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ABSTRACT

The degradation of methylparaben (MP) through 20 kHz ultrasound coupled with a bimetallic Co-Fe carbon
xerogel (CX/CoFe) was investigated in this work. Experiments were performed at actual power densities of 25
and 52 W/L, catalyst loadings of 12.5 and 25 mg/L, MP concentrations between 1 and 4.2 mg/L and initial pH
values between 3 and 10 in ultrapure water (UPW). Matrix effects were studied in bottled water (BW) and
secondary treated wastewater (WW), as well as in UPW spiked with bicarbonate, chloride or humic acid. The
pseudo—first order kinetics of MP degradation increase with power and catalyst loading and decrease with MP
concentration and matrix complexity; moreover, the reaction is also favored at near-neutral conditions and in
the presence of dissolved oxygen. The contribution of the catalyst is synergistic to the sonochemical degradation
of MP and the extent of synergy is quantified to be > 45%. This effect was ascribed to the ability of CX/CoFe to
catalyze the dissociation of hydrogen peroxide, formed through water sonolysis, to hydroxyl radicals.
Experiments in UPW spiked with an excess of tert-butanol (radical scavenger), sodium dodecyl sulfate or sodium
acetate (surfactants) led to substantially decreased rates (i.e. by about 8 times), thus implying that the liquid
bulk and the gas-liquid interface are major reaction sites. The stability of CX/CoFe was shown by performing
reusability cycles employing magnetic separation of the catalyst after the treatment stage. It was found that the
CX/CoFe catalyst can be reused in up to four successive cycles without noteworthy variation of the overall
performance of the sonocatalytic process.

1. Introduction

efficiency of the conventional urban wastewater treatment plants based
on traditional biological treatments, to remove biorecalcitrant and

Parabens are esters of p~hydroxybenzoic acid that have been com-
monly employed as preservatives in food, pharmaceutical and cosmetic
industries. They are inexpensive agents with considerable antimicrobial
activity, high water solubility and high stability in a wide pH range [1].
However, their use has recently raised concerns since there are studies
reporting that parabens may be related to human breast cancer, as well
as to behave as endocrine disruptors [2,3], which led to the replace-
ment of parabens from various products.

Although the occurrence of parabens is limited to < 0.8% in cos-
metics, < 1% in pharmaceuticals and < 0.1% in foodstuff [4], they
have been consistently detected in various environmental matrices [5].
This occurs due to industrial wastewater discharges and to the low

* Corresponding author.
E-mail address: mantzavinos@chemeng.upatras.gr (D. Mantzavinos).

https://doi.org/10.1016/j.ultsonch.2020.105045

persistent organic pollutants, typically found in trace amounts (in the
range of ng/ L to ug/L), such as parabens [5]. In this respect, recent
research efforts have been focused on the study of various advanced
oxidation processes (AOPs) as effective treatment technologies for
parabens degradation, including photocatalysis [6-9], activation of
persulfate [10,11], electrochemical processes [12] and ultrasound ir-
radiation [13,14]. The latter relies on the propagation of ultrasonic
waves through a liquid, which alters the local pressure with time and
space and results in the formation of bubbles. The radius of the bubble
will expand, contract and/or collapse in response to these pressure
changes. This phenomenon is called transient cavitation and is char-
acterized by high temperatures and pressures inside the bubble. During
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the final stage of collapse, the velocity of the liquid gas interface ap-
proaches the speed of sound in the liquid and the localized temperature
can rise up to 3000 °C. Such temperatures are responsible for water
decomposition and the subsequent production of H" and HO" radicals
[15]. The latter can oxidize organic pollutants in the liquid bulk and/or
in the vicinity of the bubble, while pyrolytic degradation in the ga-
s-liquid interface and/or inside the bubble may also occur depending
on the physicochemical properties of the pollutants and the specific
reaction conditions.

