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Abstract

An advanced oxidation process comprising an iron-containing magnetic carbon xerogel
(CX/Fe) and persulfate was tested for the degradation of propyl paraben (PP), a contaminant of
emerging concern, in various water matrices. Moreover, the effect of 20 kHz ultrasound
irradiation or light irradiation on process performance was evaluated. The pseudo-first order
degradation rate of PP was found to increase with increasing SPS concentration (25-500 mg/L)
and decreasing PP concentration (1690-420 pg/L) and solution pH (9-3). Furthermore, the
effect of water matrix on kinetics was detrimental depending on the complexity (i.e. wastewater,
river water, bottled water) and the concentration of matrix constituents (i.e. humic acid,
chloride, bicarbonate). The simultaneous use of CX/Fe and ultrasound as persulfate activators
resulted in a synergistic effect, with the level of synergy (between 35% and 50%) depending on
the water matrix. Conversely, coupling CX/Fe with simulated solar or UV A irradiation resulted

in a cumulative effect in experiments performed in ultrapure water.

Keywords: combined activation; endocrine disruptor; environmental sample; heterogeneous

catalyst; kinetics; synergy; ultrasound

1. Introduction

Advanced oxidation processes (AOPs) have gained substantial attention in the past few decades
for the treatment of various classes of contaminants in several different matrices, including, for
example, micro-contaminants and/or pathogens of emerging concern in natural waters,
industrial pollution, atmospheric pollution, and sludge/soil pollution (Barreca et al. 2015; Pace
and Barreca 2013; Gonzalez-Bahamon et al. 2011). AOPs rely, primarily but not exclusively,

on the action of highly reactive, non-selective hydroxyl radicals. In recent years, other reactive



species such as the sulfate radicals (SO4*) have been evaluated as a potential method for water
treatment.

Sulfate radicals (E°=2.6 V) are generated through the activation of persulfate anion (E°=2.1 V)
(Matzek and Carter 2016; Tsitonaki et al. 2010):

S20s> + Activator = [sulfate radicals and anions] (1)

Persulfate has several benefits including moderate cost, high stability and aqueous solubility,
as well as the fact that it is solid at ambient temperature, which facilitates its transport and
storage (Lin et al. 2011). Persulfate activation can be achieved by several means including heat,
ultraviolet light, ultrasound, microwaves, alkaline conditions, hydrogen peroxide and transition
metals such as iron, cobalt, copper, zinc and manganese (Matzek and Carter 2016). Persulfate
activation by ferrous ion has extensively been investigated mimicking classical Fenton
reactions (Liu et al. 2014):

S208* + Fe?" 2 S04+ SO4* + Fe*" (2)

Fe*' + $,05% > Fe?* + $,05" (3)

Thus, the overall iron-catalyzed decomposition of persulfate can be described as follows:

Fe(I)&Fe(I1l
232082- M

SO4™ + SO4> + S:05" (4)

To eliminate the need of an extra treatment stage to remove iron in homogeneous Fenton and
alike systems, heterogeneous catalysts may be employed. In this perspective, novel magnetic
carbon xerogels (CX), consisting of interconnected carbon microspheres with iron and/or cobalt
microparticles embedded in their structure, have recently been synthesized, characterized and
tested successfully for the oxidation of the antibiotic sulfamethoxazole in water using hydrogen
peroxide as the source of hydroxyl radicals. These materials exhibited high activity and good
stability and they were also magnetically recoverable post-treatment (Ribeiro et al. 2016).

