFe,0,/MGNC and
QNiFeZOA,/MGNC, respectively, while it amounts to ca. 6% only when in the presence of
Fe3s04/MGNC. The negligible conversion of SPS promoted by Fe3sO4/MGNC, together with
q) the negligible inhibitory action of the added radical scavengers in comparison with the other
O catalysts, suggests that a non-radical mechanism is the main reaction pathway for the
o degradation of SMX when in the presence of Fe30,/MGNC. Although non-radical reactions
are not fully understood and their occurrence is case-specific, it has been shown that carbon-
based materials can activate persulfate via a non-radical pathway involving the formation of
singlet oxygen (*O,) and/or mediate electron transfer from the organic pollutant (in this case
SMX) to persulfate. ** '* 3° The higher overall resistance to radical scavenging of

Fe3s04/MGNC when the activated persulfate oxidation of SMX is performed in the presence

of alcohols and typical organic and inorganic constituents of real waters and waste waters can
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thus be held responsible for its superior performance in complex water matrices. On the
contrary, the higher conversions of SPS promoted by CoFe,O,/MGNC and NiFe,04/MGNC,
together with the higher inhibitory action of the added radical scavengers, suggests that a
radical mechanism is the main reaction pathway for the degradation of SMX when in the
presence of these catalysts.

Although not all these phenomena can be adequately explained based on the structural and/or
surface chemistry properties of the MGNC materials, the observations reported in the present
study unequivocally highlight the relevance of conducting future experiments/studies with

realistic water matrices.

4. Conclusions

There is little doubt that the field of advanced catalytic oxidation processes for environmental
applications has gained enormous attention over the past few decades. Research advances
include, predominantly, the preparation and characterization of new catalytic materials and,
secondarily, the design and testing of water/wastewater treatment technologies. It was not
until recently, though, that the quality of the aqueous phase was recognized as a critical
parameter affecting treatment performance. In this respect, a growing number of studies are
being performed in matrices other than pure water, i.e. in real or synthetic systems. This is a
step to the right direction since the interactions amongst catalysts, oxidants, water constituents
and contaminants can be extremely complicated leading to unpredictable effects. This being
said, the so-called “water matrix effect” is usually considered as a later stage operating factor
rather than a tool to pre-screen similar but not identical materials (i.e. catalysts,
photocatalysts, activators, electrodes in electrochemical processes), from which the best one
will be selected for subsequent and more thorough testing.

In this light, this study showcases the critical importance of choosing appropriately a realistic

water matrix for the evaluation of heterogeneous catalysts for the activated persulfate
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oxidation of SMX. Ignoring the nature and impact of the water matrix may result in
misleading conclusions, ultimately limiting potential improvements of this treatment
technology arising from the application of new materials. For example, SMX removal in the
presence of MGNC materials follows the order NiFe;O4/MGNC > Fe;0,/MGNC >
CoFe,04/MGNC, when ultrapure water is employed as matrix, while the order changes to
Fe304/MGNC > NiFe,04/MGNC > CoFe,0,/MGNC, when drinking water or secondary

treated wastewater are considered instead. Although the individual effects of the various water

cle

) ﬁ constituents could, to some extent, be predicted and explained, this may not be the case for
the overall, net effect, thus making the selection of water matrix an imperative step during
catalyst and process screening. This is the case of the present study, in which the application
of apparently similar catalysts leads to different reaction mechanisms, such as those involving
mainly (i) sulfate and hydroxyl radicals (NiFe,04/MGNC and CoFe,O4/MGNC), or (ii) non-

radical reactions (Fe304/MGNC).
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TABLE 1

Table 1. Properties of the MGNC materials: specific surface area (Sget), micropore volume
(Vmicro), total pore volume (Vita), pH at the point of zero charge (pHezc), ash content, and

crystallographic phases. Data collected from _ENREF_21%.

Parameter

Material SBETa Vmicroa Vtotala D b Ashes* Crysta"ographic
m?gh) (em*g?) (migh T wi%) phases®

Fe3s04/MGNC 330 0.07 0.31 7.1 27.3  Magnetite, graphite,

maghemite, iron and
traces of hematite

(proto)
NiFe,04/MGNC 345 0.10 0.29 8.7 10.4  Nickel ferrite,
graphite and nickel

CoFe;O4/MGNC 330 0.07 0.31 9.0 14.4  Cobalt ferrite,
graphite and iron

Accepted Article

2 determined from N, adsorption-desorption isotherms at -196 °C; ° obtained by pH drift tests;
¢ determined by thermogravimetric analysis (TGA); ¢ identified by X-ray diffraction (XRD).
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FIGURE CAPTIONS

Figure 1. SMX removal in (a) ultrapure water, (b) drinking water and (c) secondary treated
wastewater, obtained after 2 h in adsorption and activated persulfate oxidation experiments
Q) performed with the MGNC materials. Non-catalytic removals of SMX (i.e., with SPS but in
the absence of catalyst) are also shown. Experiments performed with [SMX]o = 500 ug L™,

T = 25 °C (room temperature), [SPS] = 250 mg L™, [adsorbent/catalyst] = 50 mg L™ and

cl

) ﬁ without pH conditioning (pHo = 5.7, 7.8 and 8.3, in (a), (b) and (c), respectively).

Figure 2. SMX removal as a function of time in activated persulfate oxidation experiments
performed in ultrapure water, with (a) Fe3sOJ/MGNC, (b) NiFe,04/MGNC and (c)
CoFe;04/MGNC, as well as SMX removal obtained during the “leaching tests” performed
(i.e., where the corresponding catalyst was removed from the solution after 30 min of
reaction). The non-catalytic removal of SMX (i.e. in the absence of catalyst) is also shown.
Operating conditions as given in Figure 1.

Figure 3. Effect of (a) pH, (b) chlorides, (c) bicarbonates, and (d) humic acid (HA), on the
removal of SMX obtained after 2 h in activated persulfate oxidation experiments performed in
ultrapure water, with the MGNC materials. Operating conditions as given in Figure 1.

Figure 4. Effect of tert-butanol (t-BuOH; 10 g L™) or methanol (MeOH; 10 g L™) on the
removal of SMX in activated persulfate oxidation experiments performed in ultrapure water,

with (a) Fe3O4/MGNC, (b) NiFe,04/MGNC and (c) CoFe,O4/MGNC. The evolution of SPS

ccepted Art

concentration is also provided in (a)-(c) for the experiments performed in the absence of
radical scavengers. (d) Pseudo-first order rate constants for the profiles shown in (a)-(c).

Operating conditions as given in Figure 1.
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