The effect of medium to high wultrasound frequency (i.e.
200-1000 kHz) on methylparaben (MP) degradation was studied by
Sasi et al [13] reporting on the effect of various operating conditions on
performance, such as power, pH, MP concentration, water matrix
constituents and co-treatment with other pollutants. In addition to the
operating conditions (namely ultrasound frequency in the range
572-1164 kHz), Savun-Hekimoglu and Ince studied the effect of bub-
bling gas (air, argon and ozone) on the oxidation of MP [16]. Our group
investigated [14] the low frequency (i.e. 20 kHz) sonochemical de-
gradation of ethylparaben with respect to the most statistically sig-
nificant operating conditions. Amongst others, it was found that the
simultaneous use of persulfate salt enhanced degradation since ultra-
sound may activate persulfate to generate sulfate radicals. Another way
to influence the performance is associated with the use of a solid ma-
terial that may act as a nucleus facilitating cavitation and/or a catalyst,
enhancing radicals formation in a process typically called sonocatalysis
[16,17].

In this perspective, this study deals with the 20 kHz sonochemical
degradation of MP in the presence of a magnetic carbon xerogel con-
taining cobalt and iron (CX/CoFe). Such xerogels containing either of
the two metals or both were synthesized previously and tested suc-
cessfully for the degradation of sulfamethoxazole [18] and 4-ni-
trophenol [19] by catalytic wet peroxide oxidation, and bisphenol A
[20] and propylparaben [21] by activated persulfate. By selecting a
heterogeneous catalyst that has already been thoroughly studied and
shown to perform well in two different environmental catalytic appli-
cations, it was possible to focus on exploring the interface between
materials science and sonochemistry. As a consequence, this study re-
ports for the first time the beneficial integration of carbon xerogels with
ultrasound for the synergistic degradation of parabens. This enhanced
degradation is a step forward towards developing effective technologies
for the degradation of parabens. In addition, it provides the mechanistic
pathways for the occurrence of several species endogenous to sono-
chemical processes, as well as it studies (i) the effect of various oper-
ating parameters on reaction kinetics, (ii) the addition of persulfate salt
as an extra source of radicals, (iii) matrix effects (in bottled water,
secondary treated wastewater, and ultrapure water spiked with bi-
carbonate, chloride and humic acid), and (iv) catalyst stability in a
series of four runs performed with consecutive reuse of CX/CoFe.

2. Materials and methods
2.1. Preparation and characterization of CX/CoFe

Details of the CX/CoFe catalyst synthesis and characterization pro-
cedures and techniques can be found elsewhere [18]. In brief, the
carbon xerogel consists of interconnected carbon microspheres with
iron and cobalt microparticles embedded in its structure. This can be
done through a simple preparation route in which occurs the inclusion
of iron (considering a Fe/resorcinol molar ratio of 0.05) and cobalt
(considering a Fe/Co molar ratio of 2) precursors during the sol-gel
polymerization of resorcinol with formaldehyde, followed by thermal
annealing. The amount of iron incorporated during the synthesis was
selected based on the typical metal content of carbon-supported iron
catalysts for environmental catalytic applications (in the range of 4 to
7 wt%) [22]; while the amount of cobalt was selected considering the
optimum value previously reported for carbon-supported iron-copper
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catalysts [23]. The resulting powder CX/CoFe catalyst has a specific
surface area of 530 m?/g and contains 4.6 wt% iron and 2.1 wt% cobalt
[18].

2.2. Experimental procedures and analytical protocols

Sonochemical experiments were carried out using a Branson 450
ultrasonic generator operating at a fixed frequency of 20 kHz and a
maximum nominal power of 450 W and connected to a horn-type
transducer made of titanium with a tip diameter of 1 cm. The experi-
ments were performed in a cylindrical and double-walled pyrex vessel,
which was open to the atmosphere (unless otherwise stated). The
working volume was 0.2 L and the bulk temperature was kept constant
at 20 °C with a temperature control unit. Ultrasound irradiation was
emitted in the liquid phase through the horn tip, which was positioned
in the middle of the vessel at a distance of 3 cm from the bottom; ca-
lorimetry was employed to measure the actual power entering the li-
quid. Sonocatalytic experiments started upon adding the CX/CoFe
catalyst and immediately turning on the ultrasonic generator, that time
being considered as t, = 0 min. Silent adsorption runs were performed
in the absence of ultrasonic irradiation, while sonochemical degrada-
tion was also performed in the absence of CX/CoFe. Additional ex-
periments were performed with added sodium persulfate (SPS), in the
presence of conventional radical scavengers and surfactants, and by
purging oxygen from the reaction mixture.