Parabens are esters of p-hydroxybenzoic acid that have relatively recently been recognized as

emerging contaminants due to their estrogenic and anti-androgenic effects on human health



even at concentrations as low as ng/L (Chen et al. 2017). They have been extensively used as
preservatives in foodstuff, pharmaceuticals, cosmetics and personal care products (Kapelewska
et al. 2016) and they are released into the environment mainly through municipal wastewater
discharges due to their insufficient biodegradation (Chen et al. 2017; Dhaka et al. 2017). In this
respect, only recently has the treatment of parabens been investigated by AOPs (including
photochemical AOPs, sonication, Fenton oxidation, electrochemical oxidation and ozonation),
as well as separation processes (including adsorption and membranes) (Chen et al. 2017). More
importantly, the degradation of parabens by persulfate oxidation has merely been reported in a
handful of studies. Chen et al. (2017) studied the degradation of methyl and ethyl parabens by
heat-activated persulfate oxidation up to 60°C, while Dhaka et al. (2017) studied the
degradation of methyl paraben by UV-activated persulfate oxidation. We have recently
demonstrated that the heat- (Frontistis et al. 2017) and ultrasound-activated (Papadopoulos et
al. 2016) persulfate can successfully degrade ethyl paraben.

Within this context, this work reports the application of the novel CX/Fe-activated persulfate
system for the degradation of propyl paraben (PP) in various water matrices. Emphasis is given
on (i) the effect of water quality (i.e. in the presence of several non-target inorganic and organic
constituents) on the degradation rates of PP at environmentally realistic concentrations (i.e. at
the pg/L level); and (ii) the effects of coupling CX/Fe with another persulfate activator, i.e. low
frequency ultrasound or light irradiation. To the best of our knowledge, this is the first work of

this kind reported in the literature.

2. Materials and methods
2.1 Catalyst and chemicals
A monometallic carbon xerogel consisting of interconnected carbon microspheres embedded

with iron microparticles (CX/Fe) was employed as a catalyst to activate persulfate. The catalyst



has a BET specific surface area of 510 m?/g and an iron content of 6.5 wt%. The full information
regarding catalyst synthesis and characterization is given elsewhere (Ribeiro et al. 2016).

Propyl paraben (PP, CioH1203, CAS number: 80-05-7) and sodium persulfate (SPS, Na>S,0s,
99+%, CAS number: 7775-27-1) were purchased from Sigma-Aldrich. Humic acid (technical
grade), sodium chloride (99.8%), sodium hydroxide (98%), sodium bicarbonate, boric acid
(>99.8%) and sulphuric acid (95%) were also obtained from Sigma-Aldrich. Potassium
dihydrogen phosphate was supplied by Millipore. All chemicals were used as received, without

further purification.

2.2 Water matrices

The following water matrices were employed: (1) ultrapure water (UPW, pH=6; 0.056 uS/cm
conductivity); (i1) secondary treated wastewater (WW, pH=8; 7 mg/L total organic carbon
(TOC); 1.1 mg/L total suspended solids; 21 mg/L chemical oxygen demand; 311 puS/cm
conductivity; 30 mg/L sulfates; 0.44 mg/L chlorides), collected from the wastewater treatment
plant of the University of Patras campus, Greece; (iii)) commercially available bottled water
(BW, pH=7.5; 396 uS/cm conductivity; 211 mg/L bicarbonates; 15 mg/L sulfates; 9.8 mg/L
chlorides); (iv) surface water taken from a river in the region of Athens, Greece (pH=7.5; 491

uS/em conductivity; TOC=2.7 mg/L; 274 mg/L sulfates; 5 mg/L chlorides).

2.3 Experimental procedure

Experiments were conducted in a cylindrical glass reaction vessel of 250 mL capacity which
was open to the atmosphere. The appropriate volume of a stock PP solution at a concentration
of 80 mg/L was mixed with the water matrix to achieve the desired PP concentration (typically
420 pg/L) and 120 mL of the resulting solution were loaded in the vessel. The appropriate

amount of SPS and CX/Fe were then added and the reaction took place under magnetic stirring



at a constant temperature of 25+1°C. The solution was buffered at acidic (pH=3), near-neutral
(pH=6) or alkaline (pH=9) conditions using H>SO4, KH>PO4 and a mixture of NaOH and
H3BOs, respectively. Samples of 1.2 mL were periodically withdrawn from the vessel,
quenched with methanol, filtered and finally analyzed by liquid chromatography.

