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Abstract

In the present study, ultrasound (US) was coupled with an electrochemical process (ECP)
consisting of a novel cathode of carbon cloth (CC)-carbon black (CB) as the nano-composite air-
dispersion cathode (NADC) for the degradation of paracetamol (APAP) in an aquatic medium.
The NADC favored in situ production of H,O, by the cathodic reduction. The implementation of
iron sacrificial anode instead of dimensionally stable anodes resulted in the generation of
Fe?*Fe**,0, nanostructures in the solution. The Fe?*Fe**,0, nanostructures were activated by
means of both US and H,0, to produce more "‘OH in the aqueous solution. In addition, the
utilization of US caused the conversion of H,O, to "OH irrespective of free oxidizing radicals
generated through cavitation phenomenon. The hybrid method based on coupling US and
NADC-ECP in the presence of Fe**Fe**,0, nanostructures proved synergism (39.8%) allowing
to effective decomposition of APAP. The pulse mode of US enhanced the degradation efficiency
of APAP as compared to the sweep and normal modes. The intermediates of the degradation
route were identified using GC-MS analysis as well as mineralization efficiency. The toxicity
assay was also performed based on the inhibition test using activated sludge of a biological

wastewater treatment plant.

Keywords: Ultrasound; Sonocavitation; Hydrogen peroxide; Air-permeable cathode; Magnetite

nanostructures; Pharmaceuticals.
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1. Introduction

In recent years, the growth of public consciousness about various kinds of environmental
problems has persuaded legislative organizations to limit the discharge of pollutants into
terrestrial and aqueous environments. Among various environmental media, the contamination of
aquatic environments by emerging pollutants such as pharmaceutically active compounds
(PhACs) has attained higher interest due to their toxic effects even at low concentrations [1, 2].
In fact, a growing attention on the decontamination of PhACs-contained waters is observed.
PhACs have proposed as a new classification of water pollutants, which have been detected in
the aquatic environments such as rivers, lakes, reservoirs and groundwater [3]. Among PhACs,
the non-steroidal anti-inflammatory pharmaceuticals such as paracetamol (APAP) are of high
importance due to their large consumption for treatment purposes [3]. APAP is a widely
consumed anti-inflammatory drug which is inadequately degraded in wastewater treatment
systems [1, 4]. It is widely consumed for the relief of minor pains, fever, inflammation,
headaches, and the treatment of cold and flu [4, 5]. PhACs such as APAP are classified as
refractory organic compounds which are resistant against the conventional biological treatment
technologies [6]. Therefore, research studies are conducted to initiate novel and efficient
treatment methods than those currently used in environmental remediation. In this regard,
advanced oxidation processes (AOPs) such as photocatalysis [1, 7], sonocatalysis [8, 9], Fenton
[10, 11], and electroFenton [6] have been proposed as efficient treatment technologies for the
elimination of PhACs in the aqueous phase owing to the generation of free hydroxyl radical
(‘OH) with very high oxidizing potential compared with conventional oxidizing agents.
Hydroxyl radical, as a non-selective oxidizing agent, can effectively degrade APAP to less toxic

or even non-toxic compounds within a short reaction time [10]. The electrochemical AOPs
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(EAOPs) are an attractive group of treatment processes for degrading emerging pollutants such
as pharmaceuticals [2, 12-14]. The direct anodic oxidation via various dimensionally stable
anodes is proposed as the main category of EAOPs. During the direct anodic oxidation, ‘OH is
generated by the dissociation of water molecules when stable anodes are used. In our previous
works, Pt anode was applied as the stable anode where an air-dispersion electrode was
implemented as porous cathode for the reductive production of hydrogen peroxide as represented

in Eq. (1) [2, 15-17]:
0, + 2H* + 2e~ - H,0, 1)

The addition of Fe ions chemical sources to the abovementioned electrochemical process could
be resulted in the generation of ‘OH in the solution based on Fenton reaction. In an innovative
manner, in the present study, iron anode was utilized as sacrificial anode in order to generate
Fe?*Fe**,0, (magnetite) particles in the oxygen-free solution on the basis of the Schikorr

reaction [18]:
3Fe(OH), — Fe;0,(Fe0 - Fe,05) + H, + 2H,0 (2)

Consequently, "OH can be formed as a result of the interaction between in situ generated H,0,
and as-generated Fe’*Fe®*,0, particles through the Fenton reaction, which is shown in Egs. (3)

and (4) [17, 19-23]:
Fe3* + H,0, » Fe?* + HO; + H* (3)
Fe?* + H,0, » Fe3* + OH™ + °"OH (4)

