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The removal of four pharmaceuticals and personal care products (PPCPs), namely diethyltoluamide (DEET),
paracetamol (PAR), caffeine (CAF) and triclosan (TCS) (at a spiked concentration of 25 pg/L), from natural water
using the photo (UVC)-Fenton (powdered zero-valent iron, pZVI) process was investigated. The results show that
a molar ratio of HoO2/pZVI of 2.0, pZVI concentration of 22.4 mg/L and pH of 3.0 maximised the removal of the
target compounds at 71.1%, 100%, 64.2% and 87.1%, for DEET, PAR, CAF and TCS, respectively, after 30 min in
Fenton (pZVI) process. When this process was coupled with UVC radiation, 29.6%, 80.3%, 3.1% and 88.4% of
DEET, PAR, CAF and TCS, respectively, were removed within the first minute, and 99.0%, 100%, 99.5% and
100%, respectively, were removed after 30 min. The pseudo first-order kinetic model best fitted the degradation
data of DEET, PAR and CAF (1-20 min); and because 80% of TCS and PAR degraded within the first minutes, it is
suggested to explore the kinetics during the initial period. Characterisations of pZVI after the photo-Fenton
(pZVI) process indicated the corrosion of the surface of iron powder and the presence of iron oxides and iron
hydroxides. Lower removals of nitrate (35-50%), phosphate (<35%) and total organic carbon (TOC, <18%) were
observed, which may be attributed to the small Hy05/pZVI dosage used. Results of this investigation show that
the photo-Fenton (pZVI) process has potential for efficient and cost-effective removal of PPCPs.

sand filtration, membrane filtration and others, but these treatments
vary greatly in their effectiveness in removing PPCP compounds

1. Introduction

In recent years, the problem of environmental contamination by
pharmaceuticals and personal care products (PPCPs) has caused
increasing concern worldwide [1,2]. These emerging contaminants have
been detected in wastewater, natural water, groundwater, soil, biosolids
and other biotopes [3-7]. PPCPs in the environment may pose risks (e.g.,
toxicity) to human and other creatures and heighten corresponding
problems, such as the occurrence of antibiotic resistance genes (ARGs)
[8]. Hence, elimination of PPCPs from the environment is a pressing
concern for environmental researchers and engineers. Wastewater
treatment plants (WWTPs) are considered to be the main sources of
PPCPs in the environment [9]. Untreated PPCP compounds from
WWTPs enter the environment with the effluent discharged. Various
treatment techniques for PPCP removal have been studied, including
conventional activated sludge, coagulation, constructed wetland, slow
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[4,10-13].

The Fenton reaction, an advanced oxidation process (AOP), was
discovered in 1894 by H.J.H. Fenton, who found that tartaric acid could
be oxidised by hydrogen peroxide activated by ferrous (Fe?™) salts [14].
The Fenton reaction is a homogenous process. During this reaction, the
HO- radicals produced are a strong oxidising species that are responsible
for the oxidation process (Eq. (1)) [15-17].

Fe** + H,0,—Fe*" + HO- + HO™ (@)

For treating contaminants, the HO- radicals produced by the Fenton
reaction oxidise pollutants into small-molecule compounds and further
into carbon dioxide, water and other inorganics [18]. The Fenton pro-
cess has been proven to be effective in treating water to remove PPCPs
[19,20], and the combination of the Fenton process with photolysis
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(photo-Fenton) has been reported to enhance the removal efficiency
[21-25]. Although proven to be effective, the homogenous Fenton re-
action is considered to have some inevitable drawbacks, such as the
requirement for large amounts of Fe* jons (usually from FeSOy), the
need for further treatment of iron ions and sludge, and the acidification
of effluents before decontamination [26-29].

In recent years, zero-valent iron (ZVI) has been employed to induce
Fenton oxidation, and application of ZVI-Fenton for PPCP degradation
has been reported in few studies [27,30,31]. Unlike the traditional
Fenton process, the ZVI-Fenton reaction process is heterogeneous [32].
During this process, ZVI is corroded and produces Fe?* ions under the
presence of HyO5 and H. The Fe?* react with HyO5 to produce reactive
oxygen species (ROS), such as HO- radicals, which can degrade PPCP
contaminants (Egs. (2)-(4)) [31,33,34]. Apart from these main re-
actions, the corrosion of the ZVI surface in water may also occur under
aerobic and/or acidic conditions [35,36].