For those experiments where ultrasound was employed to activate the process, a Branson 450
horn-type digital sonifier operating at a frequency of 20 kHz and an actual power density of 36
W/L was employed. Ultrasound irradiation was emitted through a 1 cm in diameter titanium tip
which was positioned in the middle of the vessel at a distance of 3 cm from the bottom.

For certain experiments, light was employed to activate the process; this was done using either
a 25 W black light lamp emitting predominantly at 365 nm (UVA) or a solar simulator (Oriel,
model LCS-100) equipped with a 100 W xenon, ozone-free lamp. The photon flux, determined
by chemical actinometry, was 4.8 107 and 7.3 1077 einstein/(L.s) for the black light lamp and
the solar simulator, respectively.

Most of the experiments were performed in duplicate and mean values (<5% difference) are

quoted as results.

2.4 Analytical methods

High performance liquid chromatography (HPLC: Alliance 2695, Waters) was employed to
monitor the concentration of PP. Separation was achieved on a Kinetex XB-C18 100A column
(2.6 pym, 2.1 mm % 50 mm) and a 0.5 pm inline filter (KrudKatcher Ultra) both purchased from
Phenomenex. The mobile phase consisting of 75:25 water:acetonitrile eluted isocratically at
0.35 mL/min and 45°C, while the injection volume was 40 pL. Detection was achieved through

a photodiode array detector (Waters 2996 PDA detector, detection A=254 nm).



3. Results and discussion

3.1 Effect of operating conditions

The effect of solution pH on PP degradation was studied at 3, 6 and 9 and the results are shown
in Figure 1. The solution was buffered at each pH value, which remained unchanged during the
reaction.

Assuming that PP degradation follows a pseudo-first order rate expression, the natural
logarithms of the profiles of Figure 1 were plotted against time to compute apparent rate
constants, k, (data fitting is not shown for brevity), i.e.:

Ln(Co/C)=kt (5)

Rate constants take values equal to 66.8 103, 33.5 107 and 19.6 10~ min™! at pH values of 3, 6
and 9, respectively. Table 1 summarizes the computed rate constants of all the experiments
presented in section 3.1 for up to 90-95% PP conversion.

The pH point of zero charge of the catalyst is 6.6 (Ribeiro et al. 2016). When the solution pH
is below this value, the catalyst surface becomes positively charged. Consequently, the
adsorption and subsequent activation of persulfate anions onto the catalysts is favored at pH
values of 3 and 6 due to the electrostatic attraction between the catalyst surface and the
persulfate ions but it decreases at pH=9 due to electrostatic repulsion. Furthermore, PP has a
pKa value of 8.4 (Haman et al. 2015). When the solution pH is above this value, PP is negatively
charged; therefore, electrostatic repulsions between the substrate and the catalyst can also
explain the decreased reactivity recorded at pH=9. In addition, persulfate conversion to sulfate
radicals may be accelerated at acidic environments due to acid-catalyzed reactions, as has been
discussed by Chen et al. (2017), who also reported that the heat-activated persulfate degradation

of ethyl and methyl parabens was promoted as the solution pH decreased from 9 to 7 to 5.



Sulfate radicals react with water at all pH values leading to the formation of hydroxyl radicals,
which become the main oxidizing species at alkaline conditions (Dhaka et al. 2017; Matzek and
Carter 2016; Zhao et al. 2014):

SO4* + H,0 = S04+ HO* + H' (6)

SOs* + OH = S04+ HO" (7)

Although sulfate radicals have a lower redox potential than hydroxyl radicals, they are more
selective towards certain organics (Velosa and Nascimento et al. 2017; Zhou et al. 2017; Lutze
et al. 2015) and this may justify the reactivity recorded at lower pH values, where sulfate
radicals prevail. Dhaka et al. (2017) reported that the UV-activated persulfate degradation of
methyl paraben at pH=9, where hydroxyl radicals were the dominant species, was lower than
at pH=3 or pH=6.5, where sulfate radicals prevailed. In view of these results, all subsequent
experiments were performed at pH=3.