Nowadays, researches on the decomposition of PhACs by means of AOPs have focused on the

application of sonocavitation based AOPs [5, 24-26]. Furthermore, the US has been coupled with
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conventional electrochemical treatment processes in order to improve the decomposition
efficiency [24, 27]. In the present study, the US was combined with an electrochemical process
(ECP) equipped with air-dispersion cathode and iron sacrificial anode instead of conventional
configurations. The irradiation of US can result in the activation of as-generated Fe?'Fe®*,0,

particles to generate more ‘OH in the bulk solution according to the following equation [28, 29]:

Fe3* + H,0 + US - Fe?* + "OH + H* (5)

The porous cathode was comprised of a flexible carbon cloth (CC) covered by carbon black (CB)
nanoparticles in order to enhance the mechanical and electrical properties of the as-prepared
nanocomposite air-dispersion cathode (NADC). In summary, the integration of US with both
Fe?*Fe*,0, nanostructures released from sacrificial anode and H,O, generated by NADC could
be very effective for highly efficient production of free radical species in the bulk solution to
synergistically degrade the APAP molecules. Based on our hypothesis, these three factors could
serve as an effective triangle for synergistic decomposition of the refractory target pollutant. To
the best of our knowledge, the treatment system described above has not been used in any study

to decompose various environmental pollutants.

2. Materials and methods
2.1. Chemicals and preparations

APAP with molecular structure of CgHgNO, and molecular weight of 206.29 g/mol was prepared
from Sigma-Aldrich (USA). The CB (VULCAN, XC72R) was obtained from Cabot Co. (USA).

Teflon-treated CC (thickness: 0.11 mm) and PTFE (5 wt% Teflon emulsion) were obtained from
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ElectroChem, Inc (USA). The NAPC was synthesized via the procedure represented in our

previous research study [2].

2.2. Experimental set-up and analytical methods

The electrochemical cell was consisted of the iron anode, NAPC and DC power supply. The
ultrasonication of the cell was accomplished using an ultrasonic bath (Elma, P30H, Germany).
Sodium sulfate was used as supporting electrolyte of the ECP. For the analysis, 10-mL samples
were withdrawn from the reactor. Then, they were centrifuged for 5 min at 10000 rpm. The
residual concentration of APAP in as-prepared samples was determined utilizing high
performance liquid chromatography (HPLC, Agilent Co.). The measuring device was equipped
with a reversed-phase C18 column and an UV detector adjusted to the wavelength of 242 nm.
Acetonitrile and phosphate buffer (pH=4.8) were mixed to use as mobile phase (volumetric
ratio of 15:85). The flow rate of the mobile phase was 1 mL/min. The concentration of hydrogen
peroxide generated through the cathodic reduction was measured as follows: 4-mL samples were
withdrawn from the bulk solution. Then 3 mL iodide reagent [potassium iodide (0.4 M),
ammonium molybdate (10 * M), and sodium hydroxide (0.06 M)] and 3 mL buffer solution (0.1
M potassium biphthalate) were added to each collected sample. The absorbance of the samples
was measured at wavelength of 351 nm by means of a UV-Vis spectrophotometer (Hach Co,
USA). The role of main operational parameters, including initial pH, APAP concentration,
electrolyte concentration, current intensity, US frequency, US power, and irradiation mode was
evaluated to reach a better understanding of the performance of treatment process. In the

following, the treatment processes were kinetically evaluated. Preliminary evaluation of the data
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revealed that a pseudo-first order kinetic model can be used for this purpose. The present study
was further aimed to identify as-generated organic and inorganic byproducts during the
decomposition of APAP by the combined process by means of gas chromatography-mass
spectroscopy (GC-MS) technique (GC Agilent 7890 MS Agilent 5975, USA). For this purpose a
HP-5 capillary column was used with helium as carrier gas (flow rate of 1 mL/min; injection

mode — split 10:1).

2.3. Characterization

For the surface characterization of NADC, Field emission scanning electron microscopy was
utilized (TESCAN FE-SEM, Model: Mira3, Czech Republic). The crystallinity of the samples
was evaluated via X-ray diffraction (PANalytical XRD, X'Pert Pro MPD, the Netherlands). The
thermal stability of the air-dispersion cathode was assessed using the thermogravimetric analysis
accompanied by derivative TGA (TGA/DTG) (TA thermogravimetric analyzer, SDT Q600,
USA) under Ar atmosphere. The stability of the samples was checked within the heating range of
25-600 °C based on the adjusted heating rate of 10 °C/min. The mass of sample was 2.83 mg to

avoid any possible influence of the mass and heat transfer limitations.