Fe’ + H,0, 4+ 2H" »Fe** 4+ 2H,0 2
Fe** + H,0,—Fe*t + HO- + HO™ 3)
2Fe*" 4 Fe'—3Fe** 4

Unlike in the conventional Fenton process, both reductive and
oxidative reactions can be initiated by the electron transfer on the ZVI
surface, making the ZVI-Fenton reaction process more versatile [37]. In
addition, recycling of ferric (Fe>) iron into Fe?t species at the iron
surface can also take place as described by Eq. (4) [27]. Other advan-
tages of the ZVI-Fenton process include the production of much less
residue and the relatively lower cost compared to the use of ferrous salts,
and the recycling and reuse property of ZVI particles [31,38-40].

In recent years, the photo-Fenton (ZVI) process has been investigated
to enhance the effectiveness and efficiency of the ZVI-Fenton technique.
Ultraviolet (UV) light is typically used for this purpose. Under UV light,
the following reactions take place:

Fe(OH)*" + hv—Fe*" +HO-; A < 580 nm (5)

H,0; + hv—2HO-; A < 310 nm 6)

Under UV radiation, photolysis of Fe>* cations derived as described
by Eq. (3) in acidic media yields Fe®" cations (Eq. (5)), HO- radicals are
generated, and regenerated Fe?' cations can react with hydrogen
peroxide again (Eq. (3)) [33]. In addition, under radiation at a wave-
length of 310 nm, photolysis of hydrogen peroxide into HO- radicals can
also occur (Eq. (6)) [16]. Although the overall rates of regeneration and
the efficiency of the process described by Eq. (5) are low under radiation
[15], additional HO- radicals can be produced, which increases the rate
of oxidation.

Nanoparticle zero-valent iron (nZVI) has been employed in some
studies using photo-Fenton (ZVI) reaction [28,33,34,41]. However,
apart from the high operational costs involved [42], the use of nano-iron
particles may also create recycling and after-treatment problems, since
filtration of these nanoparticles is difficult [43]. Compared with
nano-iron particles, iron powder is cheaper and easier to produce and
handle, which makes it a promising alternative. In addition, iron powder
was also reported to have good recycling and reuse ability [40]. How-
ever, studies in which powdered zero-valent iron (pZVI) has been used in
the photo-Fenton reaction have typically focused more on removal of
traditional pollutants, such as solvent and nutrients [38,40,44-48]. To
the best of our knowledge, pZVI has rarely been used in the photo-
Fenton process to remove PPCPs, and no studies have been published
on the use of this technique to treat DEET, PAR, CAF or TCS, which are
widely detected in the environment and reported to pose potential eco-
risks [1,6,49,50]. Therefore, the aim of this work was to optimise the
Fenton (pZVI) process parameters for the removal of DEET, PAR, CAF
and TCS from natural water. In addition, the removal and degradation
kinetic trends during the UVC-Fenton (pZVI) process and the
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characteristics of iron powder before and after reaction were examined,
using field emission scanning electron microscopy (FESEM) and X-ray
photoelectron spectroscopy (XPS).

2. Materials and methods
2.1. Chemicals and materials

Standards and chemicals of DEET, PAR, CAF and TCS were pur-
chased from Sigma-Aldrich (UK). The properties of the four compounds
are shown in Table S1 (Appendix A). Methanol and acetonitrile (HPLC
grade) were purchased from Fisher Scientific (UK). A stock solution of 1
mg/mL mixed target compounds prepared in methanol was stored at
—20 °C and added to natural water to reach a spiked concentration of 25
pg/L throughout the experiment. pZVI (>99.5%, 5-9 pm) and a
hydrogen peroxide solution (50% wt%) were purchased from Sigma-
Aldrich (UK) and Fisher Scientific (UK), respectively. pZVI was not
submitted to any treatment prior to the experiments. The surface area of
pZVI is 0.2988 m?/g, determined by Brunauer-Emmett-Teller (BET,
Quantachrome autosorb-iQ2, USA). A working hydrogen peroxide so-
lution was prepared by diluting the stock solution using ultrapure water
(Ondeo Purite IS, UK). In this work, natural water was collected from the
Regent's Park Lake, London, UK, which had an average turbidity <2
NTU, a conductivity around 1800 pS/cm, a pH in the range of 7.3 to 7.6
and a TOC concentration of 12.90 £+ 0.32 mg/L. The initial concentra-
tions of DEET, CAF and TCS were 1.85 + 0.14 pg/L, 0.15 + 0.10 pg/L
and 1.32 £ 0.22 pg/L; the concentration of PAR was not detected. Before
the experiment, the natural water was filtered through a 0.22-pm cel-
lulose acetate membrane (Whatman, UK).