The effect of changing SPS concentration on PP degradation is depicted in Figure 2.
Interestingly, adsorption of PP onto the catalyst surface occurs to a considerable extent in the
absence of SPS, while the effect of oxidation is not evident below 200 mg/L SPS concentration;
Table 1 shows the respective rate constants including the experiment without SPS, with the
value being 20.8+0.7 10 min"! in the 0-100 mg/L SPS concentration range. Thereafter,
degradation increases with increasing SPS concentration up to 500 mg/L, while a further SPS
increase to 750 mg/L has no effect on degradation.

The effect of the water matrix on PP degradation is shown in Figure 3. Relative to the
experiment in UPW, the rate (based on the computed rate constants shown in Table 1) decreases
by 18%, 64% and 76% in bottled water (BW), river water and secondary treated wastewater
(WW), respectively. Natural waters and waste waters contain various inorganic and organic,
non-target constituents that may compete with the substrate for both the active catalyst sites and

the generated radicals.



The individual effects of certain matrix constituents are shown in Figure 4. As can be seen in
Figure 4a, humic acid (HA), which is considered as a model compound of the macro-molecules
typically found in natural (NOM) and effluent organic matter (EfOM), has a detrimental effect
on PP degradation; the rate, relative to UPW, decreases by about 65-70% in the presence of 5-
10 mg/L HA. In their work, Boni and Sbaffoni (2012) reported the detrimental effect of NOM
on the iron-activated persulfate oxidation of real groundwater samples contaminated by
benzene, 1,4-dichlorobenzene and 1,2-dichloropropane.

Figure 4b shows the detrimental effect of chloride in the range 250-1000 mg/L; it must be noted
here that these concentrations were tested since the river water contained chloride in the order
of 100 mg/L possibly due to contamination from a nearby industrially contaminated site.
Relative to the experiment without chloride, the rate decreases by 43+5% in the presence of
chloride. Sulfate radicals primarily react with chloride to form chlorine radicals that further
react with chloride to form the dichloride radical (Lutze et al. 2015; Bennedsen et al. 2012;
Fang et al. 2012):

S04~ + CI'2 SO4* + CI* (8)

ClI*+Cl'=2CL* (9)

Depending on the experimental conditions under consideration, several consecutive reactions
may take place leading to the formation of additional chlorine-containing radicals such as
CIO2*, C10* and HOCI* (Lutze et al. 2015). Overall, the presence of chloride seems to influence
the distribution of reactive species and, consequently, degradation kinetics. Previous studies
have reported the negative effect of chloride on the persulfate oxidation of polychlorinated
biphenyls (Fang et al. 2012), acetaminophen (at chloride concentrations greater than 350 mg/L)
(Tan et al. 2014) and trichloroethene (at 1750 mg/L chloride concentration) (Wu et al. 2014).
Figure 4c shows the effect of bicarbonate (BIC) addition in the range 125-3000 mg/L. Although

the presence of bicarbonate is not favored at pH values below 4, where the equilibrium of



carbonate species is shifted entirely towards CO; (Ibanez et al. 2007), there appears to be a
negative effect on PP degradation. It must be noticed here that the solution was not purged prior
to the experiment to accelerate the release of CO> in the atmosphere and, consequently, the
presence of bicarbonate at concentrations presumably lower than the nominal values may
scavenge both sulfate and hydroxyl radicals to form carbonate radicals (Vicente et al. 2011;
Waldemer et al. 2007):

HCOs5 + S04~ — CO3* + SO4> + H' (10)

HCO; + HO* — CO;* + H20 (11)

Relative to the experiment without bicarbonate, the rate decreases by 25%, 35% and 60% at
bicarbonate nominal concentrations of 125, 500 and 3000 mg/L. Earlier studies have reported
the detrimental effect of bicarbonate on the heat-activated persulfate oxidation of chlorinated
ethenes (Waldemer et al. 2007), as well as on the iron-activated persulfate oxidation of diuron
(Vicente et al. 2011).

