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ARTICLE INFO ABSTRACT
Keywords: This work reports the fundamentals about the performance of a Fenton-like system based on zero-valent iron
Advanced oxidation processes (ZVI) and sodium percarbonate (SPC), employing phenol (5 — 50 uM) as model contaminant. The influence of

Iron corrosion
Inorganic carbon
Water treatment

operational parameters (pH, temperature, initial SPC concentration, and ZVI amount), as well as the effect of
common water constituents and selective scavengers, were systematically studied and compared with the per-
formance of the ZVI-H20 treatment. At pH 4.0 and room temperature, the CO2* (i.e., CO2(aq) and the unstable
species HyCO3) from SPC promoted the corrosion of ZVI, yielding faster phenol oxidation rates with ZVI-SPC than
with ZVI-H20,. This effect is diminished with pH < 4.0 or at elevated temperatures due to the lower [CO2*] in
solution. Regarding the effects of anions and humic acids (investigated as water-matrix components), no
appreciable negative effects were observed, except for Ho,PO4 that would hinder the process through the for-
mation of insoluble FePOy() and concomitant ZVI passivation. Scavenger experiments revealed that hydroxyl
radicals (HO®) were the predominant reactive species, followed by carbonate radicals (CO3 ). Overall, the ZVI-
SPC process demonstrated higher or equal performance than traditional ZVI-H2O2 systems, which warrants
further investigations into a promising, low-cost, and safer alternative that could potentially remove emerging
contaminants under near-environmental conditions.

1. Introduction consequence of R7, ZVI also accelerates Fe(III) reduction, enhancing the
Fenton reaction [4]. ZVI-based Fenton systems are relatively low-cost,

Advanced Oxidation Processes (AOPs) produce highly reactive with reuse potential because the ZVI can be separated by mechanical

oxidizing agents, such as hydroxyl radicals (HO®) and other Reactive or magnetic methods and then recycled in a new water treatment pro-

Oxygen Species (ROS) [1,2]. These processes can be integrated into cess. These systems have demonstrated high effectiveness in treating

systems for treating both urban wastewater and drinking water, to various organic and inorganic pollutants [5-8].

effectively remove contaminants of emerging concern (CECs) as well as 24 i . 34

pathogens. One well-known AOP is the Fenton reaction, which generates Fe™ + Hp0z + H' ~ HO" + Hp0 + Fe (R1)

several ROS during the decomposition of hydrogen peroxide (H202) Fe3 + Ho0, — HOS + HT + Fe2* (R2)

catalysed by iron ions (R1 and R2) [3]. The reaction, R2, is considerably

slower than R1 and is the rate-limiting step of the process. Fe® + 2 H" - Fe?* + H, (R3)
A variation of the Fenton reaction is obtained by replacing soluble Fe® + Hy05 + 2 HY — Fe? + 2 H,0 (R4)

iron salts with zero-valent iron (ZVI); ZVI serves as a controlled source of
ferrous ions, which are formed upon the oxidation of Fe® with H" (R3), 2Fe’ + 0y + 4H™ > 2 Fe?* + 2 H,0 (R5)
H20; (R4), dissolved oxygen (R5 and R6, the latter being particularly

0 + 2+
relevant due to the concomitant HyO, formation), or Fe(II) (R7). As a Fe” + 02 +2H" = Fe™" + Hy0, (R6)
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2 Fe®" + Fe® - 3 Fe?* (R7)

In addition to diverse iron sources, the use of alternative oxidants to
H20; has received increasing interest. These oxidants include persulfate,
peroxymonosulfate, or peracetic acid [9]. In this context, sodium per-
carbonate (SPC, 2NayCOs3-3 H205), a solid compound that serves as a
carrier for HyO», has been proposed as a safer and more economical
alternative to its liquid (H20,) counterpart [10]. In fact, while concen-
trated HoO> solutions pose safety risks during storage and transport, the
solid nature of SPC allows for safer and easier handling and could make
it a more convenient alternative to HoOo [11]. Moreover, some AOPs
employing SPC have reported the presence of the carbonate radical
(CO37), which is more selective than HO® and leads to faster CECs
abatement in complex water matrices, where HO® is easily scavenged
[12,13].

