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a b s t r a c t

The low molar absorption coefficient of H2O2 limits the ultraviolet (UV)/H2O2 process, making it a
desirable target to enhance the UV/H2O2 process for organic micropollutant degradation. Therefore, this
study investigated the impact of iron-containing coagulants (Fe-coagulants) on micropollutant degra-
dation by UV/H2O2 process. Three typical Fe-coagulants (i.e., polymeric ferric sulfate, polymeric
aluminum ferric sulfate, and FeCl3) exhibited the enhancement of sulfamethazine degradation during the
UV/H2O2 process. The maximum increasing ratio of the degradation rate constant reached 40%. The pH
and Fe-coagulant concentration effects, as well as residual H2O2 were examined. The principal mecha-
nism of micropollutant degradation enhancement via the Fe-coagulants was the photo-Fenton-like re-
action between Fe(III) on the Fe-coagulant surface and H2O2 under UV irradiation. Then the influence of
Fe-coagulant particle size was discussed. Smaller particles (<0.22 mm), with a lower iron content, a larger
specific surface area, and a stronger optical scattering effect, exhibited a greater enhancement on the UV/
H2O2 process as compared with larger particles (>0.22 mm). Finally, the enhancement effect of the Fe-
coagulants was verified on two water samples from a water treatment plant, which were either pre-
coagulation or sand filtered samples. This study explored an existing heterogeneous catalysis process
in drinking water treatment, which provides additional information for coagulant selection and im-
provements to the treatment process for micropollutant removal.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Most municipal drinking water treatment plants use a combi-
nation of preoxidation, coagulation, sedimentation, filtration,
advanced treatment, and disinfection to provide clean, safe drink-
ing water to the public. Advanced oxidation processes (AOPs),
involving the use of powerful oxidizing intermediates (e.g., hy-
droxyl radicals, HO�), are used widely as an advanced treatment
technology to remove micropollutants during drinking water
treatment (Rizzo et al., 2014; Mestankova et al., 2016; Xiang et al.,
ng Water Science and Tech-
ences, University of Chinese
8 Shuang-qing Road, Beijing
2016).
The ultraviolet (UV)/H2O2 process, based on the photolysis of

H2O2 (Eq. (1)), is by far, the most common commercial UV-based
AOP (Shu et al., 2013; Bagheri and Mohseni, 2015; Miklos et al.,
2018), as shown by the following equation:

H2O2 þ hn / 2 HO� (1)

The merits of this AOP include a high quantum yield of gener-
ated HO� (Goldstein et al., 2007), without the introduction of other
chemicals, and few by-products. The UV/H2O2 process, however,
suffers from low H2O2 molar absorption coefficients of UV lights,
which results in a low use efficiency for the photon energy emitted
from UV light sources. For example, the molar absorption coeffi-
cient of H2O2 at 254 nm, i.e., the main emission peak of a low-
pressure (LP) mercury lamp (the most common commercial UV
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lamp), is only 19.0M�1 cm�1 (Li et al., 2019a). This molar absorption
coefficient can result in the minimal use of H2O2 during UV irra-
diation, such that the residual H2O2 can have a strong impact on
subsequent treatment processes and the pipeline network (e.g.,
pipeline corrosion) if not queched properly. Therefore, the
enhancement of UV photon absorption and the use of H2O2 have
attracted increasing attention in recent years.

H2O2 has higher molar absorption coefficients at UV wave-
lengths below 240 nm compared with those above 240 nm.
Therefore, several previous studies have tested the use of novel
light sources with various emission wavelengths for the initiation
of the UV/H2O2 process to achieve a higher photon absorption and
pollutant degradation efficiency as compared with processes that
use LP mercury lamps (Naunovic et al., 2008; Shen et al., 2009).
However, the high-efficiency and low-cost application of the UV/
H2O2 process requires the integrated consideration of multiple
aspects, including photon-based fluence kinetics and photoelectric
efficiency, as well as the lifetime and stability of the UV lamp during
long-term operation (Li et al., 2019b). Therefore, except for mercury
vapor lamps (e.g., LP mercury, medium-pressure mercury, and
vacuum UV/UV lamps), other approaches based on improvements
to light sources face major challenges.