Regarding the effects of humic acid, chloride and bicarbonate on PP degradation, the results
reported in this work are consistent with those of Chen et al. (2017) and Dhaka et al. (2017)
who found similar detrimental effects on methyl and ethyl parabens degradation by persulfate
oxidation.

A final experiment was performed at an initial PP concentration of 1690 ug/L, resulting in
decreased kinetics (Figure 5). A 4-fold increase in PP concentration (from 420 to 1690 pg/L)
gives a nearly 4-fold decrease in rate constants (from 66.8 107 to 18.2 107 min™!, i.e. a 73%
reduction), thus highlighting the need to avoid working with unrealistically high concentrations.
Dhaka et al. (2017) reported an 8-fold decrease in methyl paraben degradation kinetics when
the initial paraben concentration increased from 3 to 10 mg/L. Contaminants of emerging
concern in environmentally relevant samples typically exist at the ng/L-ug/L concentration

levels; in this respect, working at concentrations that are three or more orders of magnitude
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greater introduces an equivalent matrix effect. This is clearly demonstrated comparing the
almost equal rates of PP degradation at 1690 pg/L in UPW (Figure 5) and at 420 pg/L in
wastewater (Figure 3). At a simple level, the rate of degradation depends on the concentration
ratio between the available oxidizing species and the (target and oxidizable, non-target) matrix
constituents. As the concentration of the latter increases, the concentration of the former

becomes the limiting factor in dictating kinetics.

3.2 Coupling with ultrasound or light irradiation

Since persulfate can be activated by several means, the effect of ultrasound irradiation on PP
degradation was evaluated and the results are shown in Figure 6 for three matrices, i.e. UPW,
BW and WW. When SPS is activated by 20 kHz ultrasound, 90% PP degradation is achieved
in 60 min in UPW (Figure 6a); half this time is needed for the same degradation when SPS is
activated by the CX/Fe catalyst. Notably, when the two activators are used together, the time
needed for 90% conversion decreases to 10 min. If this were the result of a purely cumulative
effect, the concentration-time profile of the combined process would be represented by the
dashed line; evidently, the interaction is synergistic since the rate of the combined process is
greater than the sum of the rates of the individual processes, as can be seen in Table 2. Similar
findings occur for the other two matrices. Synergy may be attributed to the ultrasound (i)
facilitating mixing of the reactor contents, thus minimizing mass transfer limitations, and/or (ii)
altering the surface properties of the heterogeneous catalyst (Frontistis and Mantzavinos 2017;

Silva et al. 2007). The degree of synergy, S, can be quantified as follows:

n
kcombined - Z ki

S(%) =100 L (12)
combined
>0 synergistic effect
where S7=0 cumulative effect
<0 antagonistic effect
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In eqn (12), ki is the rate constant of each individual process, while Kcombined i the rate constant
of the combined process. The effect of process coupling is simply cumulative (additive) if S=0
but it becomes synergistic as S becomes positive. Although not very common, process coupling
may result in inhibitory (antagonistic) effects, thus leading to decreased degradation rates. A
possible reason is the generation of large amounts of oxidizing species that may behave as self-
scavengers. As seen in Table 2, the simultaneous activation of persulfate by the catalyst and the
ultrasound results in ca 35-50% synergy depending on the water matrix.