Although the ZVI-SPC system showed significant potential in water
treatment [14-17], current literature on its applications is limited to
much fewer works when compared to other Fenton-like systems, such as
ZVI-persulfate [11,18]. As far as we know, the reasons why ZVI-SPC
leads to faster pollutant abatement rates than ZVI-H;0, in some con-
ditions (and which of them) was never explored. Moreover, there is no
consensus over the reactive species involved in the SPC-Fenton pro-
cesses, HO®, HOS, 10,, and CO3™ being proposed as the predominant
ROS in ZVI-SPC in different studies [12,15,19-22]. Therefore, further
research is needed to investigate the operational parameters and reac-
tion pathways of ZVI-SPC under environmentally relevant conditions.

In this study, we investigated the degradation of phenol as a model
pollutant, using a Fenton-like process based on a commercial ZVI pow-
der and SPC. We have evaluated the efficiency of ZVI-SPC under various
operational conditions (pH, ZVI initial amount, SPC dosage), the effect
of water constituents (anions and humic acids), and the role of reactive
species. Results from ZVI-SPC were compared against those of ZVI-H;0,
in analogous conditions. This research contributes to the growing body
of knowledge surrounding sustainable and practical AOPs, and proposes
a potentially viable solution for removing persistent organic pollutants
in water resources.

2. Materials and methods
2.1. Reagents

ZVI (iron powder, 325 mesh, Sigma-Aldrich) or FeSO4-7 H20 (Sigma
Aldrich) were used as the main iron sources for the experiments. SPC
(13-14 % active oxygen, Thermo Scientific Chemicals) or HyO3 (33 % v,
vs VWR) were used as oxidants. The model pollutant was phenol
(Merck). NaOH (Merck) and HySO4 (95 %, VWR Chemicals) 0.1 M were
used for pH adjustment. To explore the effect of anions, NaClO4, NaCl,
NaNOs, NaHCO3, NaH,PO4-H>0, and NaySO4 were used (provided by
Merck in all cases). The effect of dissolved organic matter was assessed
by employing humic acid sodium salt (Sigma Aldrich). As reactive spe-
cies scavengers, p-benzoquinone (p-BQ, Sigma Aldrich), isopropanol
(IPA, Sigma Aldrich), furfuryl alcohol (FFA, Sigma Aldrich), dimethyl
sulfoxide (DMSO, Sigma Aldrich) and 3,4-dichloroaniline (DCA, 98 %,
Sigma Aldrich) were used. Finally, reagents mostly employed for
analytical measurements were: methanol (UHPLC grade, VWR Chem-
icals), H3PO4 85 % (VWR Chemicals), NaySOs3 (Sigma Aldrich), ascorbic
acid (Carlo Erba), acetic acid (glacial, Sigma Aldrich), sodium acetate
(Sigma Aldrich), catalase (lyophilized powder, 2000 — 5000 units mg’l,
Merck), o-phenanthroline (Carlo Erba), and sodium metavanadate
(Sigma Aldrich).

All the solutions were prepared using Milli-Q® water (< 5 ppb of
total organic carbon, and resistivity > 18.2 MQ cm). When needed, stock
solutions were stored at 4 °C for a maximum of 1 month. In all cases,
reagents of > 98 % purity were employed for this work.
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2.2. Model contaminant degradation experiments

Degradations of phenol 5-50 pM were performed in an open batch
reactor (total volume 100 mL), containing 1 mM of SPC (equivalent to
1.5 mM of H503) or 1.5 mM of Hy05. Shortly after adjusting the pH to
3.0 - 5.0 (employing HoSO4 0.1 M), reactions started upon addition of
ZVI (5 mg L™Y). In all cases, the pH adjustment and subsequent ZVI
addition were performed in less than 2 min to avoid significant loss of
inorganic carbon (IC) as CO2(g). The working conditions were chosen
based on preliminary experiments, according to the Design of Experi-
ments (DOE) shown in the Supporting Information (see Figures S1 and
S2). The obtained conditions are comparable to those employed in
similar works that used homogeneous or heterogeneous Fenton re-
actions [23-26]. As shown in Figure S1a, the use of pH 7.0 was avoided
because the required amounts of ZVI and SPC for the process to be
efficient were excessively high (>15 g L ™! and ca. 15 mM, respectively),
without practical sense for the target application. ZVI activation (elim-
ination of oxide passive layer) through sonication as well as acid
washings (with HySO4 0.1 M) [4] only slightly improved the perfor-
mance of ZVI-SPC at neutral pH, so these activation pre-treatments were
also discarded.