Adding iron or copper ions to the UV/H2O2 process triggers the
photo-Fenton reaction, which can strengthen photon absorption
and H2O2 use to improve the efficiency of the UV/H2O2 process. In
the photo-Fenton reaction, soluble ferric ions (Fe3þ) are photo-
reduced to ferrous ions (Fe2þ), which can react with H2O2 (the
Fenton reaction) to produce HO� based on the following equations:

Fe2þ þ H2O2 / HO� þ Fe3þ þ HO� (2)

Fe3þ/[Fe(III) (OH)]2þ þ hv / Fe2þ/Fe(II) þ HO� (3)

However, the narrow working pH range (pH ¼ 2.5e3.5), the
production of sludge, and continual loss of the catalyst limit the
widespread application of the photo-Fenton reaction. Thus, het-
erogeneous photo-Fenton-like processes have been investigated
over a wider pH range. Previous studies have discovered numerous
materials that act as Fenton-like catalysts, as well as discussed the
reactive oxygen species (ROS) generation mechanism (Yang et al.,
2013; Zbiljic et al., 2015; Zhang et al., 2016). However, the separa-
tion and regeneration of catalysts are the principal limitations
concerning the industrial application of heterogeneous catalysts.

Iron is often detected in water. During potable water treatment,
the secondary maximum contaminant limit for total iron is
0.3 mg L�1, set by the Environmental Protection Agency (USEPA,
1979; Dietrich and Burlingame, 2015) and the Standards for
DrinkingWater Quality of China (ChineseMinistry of Health, 2005).
Thus, previous studies have investigated the effects of natural (i.e.,
low-concentration) iron on the UV/H2O2 process in practical water
treatment processes exposed to neutral pH conditions, which do
not require the separation and regeneration of iron. By adding low
concentrations of iron ions, stable iron complexes can trigger the
photo-Fenton-like reaction to enhance organic pollutant degrada-
tion during the UV/H2O2 process (Kwan and Voelker, 2002; De la
Cruz et al., 2012; Rubio et al., 2013; Neamtu et al., 2014).

In most drinking water treatment plants, the coagulation/sedi-
mentation/filtration steps are performed before advanced treat-
ment (e.g., UV/H2O2). At present, iron-containing coagulants (Fe-
coagulants) are widely used. Thus, after sedimentation and filtra-
tion, some residual Fe-coagulant particles go on to the advanced
treatment process. Therefore, investigations into the impact that
Fe-coagulants have on the UV/H2O2 process is important, which has
never been considered in previous studies. Furthermore, if Fe-
coagulant particles can significantly improve the UV/H2O2
process, there is a need to select the most effective Fe-coagulants
that enhance micropollutant removal.

This study aims to explore the effects of three common Fe-
coagulants on the UV/H2O2 process concerning micropollutant
degradation in aqueous solutions. Sulfamethazine (SMN), a sul-
fonamide antibiotic frequently detected at trace levels in aquatic
environments (Ikehata et al., 2006; Bu et al., 2013), was selected as
the model micropollutant. The influences of solution pH, Fe-
coagulant concentration, and residual H2O2 were examined.
Moreover, the influence of Fe-coagulant particle size on the UV/
H2O2 process was discussed in detail in terms of the specific surface
area and the particle-induced UV optical field change, which allows
to clarify the enhancement mechanism and support its potential
application. Finally, the enhancement effect of the Fe-coagulants
was verified in both pre-coagulation and sand-filtered water sam-
ples to estimate the feasibility of its application in water treatment
plants. This study explored a green heterogeneous catalysis process
that exists in water treatment for the enhancement of micro-
pollutant removal, which could avoid the need for external catalyst
addition, separation and regeneration.

2. Experimental

2.1. Photoreactor

A mini-fluidic vacuum UV/UV photoreaction system (MVPS,
Fig. S1), incorporating an 8 W LP mercury lamp (Wanhua Co.,
Zhejiang, China), was used as the photoreactor. Previous studies
have described its construction in detail (Li et al., 2016, 2018). A
straight titanium-doped quartz UV tube (2.40 mm inner diameter
and 100 mm length) was placed 3.0 mm from the LP lamp surface
for UV exposure. Water samples were collected from the solution
container under magnetic stirring at various experimental times (t,
s) to obtain a range of exposure fluences. The reduction equivalent
exposure time (tree, s) is defined as t multiplied by the ratio of the
exposure volume of the UV tube (pr2h, m3) to the total sample
volume (V, m3):

tree ¼pr2h
V

t; (4)

where r and h are the internal radius (1.2 mm) and length (100mm)
of the UV tube, respectively. Hence, the UV photon fluence (Fp,UV,
einstein m�2) can be calculated as follows:

Fp;UV ¼ E0p;UVtree (5)

where E0p;UV is the UV (254 nm) photon fluence rate (einstein
m�2 s�1) in the UV tube, determined as previously described (Li
et al., 2017).