2.2. Experimental design and procedure

The experiment consisted of the Fenton (pZVI), photo-Fenton (pZVI)
and control tests. Fenton (pZVI) tests comprised the optimisation of the
H302/pZVI molar ratio, H,O2/pZVI concentration and solution pH. The
Fenton (pZVI) test was conducted in batch mode using a shaker (IKA®
KS 260, UK) [48]. Samples of 500 mL of natural water at a pH of 3
(adjusted using HSO4 and NaOH in all experiments) [16] and spiked
with the target compounds were put into six 600-mL glass bottles and
shaken at 270 rpm to ensure thorough mixing. A room temperature of
approximately 25 °C was maintained. The shaking was started imme-
diately after pZVI and H204 were added to the water. The molar ratio
tests were conducted using H,O5/pZVI ratios of 0.5, 1.0, 1.5, 2.0, 2.5
and 3.0 and a pZVI concentration of 11.2 mg/L (0.2 mmol/L). The
concentration tests were conducted using pZVI concentrations of 2.8,
5.6, 11.2, 16.8, 22.4 and 44.8 mg/L and an Hy0y/pZVI molar ratio of
2.0. For the optimised molar ratio and dosage concentration, removal of
the target contaminants was explored with the water pH adjusted to 2.0,
3.0, 4.0, 5.0, 6.0 and 7.0. The reaction times were all 30 min. Control
tests involved monitoring the degradation of the target compounds
under only HyO, treatment in the dark, at molar concentrations of 0.2,
0.3, 0.4, 0.5 and 0.6 mmol/L.

A schematic representation of the photo-Fenton (pZVI) reactor is
shown in Fig. 1. The reactor was similar to the ones used in other photo-
Fenton (ZVI) studies [28,34] but air was used to cool the system to
maintain 25 °C room temperature instead of water. One 800-mL beaker
containing 600 mL of natural water at a pH of 3.0, spiked with the target
compounds and with the optimised amounts of pZVI and Hy05, was
placed in a sealed container made of lightproof plastic. One magnet
stirrer was placed at the bottom of the beaker, and a UVC light tube was
inserted vertically into the water. Air was pumped at 6.4 L/min into the
lower part of the container and flowed out from the upper part to
counteract the water temperature generated by the light tube. The
reactor was on a magnet stirring machine which stirred at a speed of 120
rpm. The UV lamp used was a UVC monochromatic low-pressure mer-
cury-vapour lamp (11 W, 240 V, 254-nm wavelength, 35 pmol m~2 s~}
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Fig. 1. Schematic representation of the UVC-Fenton (pZVI) reactor (a. PVC
plastic container; b. UVC light tube; c. beaker; d. magnet stirrer; e. magnet
stirring mixer; f. ventilation hole; g. air pump)

light density, Philips, Holland) [51]. The reaction times in the series of
photo-Fenton (pZVI) tests were 1, 3, 5, 10, 15, 20 and 30 min. For the
UVC control tests, the experimental solution placed in the beaker
without the addition of Fenton (pZVI) was treated under UVC light for 5,
15 and 30 min. All tests above were conducted in triplicates.

2.3. Degradation kinetics

The degradation kinetics of the four target PPCP compounds during
the UVC-Fenton (pZVI) process from natural water was modelled using
the following pseudo first-order (Eq. (7)) and second-order (Eq. (8))
kinetic models:

G
In(=L) = —k* 7
YZ(CU) 1t (@]

1 1
— —— =)kt 8
c ok (€))

where k; is the observed pseudo first-order rate constant (min~H) [52],
k, is the observed second-order rate constant (L/ pg-min_l) [53], C;isthe
concentration (pg/L) of an individual target compound at time t, and Cy
is the initial concentration (pg/L) of this compound.

To select the better model, apart from the coefficient of correlation
(Rz), the sum of the squared errors (SSE) and the Chi-squared statistic
(Xz) error functions were also employed [54-56].

SSE= (4 —q.); ©)
i=1
2 __ - (qL - (1(')2
C=> | — (10)
p 9e ;
where, g, and q. are, respectively, the experimental and calculated

target PPCP concentration (ug/L) at time t, and n is the number of
experimental data points.