2.4. Activated sludge inhibition test

The toxicity of the effluents after various treatment processes was assayed through activated
sludge inhibitory examination. In this procedure, the return activated sludge of the biological

activated sludge process with mixed liquor volatile suspended solids (MLVSS) of about 1770
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mg/L was used. The MLVSS was determined according to our previous research work. Oxygen
uptake rate (OUR) of the activated sludge sample was measured after the addition of various
effluents (US alone, NADC-ECP alone and US/NADC-ECP effluents) using dissolved oxygen
meter (WTW, Oxi 3205, Germany). According to the results, the oxygen consumption inhibition

[lour(%)] was calculated using below equation:

OURg
OURp

Iour (%) = [1 - ] x 100 (6)

where OURs and OURg were the OUR of the sample containing APAP and the OUR of the

blank sample.

3. Results and discussion
3.1. Characterization
3.1.1. FE-SEM and XRD

FE-SEM analysis was accomplished to evaluate surface morphology of the particles generated
during the anodic corrosion. The images were exhibited in Fig. 1 (a) and (b) with different
scales. As shown, the formation of particles in nano-size (<100 nm) can be clearly seen in Fig. 1
(b). In the following, XRD analysis was performed to identify the phase and crystallinity of the
nanostructures (Fig. 1 (c)). The peaks placed at 30.54 (220), 35.89 (311), 43.44 (400), 53.79
(422), 57.49 (511), 62.94 (440) and 74.39° (533) were related to magnetite (Fe?*Fe**,0,)
structure (JCPDS card number of 19-0629) [30] with no impurity peak in the obtained pattern.
Moreover, an appropriate crystalline structure was attained for the Fe?*Fe**,0, nanostructures. In

the case of porous cathode, the FE-SEM image of pure CB indicated the nano-size of CB
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particles with spherical shapes to be acted as a suitable conductive coating agent for the porous
cathode (Fig. 2 (a-1)). As shown, the nanoparticles in grape-like clusters did not show obvious
boundaries. The corresponding XRD pattern of pure CB was depicted in Fig. 2 (a-2). As shown,
the broad peak in the pattern of CB centered at 23.41° was attributed to the (002) plane of
carbonaceous materials [31]. In addition, the broad peak centered at 43.46° was also related to
the (100) plane of the carbonaceous substance. The FE-SEM image of pure CC was also taken.
The carbonaceous strings can be clearly seen in Fig. 2 (b-1). Moreover, some nanostructured
shards on the surface of the strings were observed by means of the obtained FE-SEM image. The
presence of these nanostructured shards could be beneficial for the efficient incorporation of CB
nanoparticles into the CC porous structure. The corresponding XRD pattern of CC was displayed
in Fig. 2 (b-2). The intense peak located at 18.16° and the weak peak placed at 36.76° confirmed
the presence of Teflon in the structure of PTFE-treated CC [32]. The peak placed at 25.21° was
associated with the carbonaceous structure of CC. Fig. 2 (c-1) showed the appropriate
immobilization of CB nanoparticles on the surface of CC strings. The favorable coverage of the
surface of the CC by CB nanoparticles is quite evident. The CB nanoparticles were aggregated
on the surface of CC to some extent. However, this aggregation resulted in the creation of
numerous pores in grape-like clusters. Evaluation of the crystalline structure of CB-coated CC
showed no significant change in the pattern of CC after being covered with CB nanoparticles
(Fig. 2 (c-2)). In fact, the composition of the CB nanoparticles would not significantly modify

the CC structure.

3.1.2. TGA/DTG
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The stability of the samples at different temperatures was checked via TGA/DTG analysis. Fig. 3
exhibits the TGA/DTG graphs of both uncoated and CB-coated CC. In the case of uncoated CC,
the total weight loss of 23.91% was obtained in the temperature range of 25-600 °C (Fig. 3 (a)).
The peak in the DTG curve indicated the temperature at which the maximum drop in weight
occurred. As can be clearly seen, the maximum drop in the weight of uncoated CC was observed
at about 570 °C, which was due to the thermal degradation. It can be also concluded that the
material is thermally stable (no weight loss) up to approx. 500 °C. In the case of CB-coated CC,
two main peaks were observed in the DTG curve (Fig. 3 (b)). The first was observed at 501 °C
and the latter at 557 °C. This was attributed to the presence of CB nanostructures in the
interconnected structure of CC. The weight drop of CB-coated CC was obtained to be 50%
within the temperature range of 25-600 °C. Actually, CB has a polyaromatic structure which is
produced through the partial combustion of gaseous or liquid hydrocarbons. Hence, the
significant weight loss of CB-coated CC could be ascribed to the thermal cracking of the
polyaromatics in the structure of CB, which initiated the thermal degradation of the CB-coated

CC [33].