When needed, anions (Cl, SO%’, HCO3, HyPO; and NO3) were
added in 1 mM concentration. The effect of dissolved organic matter was
studied by addition of humic acids sodium salts in concentration of
10 mg L™ (dissolved organic carbon ~ 5 mg L™?). In all cases, samples
were collected at predetermined time intervals. For adsorption controls
(phenol removal by ZVI alone), neither SPC nor HyO, were added, and
the contribution of in situ Fenton (R6) was minimized by addition of
catalase.

Samples were filtered after collection (0.45 pm pore size, filter
membranes made of hydrophilic PTFE, VWR) and, when monitoring
phenol degradation, the reaction was stopped by adding a methanol
excess (20 % vy,y, an amount we verified completely hinders phenol
oxidation in the working conditions).

When needed, to measure the IC trend at the different studied pH, the
reaction was stopped by adding NaOH in excess (final pH of approxi-
mately 9) to hinder the COx(g) loss and quench the Fenton reaction.

2.3. Reactive species scavenging experiments

Concentrations of 10-100 pM of selective quenching agents (these
values were between 2 and 20 times higher than that of phenol) were
employed to tentatively observe the predominant role of a specific
reactive species. Accordingly, HO® was quenched by the addition of IPA
(k(IPA/HO®) = 1.9 x 10° M~! s71), Fe0O** by DMSO (k(DMSO,/Fe(IV))
=1.3 x 10° M~ ! s71), 10, by FFA (k(FFA/'02) = 1.2 x 108 M1 s7]),
HOS$ by p-BQ (k(p-BQ/HO3%) = 9.5 x 103 M~ s™1), and CO3$~ by DCA (k
(DCA/CO37) =5 x 108 M! s’l) [27-31]. However, one must bear in
mind that although these species are denoted as selective, they also react
with the other generated ROS [32]. For instance, regarding the reac-
tivity with HO®, k(DMSO/HO®) = 7 x 10° M~! s7!, k(FFA/HO")
=1.5x 10" M 57!, and k(DCA/HO®) = 1.3 x 10" M1 s71.

2.4. Analytical measurements

Phenol removal was monitored by HPLC (VWR Hitachi Chromaster,
equipped with a DAD detector operated at 220 nm) using a C18 column
(12.5 cm x 4 mm, 5 pm) in isocratic mode, with 20 % methanol and
80 % H3PO4 4.8 mM as mobile phase, at a flow rate of 1 mL min~!. The
IC determinations were carried out with a Shimadzu TOC-V CSH Total
Organic Carbon Analyzer. The same instrument was employed to mea-
sure the mineralization of phenol (total organic carbon -TOC- decay
over time) by the studied processes.

Dissolved iron and H2O; concentrations were measured by spectro-
photometric methods employed in previous works [33], using a Shi-
madzu UV-2600i UV-vis spectrophotometer. Fe(II) and Fe(total) were
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determined by the ISO 6332:1988 method, employing acetic acid/-
acetate buffer, o-phenanthroline, and (only for total Fe) an ascorbic acid
excess to reduce Fe(Ill) into Fe(II). The resulting absorbance of the
o-phenanthroline-Fe(II) complex was measured at 510 nm. For the H,O5
analysis, the sodium metavanadate method was employed, measuring
the generated VO3* at 450 nm.

3. Results and discussion
3.1. Role of pH

As shown in Fig. 1, phenol removal by ZVI-SPC followed an expected
trend: the fastest removal rates were obtained at pH 3.0 (>99 % removal
in 15 min) followed by pH 4.0 (>99 % in 30 min), while removal was
almost negligible at pH 5.0 (< 10 % in 60 min), in line with other works
[20,34,35]. An analogous trend was observed for the H;O2 consump-
tion: a 30 % Hy0, concentration decay in 60 min was observed when
performing the experiment at pH 3.0, while the HyO, decay was just
10 % and < 1 % in the same time at pH 4.0 and 5.0, respectively (see the
results in Figure S3a).

A small pH increase was observed in all cases, due to the consump-
tion of H'. The ApH value was lower than 0.2 units in 1 h of treatment
when employing an initial pH of 3.0 or 4.0, whereas it was of 0.65 units
in the same time when employing pH 5.0 (see Figure S4), where the
buffer capacity of the solution is lower [7].