Samples of 1.2 mL were withdrawn periodically from the reactor,
filtered with 0.22-um PVDF filters and analyzed using high pressure
liquid chromatography (Waters Alliance 2695) to monitor MP con-
centration. Separation was achieved on a Kinetex C18 2.6 um
150 X 2.1 mm column (Phenomenex, USA) thermostatted at 45 °C. The
mobile phase consisting of 68:32 water:acetonitrile eluted isocratically,
while the injection volume was 40 pL. Detection was achieved through
a photodiode array detector (Waters 2996 PDA) set at 254 nm.

The concentration of H,O, formed during the process was de-
termined photometrically at 450 nm. The determination based on the
reaction of H,O, with ammonium metavanadate in acidic medium,
which results in the formation of a red-orange color peroxovanadium
cation [24].

2.3. Chemicals

Methylparaben (MP) analytical grade, sodium persulfate (SPS, 99 +
%), acetonitrile (99.9%), humic acid (HA, technical grade), sodium
hydroxide (98 wt%), and sulfuric acid (95 wt%) were obtained from
Sigma Aldrich, while t-butanol (99%), glucose (99%), sodium dodecyl
sulfate (SDS) and sodium acetate (99%) were purchased from Fluka.

The water matrices used were: (i) ultrapure water — UPW
(pH = 6.5, 0.056 pS/cm conductivity), (ii) drinking water (pH = 7.8,
357 pS/cm conductivity, 250 mg/L HCO3; ™, 9.1 mg/L S0427, 5 mg/L
Cl™) obtained from commercially available bottled water — BW; (iii)
secondary treated wastewater - WW (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 SO4>~, 0.44 mg/L Cl™)
collected from the wastewater treatment plant of the University of
Patras campus, Greece.

3. Results and discussion

Fig. 1 shows concentration-time profiles for MP degradation during
ultrasound irradiation at 25 and 52 W/L actual power density, as well
as for the integration of the CX/CoFe catalyst (25 mg/L) with ultra-
sound, and for MP silent removal due to adsorption on CX/CoFe. The
latter is responsible for 29.2% removal after 60 min of adsorption on
25 mg/L catalyst. Ultrasound in the absence of catalyst results in 10%
MP degradation after 60 min of irradiation at 25 W/L and this increases
to 64% at 52 W/L (the experiment at 25 W/L was extended to 120 min
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Fig. 2. Formation of H,O, during water sonolysis at 52 W/L with and without
CX/CoFe (25 mg/L).

(not shown for uniformity of presentation) leading to 37.3% degrada-
tion). Enhanced cavitational activity occurring at increased levels of
ultrasound power presumably results in increased degradation rates
[15].

The sonocatalytic experiment results in 54.6% MP degradation after
60 min at 25 W/L and almost complete degradation within 45-60 min
at 52 W/L. The dashed lines shown in Fig. 1 correspond to the com-
puted concentration profiles of MP degradation if the respective data
from the individual processes, i.e. sonochemical degradation and silent
adsorption, were simply added up together. It is evident that the effect
of coupling ultrasound irradiation with the catalyst is synergistic rather
than cumulative since the actual profiles of the sonocatalytic process lie
below the computed profiles. To quantify the extent of synergy (S), one
can employ the following formula [25]:
- kUS _kcat

S(%) - 1OOkUS+cat
kUS+ca[ (1)

where kys + ca, kus and ke, refer to the apparent rate constants of the
sonocatalytic, sonochemical and adsorption processes, respectively.