2.4. Characterization of pZVI

After the photo-Fenton (pZVI) experiment, iron powder was
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collected in small vials and freeze-dried as soon as possible. The treated
iron powder was stored at —20 °C under nitrogen to interrupt the
oxidation process. The surface morphology of the pZVI before and after
the reaction was characterised using field emission scanning electron
microscopy (FESEM, secondary electron detector, accelerating voltage
at 20.00 kV, JEOL JSM-6700F, Japan). X-ray photoelectron spectros-
copy (XPS, pass energy at 50 eV, monochromatic Al Ka radiation and a
180° double focusing hemispherical analyzer with 128-channel detec-
tor, spectrometer Thermo Fisher K-alpha, UK) analysis of the pZVI was
performed to characterise its surface chemical composition after the
UVC-Fenton (pZVI) reaction. The CasaXPS 2.3.16 software (line shape
model: Gaussian-Lorentzian peak function) was used to determine the
spectra peaks and conduct the analysis.

2.5. Analytical methods

Solid-phase extraction (SPE) and gas chromatography-mass spec-
trometry (GC-MS), which are described in detail in our previous studies
[11,57]1, were used for extraction and quantification of the four target
compounds from the water. The total organic carbon (TOC) content was
determined using a Shimadzu TOC-L machine (UK). Nitrite, nitrate and
phosphate concentrations after the pZVI process were measured using
ion chromatography (IC, Dionex ICS 1100, US). Removal (%) of the
target PPCP compounds were calculated using Eq. (11):

C+C.—C

Removal (%) = c1cC

x 100% an

where C; (ug/L) is the initial concentration of a target compound from
natural water, C, is the added concentration (25 pg/L of each com-
pound) and Cy (ug/L) is the final concentration.

3. Results and discussion
3.1. Fenton (pZVI) process optimisation

The effects of the tested HyO2/pZVI molar ratios, HyO2/pZVI con-
centrations and pH values are shown in Fig. 2. As the HyO5/pZVI molar
ratio increased from 0.5 to 2.0, the removal of the four compounds
increased by approximately 30% on average (Fig. 2-A). At a molar ratio
of 2.0, the removals were 66.3%, 87.3%, 48.1% and 90.3% for DEET,
PAR, CAF and TCS, respectively. DEET is usually regarded as a more
recalcitrant compound than CAF in biological treatments [11,58].
However, the results here indicate that the HyOo/pZVI-Fenton process
may be a better choice for degrading DEET than for degrading CAF. As in
the case of the traditional HyO,/Fe®" process, for which the range of
reported optimal ratios is wide (2.5-20) [19,59], the reported range of
optimal Hy04/ZVI molar ratios for treating emerging contaminants and
other phenolic compounds is also wide (0.25-10) [31,52,60]. In the
present study, the optimal HyO2/pZVI molar ratio was found to be 2.0.
However, when the molar ratio was increased from 2.0 to 3.0, the
removal decreased slightly for all four compounds. This may be attrib-
uted to the scavenging effects of HyO, on HO- radicals and the formation
of radicals with lower oxidative potential (Egs. (12) and (13)) [15]:

H,0, + HO--HO,- +H,0 (12)

HO,- + HO-—»H,0 + 0, (13)

The scavenging process may consume the HO- radicals generated,
and because HOy- is less reactive, this may account for the decreased
removal observed. Furthermore, the inhibition of pZVI corrosion by high
concentration of H,O, may also cause the removal decline [26,31,61].
The results of the control tests using HyO only without light radiation
and pZVI are shown in Fig. S1 (Appendix A). Because of the oxidising
property of hydrogen peroxide, it is also used to treat refractory organic
substances in wastewater [62]. For various concentrations of hydrogen
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Fig. 2. Removal of DEET, PAR, CAF and TCS under various HyO»/pZVI molar
ratio, H,O»/pZVI concentration and sample pH (n = 3) (A. Different H,O,/pZVI
molar ratio. Target compounds concentration = 25 pg/L, pZVI concentration =
11.2 mg/L, pH = 3, 25 °C; B. Different H,O»/pZVI concentration. Target
compounds concentration = 25 pg/L, HyO»/pZVI molar ratio = 2.0, pH = 3,
25 °C; C. Different solution working pH. Target compounds concentration = 25
ng/L, HoO2/pZVI molar ratio = 2.0, pZVI concentration = 22.4 mg/L, 25 °C).