As reported in several works, the corrosion of ZVI is detrimental for
its reactivity towards target compounds [7,36-38], but the related issues
may be more complex than just that. On the one hand, the passive layer
of iron oxides must be removed to expose the Fe’ core. On the other
hand, although the ZVI-H;05 process is sometimes included within the
category of heterogeneous Fenton (because it employs a solid material),
the pollutant oxidation is also affected by the homogeneous contribution
(i.e., the release of Fe(Il) in solution). Therefore, better pollutant
abatement is obtained at pH 3-4 than in circumneutral conditions
because of the faster corrosion rates and lower precipitation of ferric
(oxy)hydroxides at the lower pH values [8]. In agreement with these
arguments, a fast Fe(II) release within the first 5 min was observed at pH
3.0, with subsequent oxidation of Fe(II) into Fe(Ill) that reached a
concentration of ca. 45 pM in 60 min (see Figure S5). At pH 4.0, both Fe
(II) and Fe(III) followed a similar trend and reached around 5 pM con-
centration each after 60 min of reaction. In contrast, at pH 5.0 the final
concentration of total iron in solution was very low (ca. 0.3 pM in

=  4-
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c —=—pH 3.0 (SPC)
o —e—pH 4.0 (SPC)
i 24 —&—pH 5.0 (SPC)
— —0—pH 3.0 (H,0,)
14 —O—pH 4.0 (H,0,)
—A—pH 5.0 (H,0,)
0 L} L} T L} L) T
0 10 20 30 40 50 60
Time (min)

Fig. 1. Phenol degradation kinetics by ZVI-SPC and ZVI-H,0, at the different
studied pH values. Conditions: ZVI amount, 5 mg L%, [SPClo = 1 mM, [Hz0,]0
= 1.5 mM, and [phenol]y = 5 pM.
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60 min), due to the scarce ZVI corrosion and parallel fast precipitation of
Fe(I1ID).

Phenol adsorption on ZVI (although negligible to very low in all the
cases) was also higher when decreasing the initial pH value (see
Figure S6a). This difference could be attributed to a plausible phenol
oxidation by the in situ Fenton reaction (R6). Therefore, the adsorption
experiments were also performed in the presence of a catalase excess to
discard the contribution of R6 (see Figure S6b). Since no significant
differences were observed with or without catalase, the slight difference
obtained in the adsorption kinetics at pH 3.0 compared to pH 4.0 — 5.0
might be related to a change in the surface charge of ZVI and/or the
presence of iron oxides that reduce the phenol adsorption affinity [38].

3.2. Effect of inorganic carbon (IC) on ZVI-SPC

The IC can reduce the efficiency of Fenton reactions due to the HO®
scavenging by HCO3, which is far from negligible (k(HCOs /HO®) =
8.5 x 10° M~ ! s7! [28]). The scavenging of HO® by CO>* (i.e., CO2(aq)
and the unstable species HoCO3) can be omitted as it is significantly
slower (k(COz2*/HO®) = 7 x 10° M 15! [39]). Based on these issues,
one might expect the ZVI-SPC system to be less efficient than ZVI-H0,.
Indeed, studies comparing Fenton treatments with iron salts (e.g., Fe(Il,
III)-SPC vs. Fe(Il, III)-H205) typically show that SPC leads to lower
pollutant degradation rates [35]. However, when comparing ZVI-SPC
with ZVI-H30, (under identical H,O5 molar concentrations, reminding
that 1 mM SPC is equivalent to 1.5 mM H50,), the obtained phenol
degradation at pH 4.0 was faster with ZVI-SPC than with ZVI-H,05 (see
Fig. 1). No significant differences were observed at the other tested pH
values, and similar trends were found for HyOy consumption (see
Figure S3b). These findings align with previous research, which suggests
that under acidic conditions (pH 4.0) the IC — present mainly as CO2*
rather than as HCO3 — may actually enhance ZVI corrosion and thus
improve the degradation reaction [7,12]. While the exact process by
which IC accelerates the corrosion of ZVI is not fully understood, it is
believed that surface-adsorbed IC and the formation of Fe(I)-(hy-
drogen)carbonate complexes (e.g., FeHCO3, Fe(CO3)(OH)™, and Fe
(CO3)§’) are the main reasons of the aforementioned corrosion
enhancement [40-42].