In a final set of experiments, SPS activation was initiated by UVA or solar light irradiation and
the results are summarized in Table 3. The rate of PP degradation by light-activated persulfate
oxidation is nearly equal to that induced by CX/Fe activation (i.e. ca £6% depending on the
light source). Interestingly, the simultaneous activation of persulfate by either light source and

the catalyst results in a cumulative effect since the value of S is very close to zero.

3.3 Catalyst reusability

To evaluate the performance of the catalyst upon repeated use, the following procedure was
adopted: fresh catalyst at 63 mg/L concentration was mixed with 420 pg/L. PP and 500 mg/L
SPS in UPW at pH=3 and the mixture was left to react for 90 min. At the end of this run (cycle
1), another 420 pug/L PP and 500 mg/L SPS were fed to the vessel and reacted for 90 min and
this procedure was repeated four times (i.e. a total of 5 cycles including the run with the fresh
catalyst). No catalyst conditioning or treatment was applied between the cycles. The 90-min
conversion of PP was 91.2%, 87.1%, 85.2%, 78.5% and 70.8% for each one of the 5 cycles,
showing that the catalyst retains substantial activity upon repeated use. The partial loss of
activity may be ascribed to the gradual accumulation of un-reacted PP and its transformation
by-products, which is consistent with the detrimental effect of increased organic concentration

on kinetics (i.e. as has been demonstrated in Figures 3, 4a and 5).
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4. Conclusions and final remarks

The primary conclusions derived from this study are as follows:

1) Magnetic carbon xerogels containing iron can efficiently activate persulfate to sulfate
radicals and the approach was demonstrated for the treatment of propyl paraben, an endocrine
disruptor of emerging concern. Unlike homogeneous iron-containing materials, carbon xerogels
can readily be separated from the solution post-treatment.

2) Important factors that are likely to dictate process kinetics are the water matrix and the
concentration levels of the contaminant under consideration. The interplay amongst the various
non-target constituents of the matrix, the available reactive species and the catalyst typically,
but not always, leads to decreased degradation rates of the contaminant. In this work, this
detrimental effect was demonstrated performing experiments with actual environmental
matrices, as well as pure water spiked with anions and NOM. Moreover, excessive contaminant
concentrations introduce an equivalent matrix effect.

3) Process integration is conceptually advantageous since it can enhance performance in a
synergistic or additive way. This was demonstrated coupling the CX/Fe-persulfate system with
ultrasound or light (UV A or simulated solar) irradiation. The simultaneous action of the catalyst
and the ultrasound led to a synergistic effect, i.e. the efficiency of the combined process was
greater than the sum of the efficiencies of the individual processes. Conversely, the
simultaneous action of the catalyst and the light led to a cumulative effect with the efficiency
of the combined process being nearly equal to the sum of the contributions of the individual

Processces.
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Table 1. Computed rate constants and coefficients of linear regression according to eqn (5) for

PP degradation with 63 mg/L. CX/Fe under various experimental conditions.

PP, pg/L. | SPS, mg/LL | pH Matrix 10°k, min! r’, %
420 500 3 UPW 66.8 99.7
420 500 6 UPW 33.5 99.4
420 500 9 UPW 19.6 99.8
420 0 3 UPW 21.6 96.8
420 25 3 UPW 20.1 96.9
420 100 3 UPW 20.6 98.6
420 200 3 UPW 25.3 98.8
420 400 3 UPW 42.6 99.2
420 750 3 UPW 68.6 99.5
420 500 3 BW 55 99.9
420 500 3 River water 24.1 99.7
420 500 3 Ww 16.2 98.9
1690 500 3 UPW 18.2 97.7
420 500 3 UPW+5 mg/L HA 23.8 99.3
420 500 3 UPW+10 mg/L HA 19.8 98.8
420 500 3 UPW+250 mg/L CI’ 34.5 99.3
420 500 3 UPW+500 mg/L CI’ 38.4 99.3
420 500 3 UPW+1000 mg/L CI 41.2 98.6
420 500 3 UPW+125 mg/L BIC 50 98.9
420 500 3 UPW+500 mg/L BIC 44.5 99.9
420 500 3 UPW-+3000 mg/L BIC 26.7 99.1
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Table 2. Computed rate constants and coefficients of linear regression according to eqn (5) and

synergy according to eqn (12) for PP degradation at the conditions of Figure 6.