peroxide, no obvious differences in removal were observed, with
average removal of approximately 20% for both DEET and TCS and a
removal of approximately 60% for PAR. Removal of CAF was negligible,
indicating that CAF is difficult to degrade using H,O5. Compared to the
control tests, the HoOo/pZVI tests achieved higher removal, especially
for CAF (an increase from 10% to 50% when H,O, was combined with
pZVI) (Fig. 2), suggesting that HO- radicals generated during the Fenton
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(pZVI) process played a significant degradation role. However, the
removal of the four compounds did not increase linearly with the HoO»
dose. Since Hy0,/pZVI process is heterogenous, limited pZVI surface
sites and the inhibition of pZVI corrosion by high concentration of HyO4
may also restrict the overall performance when excessive HyO, was
added into the system, leading to inhibition of the oxidative trans-
formation pathways [31,63]. In addition, H,O, may also be involved in
other parallel reactions such as its self-decomposition [64] (Eq. (14)):

2H202—>02 + 2H20 (14)

The removal results for various HyO»/pZVI concentrations at a molar
ratio of 2.0 are shown in Fig. 2-B. As the concentration of spiked pZVI
increased from 2.8 to 44.8 mg/L (0.05 to 0.4 mmol/L), the removal of all
four compounds initially increased rapidly and then more slowly. This
phenomenon has also been reported by other researchers [26,41]. As the
PZVI concentration increased from 22.4 mg/L to 44.8 mg/L, the removal
increased by less than 3%. Apart from the HyO2/pZVI reaction, scav-
enging of HO- radicals by HyO5 (Eq. (12)) and decomposition of HyO4
(Eq. (14)) can also occur in the aqueous phase simultaneously [65],
which means that H,O5 cannot exist in water for a long time. In addition,
whereas the H202/Fe2+ process is homogeneous, the HoO5/pZVI reac-
tion is heterogeneous. With the oxidation of the target compounds, their
remaining concentrations gradually decrease, leading to slowing of the
reaction, as the pZVI particles cannot remain uniformly distributed in
the water, and other substances may compete for the oxidising radicals
[34]. However, the residual H,O5 concentration was not measured in
this study, and the possible explanation offered above is a speculation
that needs to be investigated. At a pZVI concentration of 44.8 mg/L, the
final removals of DEET, PAR, CAF and TCS were 72.1%, 100%, 66.2 and
87.5%, respectively. Unequal removal for different emerging contami-
nants have also been reported elsewhere [19] and can be explained by
the properties of the compound structure and the competition for
reactive ZVI sites with other substances in water [16,20,61]. Although
the removal at a pZVI concentration of 44.8 mg/L were slightly higher
than those at 22.4 mg/L, exploitation of bulk oxidant can lead to an
unnecessary treatment cost increase [66]. Hence, 22.4 mg/L was chosen
as the optimal pZVI concentration.

The conventional Fenton process is greatly influenced by the reac-
tion pH [15]. The optimal initial pH value is typically approximately 3
[16,67-69], but some studies have reported achievement of satisfactory
results at higher pH values (e.g., approximately 7) [70-72]. Therefore,
in the present study, the removals of the four target compounds at initial
pH values of 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0 were investigated (Fig. 2-C).
Due to small reagents dosage, no obvious pH changes of solution were
measured after all reactions. As with the aforementioned results, higher
removals were achieved for PAR and TCS than for the other two com-
pounds over the full range of pH values considered. In general, PPCP
removals decreased with increasing pH, with the highest removals
(71.1%, 100%, 64.2% and 87.1% for DEET, PAR, CAF and TCS,
respectively) achieved at a pH of 3.0. At a pH of 7.0, removals were
much lower (30.4%, 75.1%, 11.1% and 66.1%, respectively) than at pH
of 3. The decreased degradation performance at higher pH values may
be attributed to the decomposition of HyO,, the lower oxidation po-
tential of HO- radicals, and the formation of ferric hydroxide complexes
[26]. In addition, the corrosion of iron also decreases with increasing pH
and weaker oxidants such as ferryl ion may be generated rather than
Fe3t (Eq. (15)) at pH above 5, which is more selective than HO- [26,31].

Fe** + H,0,—Fe (IV) (e.g.FeO*") + H,0 (15)

All these possibilities may negatively affect the oxidation process.
However, it should be noted that no significant differences (p > 0.05, t-
test) in removal were observed for pH values of 2.0 versus 3.0, although
at a pH of 3.0, the removals of PAR and CAF were both 6% lower,
whereas those for DEET and TCS were slightly higher (0.8% and 5.5%,
respectively). At a very low pH (e.g., pH < 2), concentration decline of
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the Fe(OH)?>* may negatively affect pZVI performance. Furthermore,
H,0, is more stable at low pH because of the formation of H303, which
limits the generation of HO- radicals [15]. For this reason, although the
removal of the target compounds was similar at pH values of 2 and 3, a
PH of 3 was selected as the optimal initial pH.