Hereafter we used pH 4.0 for the experiments, because these inter-
mediate conditions allow for a differentiation between ZVI-SPC and ZVI-
H»0,. Moreover, our previous research has shown that pH 4.0 allows for
ZVI-H,0, to be operated in very reasonable conditions as far as reagent
(ZVI and H,03) economy, degradation performance, and even inacti-
vation of bacteria (a welcome side effect of operating into oxidative
acidic conditions) are concerned [43]. The lack of an IC effect at pH 3.0
could be explained by the fact that the contribution of H' to ZVI
corrosion could be considerably more important than that provided by
CO>* in the same conditions. Moreover, the IC concentration would be
low at pH 3.0 due to fast loss of COzg) (see Figure S7). At the opposite
side of the tested pH range, ZVI corrosion at pH 5.0 was probably low
enough that the effect of the water matrix became negligible.

3.2.1. Effect of HCO3 initial concentration

To gain further insights into the role of IC, the degradation of phenol
by the ZVI-H,05 process was studied in the presence of different initial
HCO3 concentrations at pH 4.0. As shown in Fig. 2a, faster phenol
abatements were observed in 30 min when increasing the HCO3 con-
centration up to 1 mM, going from 15 % phenol removal without HCO3
till 98 % removal with 1 mM of initial HCO3, which supports the above
discussion. Actually, no significant differences were observed between
phenol removal with ZVI-SPC, and with ZVI-H20; in presence of 1 mM
of initial HCO3.

Noteworthy, when employing initial concentrations of HCO3 above
1 mM, a hindering effect was observed (e.g., 80 % and 65 % phenol
degradation in 30 min when the matrix contained 2.5 and 5 mM of
initial HCO3, respectively). A similar trend was obtained for the



N. Loukoutos et al.

a 10.0
1001

)
< ° 75
I ['C =
g 0\ =
(] ° :
£ =
e 50 ®
_ [e)
[<] ") =
S - )
] -a- Phenol oxidation 55 L
f -o- Released iron :

L) L} L) L) L OO

1 2 3 4 5

[HCO(] (mM)

—e— ZVI-SPC (T = 20 - 30 °C)
—O—2ZVI-H,0, (T =20 - 30 °C)
—@—2VI-SPC (T = 50 °C)
—0—2VI-H,0, (T = 50 °C)

272

T
b4

[Phenol] (M)

0 10 20 30 40 50 60
Time (min)

Fig. 2. Role of inorganic carbon (experiments carried out at pHy = 4.0): a)
phenol removal percentage and total dissolved iron concentration after 30 min
in the ZVI-H,0, process, carried out in water matrices containing increasing
HCO3 concentrations, and b) phenol degradation by ZVI-SPC and ZVI-H,0,
processes at room temperature (20 — 30°C) and in a thermostatic bath at 50°C.
Conditions: ZVI amount, 5 mg L7}, [SPClo =1 mM, [Hy05]o = 1.5 mM, and
[phenol]y = 5 pM.

dissolved iron concentrations, which reached a maximum (ca. 10 uM of
Fe(total) in 30 min) when performing the experiments in the presence of
1 mM HCOj3. These results are in line with the observations reported in
other works, where it has been suggested that although the IC notably
accelerates the corrosion of ZVI at acidic pH, an excess could lead to the
formation of a FeCOs( passivation layer [40]. Such an event could
account for the observed phenol degradation rates and the dissolved iron
levels, as a function of the IC concentration.

3.2.2. Effect of temperature

The role of IC was further verified by performing the ZVI-SPC and
ZVI-H,0, experiments at 50°C, placing the open batch reactor within a
crystallizer with water at the desired temperature (results shown in
Fig. 2b). With respect to the experiments performed at room tempera-
ture (20 — 30°C), the phenol abatement rate was accelerated by a factor
of 3.5 for ZVI-Hy05 (Kops was 5 x 103 min~! at room temperature, and
1.8 x 10 2 min! at 50°C), an expected result due to the effect of this
variable on chemical reaction kinetics. However, for ZVI-SPC, the tem-
perature effect was considerably lower and comparable trends were
obtained at 25°C and at 50°C. This issue is related to two counterpro-
ductive effects: the faster COy(g) loss at high temperature (see the IC
trend at 50°C in Figure S7), and the faster phenol degradation at higher
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temperatures by ZVI-Hy0,. Therefore, the ZVI-SPC and ZVI-H,0; per-
formances should converge with increasing temperature. In agreement
with the lower CO5* concentrations, lower quantities of total dissolved
iron were obtained at 50°C by ZVI-SPC (5 pM, that is, one half compared
to the experiment at room temperature). Regarding the H,O5 con-
sumption, it did not differ significantly to the trends shown in Figure S3,
in agreement with the fact that it was in excess.