3.2. Comparison

Fig. 4 exhibited the removal of APAP by using US alone, NADC-ECP alone, and US coupled
with NADC-ECP. Although the application of US inducing sonocavitation is proposed as the
efficient method of organic compound degradation [34, 35], the application of control process of
US alone resulted in only a small degradation of APAP (13.8%) within 90 min. Consequently,

the efficiency of sole use of US for degrading APAP was low. As shown in Fig. 4, the reaction

10
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rate constant obtained for the US alone was 1.7x10° min™ based on the pseudo-first order
kinetic model with high correlation coefficient of 0.95. The energy of ultrasounds induces
formation and growth of “cavitation bubbles” in water samples related to the sonocavitation
phenomenon. The micro-bubbles will reach the resonance size that is the average size of the
micro-bubble before undergoing the violent collapse [20]. The collapse of the micro-bubbles
makes extreme temperature and pressure in the bulk solution. These conditions generate free

hydroxyl radical ("(OH) which further react with the target compound [4, 8, 36-38]:
H,0 + US - H* + "OH 7)

The results of the present study indicated the generation of an insignificant quantity of "OH
during the US treatment process. In accordance with our results, it is demonstrated that the
efficiency of US as a sole process of treatment for the degradation of the target pollutants in
many cases is insignificant and time-consuming [39, 40]. Thus, this treatment process is coupled
with other treatment processes to efficiently degrade the target pollutant in a short period of
reaction time. At the same operational conditions, the NADC-equipped ECP showed the APAP
removal efficiency of 32.6% in the presence of electro-generated Fe?*Fe®*,0, nanostructures.
The reaction rate constant obtained for the ECP alone was 4.2x10~* min™ with high correlation
coefficient of 0.96. In the NADC-equipped ECP operated for the electro-reduction of O, gas to
generate H,0O,, as-generated H,O, can directly degrade APAP molecules to some extent.
Interestingly, H,O, can interact with electro-generated Fe**Fe®**,04 nanostructures to generate
HO" during the ECP as shown in Egs. (3) and (4). Moreover, electro-generated H,O, can react
with H* (see in Eq. 6) to produce more ‘OH in the liquid phase as exhibited in the following

equation [20, 41]:

11
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H,0, + H* - H,0 + ‘OH 8)

Previous studies proved synergistic effect of combining H,O, with cavitation-based processes,
which results in efficient conversion of H,O, molecules to H' even in strongly basic pH
conditions, where normally H,O, decompose to less reactive radical species [42-44]. The
integration of US with NADC-ECP led to the promising solution for further enhancement of
APAP degradation. The degradation efficiency of 60.8% was obtained after 90 min by using the
integrated process with the APAP decomposition rate of 9.8x10~* min™’. Thus, the assistance of
US irradiation could significantly increase the degradation of APAP in the presence of
Fe?*Fe**,0, nanostructures. Lan et al. observed a 50% increase in the degradation efficiency of
naproxen when US was coupled with the Fenton process [45]. The following equation was
implemented to calculate the synergy percent (%) of the integrated process in term of APAP

degradation [8, 46]:

Synergy (%) = 1 — <ustknapc-rce o 40 (9)

kys/Napc-EcP

where kys, Knapc-ece and Kusnapc-ecp are reaction rate constants of US alone, ECP alone and the
integrated process of US/INADC-ECP, respectively. Accordingly, the synergy for the integrated
process was almost 40%. This synergy could be attributed to the increased conversion rate of
H,O, molecules, produced via cathodic reduction, to "OH as a result of US irradiation which is

represented below:
H,0,+US —» °‘OH+ °OH (10)

The Fe?*Fe**,0, nanostructures produced via anodic corrosion could generate ‘OH when the

solution was ultrasonically irradiated (see Eq. 5). Moreover, the passive film generated on the