3.2. Removal of target PPCP compounds under UVC-Fenton pZVI process

The removal results achieved with the UVC-Fenton pZVI process are
shown in Fig. 3. Oxidation starts to occur immediately upon
commencement of the test. After only 1 min, 29.6%, 80.3%, 3.1% and
88.4% of the DEET, PAR, CAF and TCS, respectively, were removed. For
the results reported above for the Fenton (pZVI) experiment, although
the removals of DEET and CAF were lower than those for PAR and TCS,
after 30 min, the removals achieved were 99.0%, 100%, 99.5% and
100% for DEET, PAR, CAF and TCS, respectively, demonstrating the
excellent performance of the treatment. The results of the control tests
conducted using only UVC are also shown in Fig. 3. Under UVC, higher
removals were achieved for PAR and TCS than for DEET and CAF. After
30 min, 50.0%, 90.0%, 24.3% and 93.9% removals were observed for
DEET, PAR, CAF and TCS, respectively. The higher removals for PAR
and TCS than for DEET and TCS are consistent with results reported for
tests conducted under natural light [57]. It has also reported that light
can favour the photo-degradation of PAR and TCS [73-76]. As the UVC
has greater energy than natural visible light, more HO- radicals could be
generated, according to Eq. (6). Therefore, photo-degradation of light-
sensitive compounds should be more rapid under UVC. The DEET,
PAR, CAF and TCS removals under UVC (35 pmol m~2 s1) after just 5
min (30.0%, 74.0%, 10.3% and 90.3%, respectively) were notably
higher than those observed under natural light (240 pmol m~2 s_l) for7
days (1.2%, 46.2%, —1.1% and 57.6%, respectively) [57].

The pseudo first-order kinetic model has been widely reported as
describing the degradation process of chemicals in the Fenton, Fenton-
like and photo-Fenton processes well [26,77,78]. The second-order ki-
netic model has also been used to describe the Fenton and photo-Fenton
degradation processes [79]. Because the total removal of PAR and TCS at
30 min led to the inapplicability of the two models and above 80% of
them were removed within the first minute, to ensure the consistency,
the models were fitted using only observations from 1 to 20 min. The
results of R, SSE and 2 showed the best fitting trends of DEET, PAR and

100 ~
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CAF by pseudo first-order models, while second-order kinetic model best
described the TCS degradation trend in the present system (Tables 1 and
S2, Appendix A). The fitted R? values of DEET, PAR and CAF using
pseudo first-order models were 0.9963, 0.9856 and 0.9876, compared to
the second-order kinetic models with R? values of 0.9255, 0.7864 and
0.9005, respectively. In contrast, the R? values of TCS using pseudo first-
order and second-order kinetic models were 0.8732 and 0.9092,
respectively, and a second-order model usually implies that the degra-
dation of a compound is controlled by its initial concentration [79]. It
should be noted that the kinetic fittings did not include the first minute.
As Fig. 3 shows, most of the PAR and TCS (>80%) were degraded within
the first minute, indicating the degradation kinetics of them during this
period may be different from the latter period. However, a short reaction
period of 1 min makes sampling relatively difficult and less precise.
Therefore, further investigation into the very early stage of PAR and TCS
degradation is recommended under other test conditions (e.g., at a very
low temperature) to obtain a better understanding of the rapid degra-
dation kinetic trends involved.

Field emission scanning electron microscopy (SEM) images obtained
before and after the UVC-Fenton (pZVI) reaction are shown in Fig. 4 and
confirm the spherical shape of pZVI particle aggregates before the re-
action. After the reaction, corrosion was found on the pZVI surface, and
aggregation of small-scale clusters and cotton-like structures were
observed. The corrosion of the pZVI identified after the pZVI reaction
confirms the surface oxidation of pZVI, which led to the leaching of Fe**
and Fe** from the pZVI surface. Those iron ions are responsible to react
with Hy05 and UV radiation to produce ROS for further reactions
[31,78]. The SEM images also demonstrate that corrosion did not
deplete all pZVI particles and the pZVI in the tested system was
sufficient.