On the assumption that the aforementioned processes can be de-
scribed by a pseudo-first order kinetic expression, in terms of MP
concentration ([MP]):

d[MP] _
T g kMl @

k values can be computed from the data of Fig. 1. Following this
methodology, the extent of synergy is equal to 46% and 74% for the
runs at 25 and 52 W/L. According to Eq. (1), positive S values indicate
process synergy, negative values are characteristic of an inhibitory ef-
fect, while a zero value is typical of a cumulative (additive) effect.

Synergy can be explained on the grounds that catalyst particles act as
nuclei for the formation of more cavitation bubbles, whose collapse
results in more hydroxyl radicals and other reactive species in the li-
quid. This is consistent with the fact that MP degradation rate decreases
with decreasing catalyst concentration, as can be seen in Fig. 1B, from
0.079 min~! at 25 mg/L to 0.029 min~! at 12.5 mg/L. Moreover,
particles are better dispersed in the liquid due to the action of ultra-
sound, while mass transfer from the liquid to the particle surface may
also be enhanced.

Furthermore, CX/CoFe may catalyze the decomposition of H;0»
formed during ultrasound irradiation, thus mimicking a Fenton-like
reaction. Specifically, hydroxyl radicals, formed via water sonolysis
(Eq. (3)) can partly recombine yielding hydrogen peroxide (Eq. (4)),
which in turn reacts with hydrogen to regenerate hydroxyl radicals (Eq.
(5)) [26,27]. In addition, iron in the catalyst spinel can react with H>O»
(Eq. (6)) to facilitate the regeneration of hydroxyl radicals.

)))

H, 0= H-+HO- 3)
HO  + HO — H,0, (€))
H,O, + H — H,0 + HO’ (5)
Fe?™ + H,0, — Fe*™ + HO" + OH™ (6)

The formation of H,O, during water sonolysis was evidenced ex-
perimentally, as can be seen in Fig. 2. In the absence of catalyst, H>O,
concentration increases steadily over time reaching ca. 4 mg/L after
180 min of sonication. Nonetheless, its concentration is suppressed
considerably in the presence of catalyst presumably due to the occur-
rence of reaction (6). Indeed, the ability of CX/CoFe to act as hetero-
geneous Fenton catalyst was already shown under different operating
conditions [18,19]. Moreover, interactions between the generated ra-
dicals and the solid surface cannot be excluded and this would also
restrict the occurrence of reaction (4).

Fig. 3 shows the detrimental effect of increasing MP concentration
on its degradation; a 6.5-fold rate decrease occurs when MP con-
centration increases from 1 to 2-4.2 mg/L. This implies that the reac-
tion is not truly first order since the rate constant changes with chan-
ging MP concentration and this is associated with the substrate to
oxidizing species relative concentration. At a fixed set of operating
conditions (i.e. ultrasound frequency and power density, catalyst con-
centration, etc.), the oxidants are produced at a certain rate and,
therefore, their concentration is expected to be nearly constant. In this
sense, the critical factor is the substrate concentration which will dic-
tate whether oxidants are the limiting reactant or not and, conse-
quently, the degradation kinetics.

In further experiments, the effect of adding sodium persulfate on
process performance was investigated and the results are shown in
Fig. 4. The rational for this set of experiments has to do with the fact
that SPS activation to generate extra sulfate and hydroxyl radicals can
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Fig. 4. Effect of 250 mg/L SPS addition on 1 mg/L MP sonocatalytic de-
gradation at 52 W/L with 25 mg/L CX/CoFe in UPW. The respective silent runs

are also shown. Numbers in brackets show k values in min~*.

be implemented by both the carbocatalyst containing iron and cobalt
[28-31] and the action of ultrasound [32]. Indeed, the catalyst seems to
activate SPS, thus enhancing MP removal during the silent run; this is
consistent with previous findings of our group concerning the removal
of bisphenol A by the CX/CoFe-SPS system [20]. Nonetheless, the
combined action of catalyst and ultrasound to activate SPS is detri-
mental to MP degradation in comparison to the sonocatalytic process.
Applying by analogy Eq. (1), the extent of synergy is negative
(—35.8%), clearly indicating an antagonistic effect.