12
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surface of the iron sacrificial anode would be removed due to the US waves and collapse of the
cavitation bubbles, resulting in decreasing the mass transfer resistance and increasing the
generation of Fe**Fe®*,04 nanostructures [47]. To verify the generation of free radical in the bulk
solution and its role in the decomposition of APAP molecules, the decomposition efficiency of
the treatment process was compared in the presence and absence of ethyl alcohol (0.05 M). The
substantial reduction in the decomposition efficiency (%) of APAP from 60.8 to 49.2% was
observed when the radical scavenging compound (ethyl alcohol) was added to the solution,
indirectly verifying the generation of free oxidizing radicals in the solution and their significant

role in the decomposition of APAP molecules.

3.2.1. Contribution of adsorption

To specify the role of adsorption in the elimination of the target pollutant, the EC process
equipped with NAPC and iron anode was operated in the absence of APAP. For this purpose, the
electrodes were withdrawn from the EC cell at the end of the reaction and then specific amount
of APAP (5 mg/L) was added to the solution containing electro-generated Fe?Fe®",0,
nanostructures. Afterwards, the solution was magnetically stirred for 90 min to achieve the
adsorption of APAP onto Fe**Fe®*,0, nanostructures. In the following, the adsorption data were
modeled using the linearized forms of Langmuir and Freundlich isotherm models as shown in the

following equations [48-52]:

Freundlich model: logq. = logKy + %logCe (12)

Langmuir model: Le SR Ce (12)

de kqm dm

13
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According to the results (Table 1), the adsorption of APAP by electro-generated Fe’"Fe®**,0,
nanostructures followed the Langmuir model (R?=0.99). On the basis of Langmuir model, the
maximum adsorption capacity (qm) of Fe**Fe®**,0, nanostructures for adsorbing APAP was
obtained to be 2.76 (mg/g), indicating the insignificant role of the adsorption process in

removing APAP molecules during the integrated treatment process of US/INADC-ECP.

3.3. Operational conditions
3.3.1. Initial pH

The effect of the initial pH on the reactor performance was evaluated under four distinct pH
values (pH: 3 (acidic), pH: 5.5 (natural), pH: 7 (neutral), and pH: 9 (basic)). Fig. 5 (a) showed
that increasing the initial pH from 3 to 9 led to diminishing the removal efficiency of APAP from
66 to 44.8%. Overall, the acidic condition favored the degradation of APAP by means of
US/NADC-ECP in the presence of electro-generated Fe**Fe®**,0, nanostructures. The influence
of the solution pH on the degradation of APAP could be attributed to the change in its chemical
structure as a function of pH fluctuations. The hydrophobic structure of APAP molecules
inhibited them to be entered inside the cavitation bubbles. Therefore, they could be destroyed by
"OH radicals in the bulk solution and/or at the surface of cavitation bubbles. The pK, value of
APAP is about 9.5. Thus, APAP molecules are in non-ionic form in the acidic solution. This
resulted in increasing the hydrophobicity of APAP molecules and their accumulation onto the
interface of the as-generated cavitation bubbles, where higher amounts of "“OH were present [4].
Furthermore, it is well known that the increase of the solution pH lowers the oxidation potential

of "OH [19].

14
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3.3.2. Current and H,O, evolution

Fig. 5 (b) displayed that the degradation of APAP increased proportionally with current intensity.
The degradation efficiency increased from 42.0 to 71.8% when the current increased from 0.05
to 0.15 A. It follows from the higher effectiveness of “OH generation at increased current
intensity of the NADC-ECP. Moreover, the increase of the current accelerates the rate of mass
transfer in the solution, resulting in the increased decomposition of the target pollutant [2]. In
addition, the corrosion of iron sacrificial anode providing formation of Fe?*Fe®*,0,
nanostructures could be also improved in terms of the increased mass transfer rate [47]. As
depicted in Fig. 5 (b), the generation of H,0, in the solution through the cathodic reduction was
proportional to the applied current intensity. Overall, the increased current results in the higher
oxygen reduction rate, generating more H,O, molecules in the solution [53]. At currents of 0.05,
0.1, and 0.15 A, the concentration of electro-generated H,O, was 107.7, 137.4, and 151.3 puM,
respectively. The low generation of H,O, via NADC could be associated with its self-

decomposition in an undivided cell for operating ECP [15]:
H,0, > HO; + H* + e~ (13)

This fact should be taken into consideration that the optimum amount of electro-generated H,0,
is favorable for the generation of "OH in the bulk solution. As-generated H,O, can be a radical
scavenger at excessive concentrations. In addition, as-generated H,O, is practically not
accumulated in the NADC-ECP process owing to the significant amounts of magnetite

nanoparticles produced via the sacrificial anode. At the end of the NADC-ECP process, about 27

15
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mg magnetite nanoparticles were released into the solution within 90 min due to the anodic

corrosion.