3.3. Effect of water constituents

To assess the performance of the optimized ZVI-SPC system under
realistic water matrix conditions, we investigated the impact of four
common anions, Cl~, SO, NO3, and HoPO7 (the effect of IC — HCO3 —
was discussed in the previous section) and of humic acids. Each anion
was first introduced at 1 mM concentration, whereas the loading of
humic acids was 10 mg L 2.

As shown in Fig. 3, HoPO4 produced the greatest hindering effect on
ZVI-SPC, compared to the other water constituents. In the presence of
1 mM H,POg, we only observed 20 % phenol degradation in 30 min
compared to > 99 % in the absence of added anions (“ultra-pure
water”). This behavior is likely attributed to the fact that Fe(III) forms
insoluble compounds with phosphates [44], which decrease the avail-
able dissolved iron in solution. In fact, the dissolved Fe(total) concen-
tration after 60 min of treatment in the presence of 1 mM HyPO4 was

a s —a Ultra-pure water —w—NO,
-o-CI . —e-H,PO,
51 —4- S0, —4¢ Humic acids

[Phenol] (uM)

o ' T v T T T v T T T v
0 5 10 15 20 25 30
Time (min)

14
b
12-
s 10-
=
= 84
s
o 61
=
()
4
24

SO*

Ultra-pure H PO cr

water 2 4 4

NO_~ Humic acid
3

Fig. 3. Effect of water constituents on the ZVI-SPC performance: a) phenol
degradation kinetics, and b) measured total dissolved iron at the end of the
process (30 min). Conditions: pHy = 4.0; ZVI amount, 5 mg L%, [SPClo
=1 mM, [anions] = 1 mM, [humic acid] = 10 mg L, [phenol]p = 5 pM.
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3 pM, which was over 3 times less than without phosphate. The anion
HyPO4 would thus be able to hinder the Fenton process, as reported
elsewhere [45,46].

The other anions, Cl, SO%’, and NOg, produced a certain degree of
inhibition on the degradation of phenol, but with no significant differ-
ences between them on either phenol removal or ZVI corrosion. Except
for Cl~, which produces a certain degree of quenching of HO® under
acidic conditions and forms complexes with Fe(IIl), both SO%’ and NO3
are practically inert (however, some NO3 might be reduced by Fe® into
NOz, which is a strong HO® scavenger) [47-49]. These results suggest
that, rather than the identity of the anion, the increased ionic strength
might affect the contaminant abatement rates. To verify this hypothesis,
experiments with increasing ClO4 concentrations were carried out. ClO4
has well-known negligible reactivity with ROS and does not have a
relevant coordination chemistry with iron ions; hence, it is typically
employed in Fenton reactions as inert species [50,51]. As expected,
phenol removal slightly decreased with increasing ionic strength (see
Figure S8). An increase in ionic strength modifies the surface charge and
consequently the stability of the ZVI (and formed iron oxides) colloid,
modifying of the degradation kinetics as reported in other works
[52-54], which might explain the obtained results. Nevertheless, in
none of the three cases (Cl-, SO%’, or NO3), the obtained hindering
effect was particularly relevant, in keeping with other works [12,15].

Finally, the effect of 10 mg L™ humic acids towards both phenol
removal and ZVI corrosion was negligible. Although humic acids can
scavenge reactive species, they can also chelate Fe(III) ions and increase
their solubility, as well as accelerate Fe(Ill) reduction due to their
phenolic moieties [55,56]. These competing effects could thus
compensate for each other, explaining the observed no-effect behavior.