All the experiments described so far were performed in UPW, thus
ignoring the likely interactions amongst the target pollutant, the cata-
lyst, the oxidants and the water matrix, and the non-target constituents.
Fig. 5a shows the detrimental effect of actual water matrix (WW and
BW) on MP degradation; the rate in UPW decreases by about 40% in
BW and 80% in WW. Inorganic constituents in actual matrices include
various anions and cations (see also Section 2.3), while natural organic
matter can also be found; the latter is usually represented by humic
(HA) and fulvic acids. Fig. 5a also shows an experiment with UPW
spiked with 10 mg/L HA to simulate the organic content of the WW
sample. MP degradation rate is impeded in relation to UPW by about
60% but still is faster than in WW. The effect of bicarbonate, the
dominant anion in natural waters, is depicted in Fig. 5b. The addition of
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250 mg/L bicarbonate in UPW (this concentration matches that in the
BW sample) retards MP degradation by ca. 50%. A similarly negative
effect is associated with the addition of chloride in UPW, as can be seen
in Fig. 5c. It is documented that bicarbonate [33,34] can scavenge
hydroxyl radicals to form carbonate radicals (CO3 ), whose oxidation
potential is 35% lower than hydroxyl radicals (Eq. (7)).

HCO;™ + HO" — CO5" ~ + H,0 %)

On the other hand, chloride reacts with hydroxyl radicals (Eq. (8))
to form the less reactive chlorine radicals (Eq. (9)) [35], whose for-
mation is favored in neutral to acidic condition (pH < 7.2) [36].

ClI” + HO" — HOCl' — (8)
HOCI'~ + H* = Cl' + H,0 9

The influence of solution pH on MP degradation is presented in
Fig. 6. The inherent pH = 6 of UPW was adjusted to acidic or alkaline
conditions adding a measured volume of acid or alkali, correspond-
ingly. Degradation is favored at inherent pH but retarded at acidic or
alkaline conditions. The pK value of MP is about 8.5, while the pzc
value of CX/CoFe is 7.7 [18]. This means that at pH = 6, the surface of
the CX/CoFe catalyst is slightly positive and MP is almost neutral, with
only a small amount positively charged. On the contrary, at pH = 3 the
surface of CX/CoFe and MP are highly positively charged and electro-
static repulsion occurs, thus reducing degradation. At pH = 10, part of
hydroxyl radicals are neutralized reacting with hydroxyl anions to
produce oxygen, while the highly negative charge of MP and the cat-
alyst surface worsens the adsorption process.

It must be pointed out that the effect of pH may partly explain the
effect of actual water matrices shown in Fig. 5a. For example, the
slower MP degradation in WW may be associated, to some extent, with
the basic pH (i.e. 8) of the matrix.

In general, sonochemical degradation reactions may occur in three
regions, namely (i) the bubble itself, whereas pyrolytic reactions are
likely to occur (ii) at the vicinity of the bubble-liquid interface, and (iii)
in the liquid bulk; in the latter two cases, radical reactions are likely to
dominate [15]. Experiments were conducted in UPW spiked with an
excess of various organics that can deliberately interfere with MP de-
gradation, in an attempt to identify the most probable reaction sites; the
results are summarized in Fig. 7. t-Butanol, an effective hydroxyl ra-
dical scavenger in water sonolysis [37], quenches the reaction leading
to only ca 20% of MP degradation after 60 min. The addition of either
sodium dodecyl sulfate (SDS) or sodium acetate, both having surfactant
properties, is also detrimental to degradation; surfactants comprising
hydrophilic and hydrophobic parts are likely to position themselves in
the bubble-liquid interface, thus restricting reactions at this site. The
presence of glucose, which is expected to compete for the reactive
species in the liquid bulk since it is fully soluble, also retards de-
gradation. In this view, radical reactions in the vicinity of the interface
and in the liquid bulk seem to be responsible for the sonochemical
degradation of MP.