(Top left: pZVI before UVC-Fenton process, x1500 folds; top right:
PZVI before UVC-Fenton process, x8000 folds; bottom left: pZVI after
UVC-Fenton process, x1500 folds; bottom right: pZVI after UVC-Fenton
process, x8000 folds. Red circles indicate obvious corrosion)

X-ray photoelectron spectroscopy (XPS) was used to study the sur-
face chemical composition of the pZVI after the UVC-Fenton (pZVI) re-
action. The original spectra are shown in Fig. S2 (Appendix A). Fig. 5
shows the Fe2p core-level spectrum. The two Fe2p3,5 and Fe2p; /2 peaks
in the Fe2p spectrum at binding energies around 710 eV and 724-725
eV, with shake-up satellite peaks at around 719.1 eV and 733 eV,
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—eo— PAR
80 - —&— CAF
—v—TCS
60
= 1207 [ JuvC5min
> [ JuvC 15 min
= 401 1001 T UvC 30 min L
© — S —
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Fig. 3. Removal of DEET, PAR, CAF and TCS under UVC-Fenton pZVI process, and removal results using only UVC (n = 3) (Conditions: Target compounds con-
centration = 25 pg/L, HoO5/pZVI molar ratio = 2.0, pZVI concentration = 22.4 mg/L, pH = 3, 25 °C, reaction time = 30 min; background concentrations of DEET,

PAR, CAF and TCS were 1.85 + 0.14 pg/L, 0, 0.15 + 0.10 pg/L and 1.32 £ 0.

22 pg/L, respectively).
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Fitting parameters of the kinetic models of the pseudo first-order and second-order equations for degradation of DEET, PAR, CAF, and TCS during the UVC-Fenton

(pZVI) process (1-20 min).

Compound Pseudo first-order Second-order

Regression equation k; (min™1) R? Regression equation ks (L/pg-min~t) R?
DEET y = —0.0872x — 0.1792 0.0872 0.9963 y = 0.0115x + 0.0222 0.0115 0.9255
PAR y = —0.1556x — 1.3880 0.1556 0.9856 y = 0.1824x — 0.4617 0.1824 0.7864
CAF y = —0.0803x + 0.1316 0.0803 0.9876 y = 0.0074x + 0.0184 0.0074 0.9005
TCS y = —0.0243x — 2.1713 0.0243 0.8732 y = 0.0108x + 0.3457 0.0108 0.9092

Fig. 4. SEM images of pZVI before and after UVC-Fenton (pZVI) process.

indicate the presence of Fe>" ions [80]. A peak-differentiating analysis
was also conducted for the 710 eV binding energy peak, which is dis-
played in the small inset graph in Fig. 5. After differentiating the peak,
binding energies of around 709.6 eV, 710.8 eV and 711.8 eV, corre-
sponding to FeO, Fe;0O3 and FeOOH, respectively, were found. These
results are consistent with findings reported elsewhere [81], and the
spectrum indicates that iron oxides and iron hydroxides existed, which is
also consistent with the corrosion phenomenon shown by the SEM im-
ages [31,44,81,82]. To confirm the oxygen species surrounding the iron
ions, O1s core level spectra were also differentiated (Fig. 6). Two peaks,
at binding energies of around 530.3 eV and 531.5 eV, were found,
demonstrating the presence of lattice oxygen Oz and ~OH species [80],
which further confirms the presence of iron oxides and iron hydroxide.

3.3. General water parameters during UVC-Fenton (pZVI) process

The concentrations of nitrite, nitrate, phosphate and TOC during the
UVC-Fenton (pZVI) process are shown in Table 2. Nitrite was totally
removed after the treatment. The removal of nitrate fluctuated between
35% and 50%, which is a lower range than that of 50-68% reported
elsewhere for a higher concentration (g/L level) of ZVI nanoparticles
[83]. Because nitrate can only be reduced to nitrite while HO- radicals