3.3.3. Solute and Na,SO, concentration

The drug concentration in pharmaceutical industries wastewater often varies to some extent.
Thus, the effectiveness of the treatment process under different pollutant concentrations must be
assessed. For this purpose, the initial concentration of APAP was varied between 3 and 10 mg/L.
The degradation efficiency (%) of APAP was found to be 83% at the APAP concentration of 3
mg/L (Fig. 5 (c)). As a result, the degradation efficiency was minimal (12.2%) at APAP
concentration of 10 mg/L. Clearly, the more APAP molecules in the reactor, the higher amounts
of oxidizing agents are required for the effective decomposition [54]. In the next step, the effect
of electrolyte concentration on the degradation efficiency of APAP was assessed by varying the
initial sodium sulfate concentration between 0.02 and 0.07 M. Increasing the electrolyte
concentration in the abovementioned range resulted in increasing the degradation efficiency of
APAP from 43.8 to 68.4% (Fig. 5 (d)). Using higher concentrations of Na,SO, was desirable for
the solution conductivity and the transfer rate of the reactants, which led to the intensified
decomposition of APAP. Under US irradiation, increasing the amount of Na,SO, as the
electrolyte of NADC-ECP favored the generation of SO, and subsequently, ‘OH as represented

in the following equations [2, 55]:

S0, + "OH - S0, + OH~ (14)
Us
SO0;~ + H,0 — SOz~ + "OH + H* (15)

16
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Additionally, higher concentrations of the supporting electrolyte could be beneficial to enhance

the electro-generation of H,O, [56].

3.3.4. US effect (Irradiation mode, frequency and power)

The cavitation phenomenon, especially the size of cavitation bubbles, depends on the US
characteristics (frequency/power) and sono-reactor type [57]. Hence, the effect of irradiation
mode of US (normal, sweep, and pulse) as well as the effect of US power and US frequency was
studied. The results were illustrated in Fig. 6. For each irradiation mode, the enhanced
degradation of APAP was obtained when the applied power increased from 50 to 100%.
Increasing the power intensity, defined as the input power to the transmitting area ratio, results in
the intensified acoustic pressure, higher amounts of cavitation phenomenon, and subsequently,
more collapse of cavitation bubbles for the generation of ‘OH in the solution. The relationship
between the acoustic pressure and US power intensity can be represented as the following

equation [25]:

_ 7

by (16)

where |, Po, p, and C are the US power intensity (W), the acoustic pressure (Pa), the solution
density (kg/m®), and the sound speed in the solution (m/s), respectively. Contrary to the results of
our previous study where US/catalyst was used for degradation of organic azo dye, the results of
the present study revealed that high frequency of US (80 kHz) was more effective than the low
frequency (37 kHz). It has been reported that the best results in terms of sonocavitational

degradation of organic compounds were obtained for high frequencies [35]. The US frequency is

17
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defined as the number of repeating events taking place per unit of time. Increasing the frequency
decreases the lifetime of the as-generated cavitation bubbles. This leads to the increased power
of the bubbles collapse as well as the number of collapse events per unit of time, resulting in
increased generation of “OH and stronger micro-fluctuations in the fluid enhancing the transport
of chemical species across the interface. From another viewpoint, a shorter lifetime owing to the
high frequency favors the ejection of "OH into the bulk before their recombination [25]. Similar
results have been reported by other researchers during the application of US-assisted degradation
of various pharmaceutical compounds [58-60]. However, increasing the frequency caused slight
increase in the degradation of APAP, which may be due to the formation of less energetic
cavitation bubbles with weak collapse irrespective of higher ‘OH formation at higher US
frequencies [24]. At normal mode of irradiation with frequency of 37 kHz, increasing the power
from 50 to 100% resulted in increasing the degradation efficiency from 50.3 to 60.8%,
respectively, while the increase in the degradation efficiency was from 51.5 to 77.1% at US
frequency of 80 kHz. According to the results, the implementation of pulse mode of US
irradiation considerably increased the degradation of APAP compared with the sweep and
normal modes. At frequency of 80 kHz with 100% US power, the degradation efficiencies were
found to be 77.1, 71.6 and 86.6% when normal, sweep and pulse modes of irradiation were
implemented, respectively. It is reported that the implementation of US in pulse mode can be
resulted in the intensified degradation of organic compounds [61-63]. Therefore, the application
of pulse mode of US can be persuasive considering the fact that the operation of US in repeating
cycles also reduces the power consumption. The implementation of pulse mode leads to the
accumulation of APAP molecules on the surface of cavitation bubbles during the off-times,