3.4. Main reactive species involved in the ZVI-SPC process

Mechanistic understanding is critical for predicting system perfor-
mance under varying conditions and to assess the adaptability of the
system to real-world matrices. Firstly, each scavenger, DMSO, FFA, IPA,
and p-BQ, was spiked together with 5 pM phenol at a concentration of
either 10 or 100 pM. As shown in Fig. 4a, DMSO was the scavenger
producing the strongest inhibition: the pseudo-first order kinetic rate
constant of phenol degradation (kops) was reduced by 80 % when
employing DMSO 10 pM and by > 90 % when using DMSO 100 pM,
compared to the runs carried out in the absence of the scavengers. FFA
produced a comparable hindering effect as DMSO (75 % when
employing 10 pM FFA, and 88 % when increasing its concentration to
100 pM), followed by IPA (40 % and 75 % kops reduction when
employing 10 and 100 pM IPA, respectively) and by p-BQ (with negli-
gible effects). These results suggest that FeO**, 105, and HO® could be
the main reactive species responsible for the degradation of phenol in
the ZVI-SPC process, whereas HO3 should mostly react with Fe(II) and Fe
(III) ions rather than with the model pollutant [45,57].

However, as previously mentioned, FFA also has a high bimolecular
rate constant with HO®, which is ca. 10 times higher than that of IPA (see
Section 2.3) [28]. Indeed, no significant differences were observed
when comparing the inhibition produced by IPA 100 uM and by FFA
10 pM, suggesting that FFA in our system would mainly act as HO®
scavenger. This is coherent with other works stating that 'O, is not
significantly formed in dark Fenton processes [58], or that its overall
contribution in ZVI-SPC processes is negligible compared to other ROS
[15], especially towards phenol, which has a low second order kinetic
constant with singlet oxygen, especially in acidic condition [59].

Within the same line of reasoning as for FFA, DMSO has a 3.7-times
higher bimolecular rate constant with HO® compared to IPA [28].
However, even 10 uM of DMSO produced a slightly higher quenching
effect compared to 100 uM of IPA. As previously mentioned, DMSO is
typically used as a FeO*" quencher, but FeO?" is known to be relevant in
Fenton systems at pH > 5 [60]. A plausible explanation to the observed
quenching is that DMSO could react with another reactive species, CO3~
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Fig. 4. Effect of selective scavengers on the fate of phenol by the ZVI-SPC
process at initial pH 4.0 (ZVI amount 5mgL~!, [phenol]l, = 5pM): a)
pseudo-first order kinetic rate constant of phenol in the absence of scavengers
(kobs), compared to that obtained with the addition of dimethyl sulfoxide
(DMSO), furfuryl alcohol (FFA), isopropyl alcohol (IPA), and p-benzoquinone
(p-BQ), each at an initial concentration of 10 or 100 pM, respectively (Kobs'); b)
normalized degradation of phenol in the absence of scavengers and in the
presence of IPA 100 uM or 3,4-dichloroaniline (DCA) 14.7 pM.

(vide infra) [61], but this hypothesis was discarded when observing that
DMSO also hindered the ZVI-H;02 process considerably more than IPA
and FFA (see Figure S9a). Therefore, the scavenging effect of DMSO on
the ZVI-SPC and ZVI-H50, processes could be related to: i) the formed
oxidation products (e.g., methanol and formaldehyde), which also have
high reactivities with HO® [61], or ii) the fact that FeO2* contributes to
phenol oxidation, in spite of the acidic conditions, as recently reported
in other works [62,63].

Finally, the ZVI-SPC system should also lead to the formation of
CO3", as widely reported [10,12,15]. To verify the formation and
reactivity of CO3~, analogous tests were performed in the presence of
DCA 14.7 pM as selective CO3~ scavenger [30]. These conditions were
chosen based on the reactivity of DCA with HO® and CO3": since DCA
reacts with HO® 6.8 times faster than IPA (see Section 2.3), [DCA]y was
reduced by the same factor compared to [IPA],. As shown in Fig. 4b,
14.7 pM DCA produced a slightly higher scavenging effect than 100 pM
IPA, confirming that CO3~ would play a secondary but non-negligible
role in phenol degradation. This effect was also observed in the
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ZVI-H205-HCO3 process (see Figure S9b), in agreement with the results
obtained in the previous sections. For further clarity, to summarize the
results discussed above, together with those from Section 3.2, a scheme
illustrating the reactions involved in the ZVI-Hy05 and ZVI-SPC (or
ZVI-H50,-HCO3) systems is presented in Fig. 5.