SPS activation Matrix 10°k, min! r, % S, %
US UPW 26.2 98.4
CX/Fe UPW 66.8 99.7
US+CX/Fe UPW 182 93.4 48.9
US BW 31.8 99.2
CX/Fe BW 55 99.9
US+CX/Fe BW 133 91.8 34.7
US ww 13.9 90
CX/Fe ww 16.2 98.9
US+CX/Fe ww 54.4 99.8 44.7

Table 3. Effect of UVA or solar light irradiation on PP degradation. Computed rate constants
and coefficients of linear regression according to eqn (5) and synergy according to eqn (12).

Conditions: 420 pg/L PP, 500 mg/L SPS, 63 mg/L CX/Fe, pH=3.

SPS activation Matrix 10°k, min! r, % S, %
UVA UPW 62 99.5
CX/Fe UPW 66.8 99.7
UVA+CX/Fe UPW 130.8 99.7 1.5
Solar UPW 70.1 98.2
CX/Fe UPW 66.8 99.7
Solar+CX/Fe UPW 129.7 98.6 -5.6
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Figure captions

Figure 1. Effect of buffered solution pH on 420 nug/L PP degradation with 63 mg/L CX/Fe and
500 mg/L SPS in UPW.

Figure 2. Effect of SPS concentration on 420 ng/L PP degradation with 63 mg/L CX/Fe in
UPW and pH=3.

Figure 3. Effect of the water matrix on 420 pg/L PP degradation with 63 mg/L. CX/Fe, 500
mg/L SPS and pH=3.

Figure 4. Effect of (a) humic acid, (b) NaCl, (c) bicarbonates spiked in UPW on 420 pg/L. PP
degradation with 63 mg/L. CX/Fe, 500 mg/L SPS and pH=3.

Figure 5. Effect of initial PP concentration on its degradation with 63 mg/L. CX/Fe and 500
mg/L SPS in UPW and pH=3.

Figure 6. Synergy effects on 420 pg/L PP degradation in (a) UPW, (b) BW, (c) WW. Other

conditions: 63 mg/L CX/Fe, 500 mg/L SPS, pH=3, 36 W/L of US power. Captions as in (a).
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Figure 1. Effect of buffered solution pH on 420 ug/L PP degradation with 63 mg/LL CX/Fe and

500 mg/L SPS in UPW.

==0 mg/L
=l=25 mg/L
=100 mg/L
=>=200 mg/L
=0—400 mg/L
=&==500 mg/L
e—pe=750 mg/L

C/Co

0 20 40 60 80 100 120
Time, min

Figure 2. Effect of SPS concentration on 420 pg/L PP degradation with 63 mg/L CX/Fe in
UPW and pH=3.
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Figure 3. Effect of the water matrix on 420 pg/L PP degradation with 63 mg/L CX/Fe, 500

mg/L SPS and pH=3.
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Figure 4. Effect of (a) humic acid, (b) NaCl, (c) bicarbonates spiked in UPW on 420 pg/L. PP

degradation with 63 mg/L. CX/Fe, 500 mg/L SPS and pH=3.
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Figure 5. Effect of initial PP concentration on its degradation with 63 mg/L. CX/Fe and 500

mg/L SPS in UPW and pH=3.
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Figure 6. Synergy effects on 420 pg/L. PP degradation in (a) UPW, (b) BW, (¢) WW. Other

conditions: 63 mg/L CX/Fe, 500 mg/L SPS, pH=3, 36 W/L of US power. Captions as in (a).
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