All the experiments described so far were conducted under air—
equilibrated conditions. To verify the role of hydroxyl radical and other
oxygen species, additional experiments were performed under a con-
tinuous flow of nitrogen and the results are depicted in Fig. 8. As clearly
seen, stripping of oxygen from the liquid phase is detrimental to MP
degradation both in the presence and absence of catalyst. In addition to
the reactions (3)-(5), which are directly related to water sonolysis, the
presence of oxygen can trigger the reactions (10)—(13), thus enhancing
the formation of hydroxyl and hydroperoxyl radicals [15,38]:

02220 (10)

H,0, + O — HOO' + HO' a1

O, + H" — HOO’ (12)
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HOO" + HOO" — H30, + O, a3

The absence of the reactions (10)-(13) under nitrogen sparging
presumably suppresses the formation of reactive oxygen species and,
consequently, MP degradation. It should be mentioned here that water
saturated with nitrogen may improve the formation of other reactive
species such as nitrate and nitrite radicals [38,39]; however, this seems
inadequate to compensate for the loss of oxygen species in the system.

Catalyst stability, which is considered a basic requirement for real
scale applications, was also studied. A series of four sonocatalytic runs
was performed with consecutive reuse of CX/CoFe. The in-situ mag-
netic separation procedure previously reported for the recovery of CX/
CoFe after the treatment stage was employed for that purpose [18].
Briefly, the catalyst was separated after each run by allowing its

1
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Fig. 7. Effect of various scavengers on 1 mg/L MP sonocatalytic degradation at
52 W/L with 25 mg/L CX/CoFe in UPW. Numbers in brackets show k values in
min~ . All scavengers were added at 2 g/L except butanol at 10 g/L.

deposition on the magnetic stirring bar. Afterwards, the treated water
was recovered, and the catalyst was reused upon the addition of a fresh
MP solution. As seen in Fig. 9, MP degradation obtained after 45 min is
not particularly affected by the successive reuse of the catalyst, thus
revealing the high stability of CX/CoFe for the sonocatalytic treatment
process, and its potential usefulness for practical applications. Never-
theless, a slight decrease in the degradation kinetics is observed from
the 1st to the 2nd cycle, which may be due to an increased contribution
of pure adsorption in the early stage of the 1st cycle. Afterwards, from
the 2nd to the 4th cycle, the kinetics of MP degradation remain un-
affected.

4. Conclusions

The following conclusions can be drawn from this study:
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Fig. 9. Degradation of 1 mg/L MP in UPW. obtained in a series of four sono-
catalytic runs performed with consecutive reuse of CX/CoFe (25 mg/L) at

52 W/L. Numbers in brackets show k values in min~'.

1) Methylparaben can be degraded by low frequency ultrasound and
the rate increases with increasing power density. The presence of a
carbon xerogel containing cobalt and iron enhances degradation in a
synergistic way. This is, to a certain degree, due to CX/CoFe cata-
lyzing the dissociation of hydrogen peroxide, formed through water
sonolysis, to hydroxyl radicals.

2) Sonocatalytic degradation mainly occurs through reactions invol-
ving hydroxyl radicals and other oxygen species that occur in the
vicinity of the bubble-liquid interface and in the bulk solution. This
is evidenced through experiments (i) adding conventional radical
scavengers and surfactants, and (ii) purging oxygen from the reac-
tion mixture.

3) Water matrix effects are detrimental to sonocatalytic degradation of
methylparaben. This seems to be due to various inorganic and or-
ganic species inherently present in natural waters and wastewaters.

4) The addition of persulfate salt as an extra source of radicals acti-
vated by both the ultrasound and the catalyst is inhibitory to the
sonocatalytic reaction. It may be hypothesized that an excessive
amount of radicals generated by the combined process leads to
self-scavenging reactions.

5) CX/CoFe revealed high stability for the sonocatalytic degradation of
methylparaben, as shown by performing a series of four cycles with

Ultrasonics - Sonochemistry 64 (2020) 105045

consecutive catalyst reuse.
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