3.5. Phenol consecutive additions and process mineralization
performance

Since the ZVI addition started the reaction once the SPC system was
adjusted at the desired pH (see Section 2.2), and due to the utterly low
quantities of ZVI employed (5 mg L™1), the ZVI reuse was evaluated by
phenol consecutive additions instead of catalyst separation and reuse. As
shown in Fig. 6a, except for pH 5.0 where the removal of phenol was
always negligible, at pH 3.0 and 4.0 the performance of the AOP
decreased with each cycle, in agreement with the fact that: i) the ZVI
corrosion was equivalent to 70 % in 1 h at pH 3.0 and to 10 % in the
same period at pH 4.0 (calculations were based on the obtained corro-
sion trends reported in Figure S5), ii) there is an accumulation of by-
products in the reaction system (vide infra), and iii) there is loss of
COq(g) over time, which would hinder the ZVI corrosion in different
cycles.

The ZVI-SPC system was also tested towards 50 pM of phenol (a
concentration which was 10 times higher than that employed along the
work, allowing for more accurate measurement of TOC decay). As
shown in Fig. 6b, comparable degradation trends were obtained as those
with lower phenol concentration (see Fig. 1), thereby suggesting that the
employed operational conditions (ZVI 5 mg L™ and SPC 1 mM) allow
for the efficient decontamination of water containing higher pollutant
concentrations. Nevertheless, the TOC results indicated that only at pH
3.0 some phenol was mineralized (TOC decay of 33 % in 1 h), miner-
alization being negligible at higher pH values. This observation indicates
that oxidation by-products remain in the solution after the treatment, in
line with the typical mineralization performance of dark-Fenton re-
actions (in homogeneous or heterogeneous systems), which require the
use of light or current to increase the TOC decay rates [64,65].

4. Conclusions

This study explored the oxidative degradation of phenol using a
Fenton-like system composed of ZVI and SPC, aiming to establish an
effective and practical treatment strategy under environmentally rele-
vant conditions. Experiments showed that CO,* and HCO3 considerably
promoted the corrosion of ZVI, which would account for the better
performance of ZVI-SPC when compared with its counterpart, ZVI-Hy04
under certain conditions (pH = 4.0 and room temperature). In these
circumstances, the CO2* concentration was higher than under strongly

Fe2*
H202
OH-+HO*
Fed®*

HCOy
H‘| lOH'

H* +HO,"
H202

CO,"+H,0
2 H*
> H,0,+ 2 H*
Fe2* + Hag
%0, ¢ H Fe2"+2H,0
Iron oxides
¥ H,0
Fe3*

Coz* 2.
FeCOgy, + Fe(ll)-CO4* complexes

Fig. 5. Reaction scheme summarizing the main processes occurring in the
ZVI-Hz0: and ZVI-SPC systems; in the latter, reactions highlighted in blue also
take place. CO2* denotes COx(aq) and HpCOs.
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Fig. 6. Performance of ZVI-SPC with higher pollutant concentrations: a) phenol
5 uM consecutive additions every 60 min, and b) initial 50 pM phenol con-
centration. Conditions: ZVI amount, 5mgL~", [SPC], =1 mM, initial pH
adjusted to 3.0 — 5.0 with H,SO4 0.1 M.

acidic conditions and/or at elevated temperatures. These results suggest
that SPC has a dual function: an oxidant supplier, and an indirect acti-
vator of ZVI.

Regarding the interferences by water constituents, except for HoPO4
that interacts with dissolved iron ions, the ZVI-SPC system demonstrated
to be robust in the presence of other common anions or dissolved organic
matter. This finding is in line with the generated reactive species, where
(besides HO® that is easily scavenged by dissolved organic matter) it was
hypothesized the plausible role of a more selective reactive species,
CO3". Nevertheless, results demonstrated that HO® is the predominant
reactive species for the ZVI-SPC process (or ZVI-H,0; in the presence of
HCO3). On the other hand, the experiments with DMSO as selective
scavenger suggested that FeO?' also contributed to the pollutant
abatement. However, further experiments are required to obtain solid
conclusions about the participation of FeO?>' in the degradation
reactions.

Future works should explore the effect of ZVI particle sizes on the
heterogeneous Fenton reaction with SPC, as well as an optimization and
cost analysis of the ZVI-SPC process on real wastewater to evaluate its
potential application at large scale.
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