thereby enhancing the decomposition of more APAP molecules due to the -cavitation
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phenomenon. On the other hand, improving the diffusion rate of the hydrophobic pollutants into
the vicinity of the cavitation bubbles during the Off-times leads to the improved chemical
decomposition of the target pollutant. In addition, the application of pulsed US with repeated
cycles diminishes the shielding effect due to reducing wave scattering, thereby increasing the
efficiency of the US-based treatment technique. In general, the pulse mode of US is more
chemically reactive than the normal mode at the same frequency and power input. Further, the
pulsed US brings about the spatial expansion of active zones in the bulk solution for the

destruction of pollutant [61].

3.4. Intermediates determination

According to the results of GC-MS analysis, some relevant intermediates produced during the
degradation of APAP by means of US/INADC-ECP were identified. In accordance with the
obtained intermediates, two main pathways for the degradation of APAP were proposed and
illustrated in Fig. 7. As represented, the generation of intermediate byproducts with lower
molecular weights during the decay of APAP confirmed the effectiveness of the applied
treatment process. The APAP can be initially oxidized via "OH attack to the aromatic ring at
ortho, meta, and para positions considering hydroxyl groups of the compound (hydroxylation)
[7]. As a result, the as-generated ‘OH favored to attack the para position of APAP regarding
hydroxyl functional groups. This attack produced the hydroquinone intermediate as represented
in the proposed reaction pathways [64]. Interestingly, as-generated hydroquinone intermediate
can enhance the decomposition of the target pollutant degradation. Actually, the high reducing

potential of hydroquinone leads to the regeneration of Fe** from Fe®* ions in the structure of
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magnetite nanostructures, improving the formation of ‘OH according to Egs. (3) and (4). The
reduction of hydroquinone resulted in the formation of benzoquinone as represented in the

following equations [10]:

CoHg0, + Fe3* - C;Hs0; + Fe* + H* 17)

CeHs0; + Fe3t —» C4H,0, + Fe?t + H (18)

Thus, the formation of some intermediates during the treatment process may lead to the
enhanced degradation of the parent compound and its organic intermediates. The formation of
ortho and para benzoquinones has been reported by Villota et al., in their study on photo-Fenton
degradation of APAP [65]. However, the benzoquinones generated through the successive
oxidation of hydroquinone by ‘OH are fairly unstable and have a tendency to undertake ring
cleavage followed by further degradation. The proposed pathways also demonstrated the
appropriate progress in mineralizing the parent organic compound. For this, the progress in the
mineralization of APAP by the hybrid process was checked through both chemical oxygen
demand (COD) and total organic carbon (TOC) analyses (Experimental conditions: [APAP]y: 5
mg/L, current: 0.1 A, initial pH: natural (5.5), and electrolyte concentration: 0.04 M).
Accordingly, the COD and TOC removal efficiencies of 43.5 and 30.6% were obtained at
aforementioned operational conditions, respectively. The results indicated the progress in the
mineralization of the target pollutant; however, more reaction time is needed to achieve the
complete mineralization. The acceptable mineralization of the organic pollutant is desirable
before the discharge of the reactor effluent into the ecosystem in order to avoid the health and

environmental problems of the toxic refractory organics.
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3.5. Bio-toxicity assay results