can oxidise nitrite into nitrate, the decreases in the concentrations of
nitrite and nitrate can only be attributed to the reduction reaction by
pZVI [45,61,83]. In comparison, lower phosphate removal was ach-
ieved. For an initial phosphate concentration of 1.73 + 0.01 mg/L, final
phosphate concentrations of 1.13 to 1.73 mg/L (<35% reduction) were
detected. In this process, phosphate removal is largely attributed to
electrostatic adsorption and surface complexation of phosphate onto the
iron powder surface [84]. Competition for iron active sites and
adsorption/desorption may lead to this low removal and fluctuation of
the concentration. The TOC concentration decreased gradually from an
initial value of 12.90 + 0.32 mg/L to 10.58 + 0.13 mg/L (after 30 min),
or 18% removal. Other researchers have reported achieving TOC re-
movals greater than 60% using photo-Fenton (ZVI) processes [28,34,38]
or solely Fenton (ZVI) processes [26,27,80,85]. The higher TOC removal
achieved in other studies can be attributed to the higher HoOy/pZVI
doses (g/L concentration compared to 0.8 mmol/L H305), longer reac-
tion times (60 min or hours compared to 30 min), and/or higher reagent
concentration ratios (e.g. HoO2/ZVI at 60, compared to 2.0) used in
those studies. In studies in which iron nails (cuts) have been employed to
conduct HpO2/ZVI processes, up to 100% removal of humic acids (from
an initial concentration of 10 mg/L) from pure water within 60 min and
around 50-60% removal of dissolved organic carbon (from an initial
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Fig. 5. The XPS spectra of pZVI after the UVC-Fenton (pZVI) process (Savitzky-Golay method used to smooth the original spectrum. Number of points: 10).
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Fig. 6. Ols core level spectra after the UVC-Fenton (pZVI) process (Savitzky-
Golay method used to smooth the original spectrum. Number of points: 10).

concentration around 5 mg/L) from natural water within 60 or 75 min
have been achieved, but the iron dosages were 50 g/L [86-88]. Despite
insufficient TOC mineralisation observed at a low Hy05/pZVI reagent
dosage, the high removals of the target PPCP compounds achieved in the
present study suggest the suitability of this method for treating water for
emerging contaminants. Nonetheless, it is also suggested to investigate
the TOC mineralisation in the Fenton process optimisation period, as
well as relevant control tests, to compare the contributions of various
TOC removal pathways.

Examination of the degradation products of the tested PPCP com-
pounds created during the photo-Fenton (pZVI) process was not within
the scope of the present study. Degradation pathways are typically
explored when a single compound is studied. Although it would be more
complex, it would also be meaningful to examine the degradation
pathways of the by-products of mixed target compounds during the
photo-Fenton (pZVI) process. Besides, other aspects, such as the inves-
tigation of pZVI adsorption effect for PPCPs, will further help under-
standing the mechanisms.

Table 2
Concentrations of nitrite, nitrate, phosphate and TOC during the UVC-Fenton
(pZVI) process (n = 3).

Nitrite Nitrate Phosphate TOC
Con RSD Con RSD Con RSD Con RSD
(mg/ (mg/ (mg/ (mg/L)
L) L) L)
Initial 0.21 0.01 8.88 1.82 173 0.01 12.90 0.32
1 min n.d.* n.a. 5.54 0.18 1.13 0.06 12.33 0.02
3 min n.d. n.a. 5.15 0.07 1.33 0.08 12.26 0.01
5 min n.d. n.a. 4.58 0.23 1.69 0.11 12.21 0.07
10 n.d. n.a. 4.91 0.06 1.73 0.04 11.97 0.01
min
15 n.d. n.a. 5.69 1.15 1.59 0.28 11.76 0.05
min
20 n.d. n.a. 5.67 1.45 1.40 0.07 11.32 0.04
min
30 n.d. n.a. 5.76 0.03 1.24 0.03  10.58 0.13

* Not detected. ** Not available.

4. Conclusion

In the present study, the removal of four PPCP compounds (DEET,
PAR, CAF and TCS) from natural water (spiked concentration at 25 pg/
L) using the photo (UVC, 35 pmol m2s7! light density)-Fenton (pZVI)
process was investigated and optimised. A molar ratio of HyO2/pZVI of
2.0, pZVI concentration of 22.4 mg/L, and sample pH of 3.0 maximised
the removal of the target compounds from natural water at 71.1%,
100%, 64.2% and 87.1% for DEET, PAR, CAF and TCS, respectively.
When coupled with UVC radiation, the process removed 99.0%, 100%,
99.5% and 100% of DEET, PAR, CAF and TCS, respectively, after 30 min.
After the photo-Fenton (pZVI) process, corrosion of the surface of iron
powder and the presence of iron oxides and iron hydroxides were
observed. The pseudo first-order kinetic model best fitted (R% > 0.98)
the degradation data of DEET, PAR and CAF (1-20 min) and the rapid
elimination of TCS and PAR during the first minute of the reaction
suggested the need for investigation into their behaviours and kinetics
during the early degradation stage. However, lower removals of nitrate,
phosphate and TOC from natural water were detected using the photo-
Fenton (pZVI) process, which may be attributed to the small HyOy/
PZVI reagent dosage used in this study.
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