Despite the decomposition of the target organic contaminant, the intermediate byproducts of the
contaminant generated during the catalytic destruction can cause toxicity to living organisms.
Hence, the effluents of various processes involved in the decomposition of APAP including the
US alone, NADC-ECP alone, and the hybrid process of US/NADC-ECP were collected for the
toxicity assay on the basis of the inhibition test using activated sludge. The results showed that
the values of lour (%) decreased from 47.1 to 36.9, 31.8, and 16.5% when the effluents of the US
alone, NADC-ECP alone, and US/NADC-ECP processes were fed into the return activated
sludge sample (Fig. 8). Therefore, the treatment processes involved in the decomposition of
APAP could convert it to less toxic byproducts. The effluent of US/NADC-ECP process caused
the lowest inhibiting effect on the respiration rate of living organism in the activated sludge. In
the case of the US/INADC-ECP process, the slight increase in loyr (decrease in OUR) might be
ascribed to the formation of toxic substances at first stages of the degradation process. As shown
in Fig. 8, increasing the elapsed time resulted in the production of effluent with lower toxicity for
living organisms. This achievement verified that the effluent of the US/NADC-ECP process can
be further treated by a subsequent biological treatment process without significant effect on
biological treatment system. In fact, the application of US/INADC-ECP process led to increasing
the biodegradability potential of the APAP-containing solution in comparison with the US and

NADC-ECP alone.

4. Conclusions
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Iron sacrificial anode was applied for electrochemical generation of Fe**Fe**,0, nanostructures
in an ECP equipped with NADC. As-generated Fe?*Fe**,04 nanostructures could be activated
with electro-synthesized H,0, for the production of "OH. Further, NADC-ECP was coupled with
US in order to intensify the production of "OH in the bulk solution through the conversion of in
situ generated hydrogen peroxide as well as the activation of Fe**Fe**,0, nanostructures. Neither
US alone (13.8%) nor NADC-ECP alone (32.6%) could efficiently degrade APAP in the
solution, while the application of US/NADC-ECP (60.8%) synergistically enhanced the
degradation of APAP in comparison with the individual processes. Increasing Na,SO4
concentration, along with the current, increased the degradation of APAP, while increasing the
initial solute concentration suppressed its removal efficiency. According to the results, the
treatment process of US/NADC-ECP was pH dependent. Increasing both power intensity and
frequency of US irradiation enhanced the efficiency. The best results were obtained when the
pulse mode of US was operated. The identified intermediate byproducts showed the acceptable
progress in the mineralization of the target refractory organic compounds during the integrated
treatment process. According to the inhibitory test results, the US/INADC-ECP process produced
the effluent with the lowest inhibition impact on the living organisms of the activated sludge

sample.
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Figures captions

Fig. 1. FE-SEM images of magnetite nanostructures taken at different scales (a) and (b), together

with corresponding XRD pattern (c).

Fig. 2. FE-SEM image of CB (a-1), XRD pattern of CB (a-2), FE-SEM image of CC (b-1), XRD
pattern of CC (b-2), FE-SEM image of CB-coated CC (c-1), and XRD pattern of CB-coated CC

(c-2).

Fig. 3. TGA/DTG curves obtained for uncoated CC (a) and CB-coated CC (b).

Fig. 4. Contribution of each process involved in the integrated process in removing APAP.
Experimental conditions: [APAP]o: 5 mg/L, current: 0.1 A, initial pH: natural (5.5), electrolyte

concentration: 0.04 M, US frequency: 37 kHz, US power: 100%.

Fig. 5. Influence of initial pH in the range of 3-9 (a), current in the range of 0.05-0.15 A (b),
APAP concentration in the range of 3-10 mg/L (c), and electrolyte concentration in the range of
0.02-0.07 M (d) on the degradation efficiency of APAP by the integrated process. Experimental

conditions: Reaction time: 90 min, US frequency: 37 kHz, US power: 100%.

Fig. 6. Effects of US irradiation mode, US power, and US frequency on the removal efficiency
of APAP. Experimental conditions: [APAP]o: 5 mg/L, current: 0.1 A, initial pH: natural (5.5),

electrolyte concentration: 0.04 M.

Fig. 7. Schematic flow-diagram of intermediates produced during the decomposition of APAP

by US/INADC-ECP.

Fig. 8. Variations of Ioyr (%) for each treatment process involved in removing APAP versus

reaction time.
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Table 1. Results of isotherm modeling for the adsorption of APAP onto Fe*Fe*,0, nanostructures.

Types of isotherm models

Langmuir model Freundlich model
am(mg/g) K (L/mg) R’ Kr (mg/g) n R’
2.76 0.29 0.99 1.19 4.75 0.95
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Research highlights

v Coupling carbon cloth (CC)-carbon black (CB) cathode with as-generated Fe**Fe®*,0,.
v’ Verification of electro-generation of nanostructured Fe®*Fe**,0, via iron sacrifice anode.
v’ Synergistic degradation of APAP owing to coupling ultrasound with CC-CB/Fe**Fe**,0,.

v"Insignificant toxicity of effluent based on activated sludge inhibition test.
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