2.2. Chemicals and analytical procedures

Three common Fe-coagulants were tested: commercial poly-
meric ferric sulfate (PFS, nominal 26% iron content), commercial
polymeric aluminum ferric sulfate (PAFS, nominal 25% iron con-
tent), and FeCl3 (reagent grade; Sinopharm Pharmaceutical Co. Ltd,
China). The chemical compositions of these three Fe-coagulants are
shown in Table S1. A commercial aluminum-containing coagulant
(polyaluminium sulfate) was used as a reference. All other chem-
icals were of reagent grade or higher. All solutions were prepared in
ultrapure water from a Milli-Q system (Advantage A10; Millipore,
USA). The SMN (ThemoFisher, USA) concentrationwas analyzed via
ultra-high-performance liquid chromatography-tandem mass
spectrometry (UPLC MS/MS) that consisted of an Agilent 1290



Fig. 1. SMN degradation by UV/H2O2 in the presence of 5.0 mg Le1 PFS (a), PAFS (b),
and FeCl3 (c). Conditions: [SMN]0 ¼ 0.10 mg Le1, [H2O2]0 ¼ 10.0 mg Le1, and pH ¼ 7.0.
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Infinity liquid chromatograph, an Acquity CSH™ C18 column, and
an Agilent 6420 Triple Quad LC/MC detector. The detection limit of
SMN was 0.01 mg L�1. Each [SMN] value was obtained from three
parallel samples, and the relative standard deviations for all [SMN]
values were below 5%. The H2O2 (Beijing Chemical Reagents Co.,
China) concentration was determined using the titanium (IV) oxy-
sulfate (TiOSO4; Fluka) method (Giannakis et al., 2015) while the
residual H2O2 was quenched using horseradish catalase (Sigma-
Aldrich).

The variation of valence state of iron in Fe-coagulants was
analyzed by X-ray photoelectron spectroscopy (XPS, ThermoFisher,
ESCALAB 250Xi). The particle size distribution and iron concen-
trations of the Fe-coagulant solutions were measured with a laser
particle sizer (Mastersizer 3000, Malvern) and an inductively
coupled plasma optical emission spectrometry (ICP-OES, Optima
2000; PerkinElmer), respectively. Uridine (Sigma-Aldrich) was used
as the actinometer for the fluence measurements. Its concentration
was analyzed by measuring its absorbance at 262 nm with a Hach
DR6000 spectrophotometer. In addition, this spectrophotometer
and a fluorescence spectrometer (Varian) were used to analyze the
optical field of the Fe-coagulant solutions according to our previous
method (Li et al., 2017).

Stock solutions of Fe-coagulants, SMN, and H2O2 were prepared
freshly. The tested Fe-coagulant (from the stock solution) was then
spiked into a phosphate buffer (0.50 mM) andmixed with a stirring
bar for 15 min. Finally, SMN and H2O2 were added to the above
solution for UV exposure in the MVPS.

2.3. Filtration process

After mixing the Fe-coagulant and phosphate buffer, the solu-
tion was filtered through 0.22, 0.45, 0.80, or 10 mm polytetra-
fluoroethylene (PTFE) membranes. The filtrate, alongwith SMN and
H2O2, was applied with subsequent UV exposure to examine the
influence of Fe-coagulant particle size on SMN degradation, which
helps clarify the enhancement mechanism of Fe-coagulants asso-
ciated with the UV/H2O2 process.

2.4. Real water samples

To verify the impact of Fe-coagulants in real water samples, pre-
coagulation and sand-filtered water samples were collected from a
drinking water treatment plant in Beijing, China. Table S2 lists the
water quality parameters of the two real water samples.

3. Results and discussion

3.1. SMN degradation by the UV/H2O2 process with Fe-coagulants

Fig. 1 shows the degradation kinetics of SMN
([SMN]0¼ 0.10mg L�1) in the UV/H2O2 process with the addition of
5.0 mg L�1 Fe-coagulants. All SMN degradation processes were
sufficiently expressed by the pseudo-first-order kinetics (i.e.,
photon fluence based). The addition of PFS, PAFS, or FeCl3 resulted
in significant enhancements to the photon fluence-based SMN
degradation rate constant (k0p) during the UV/H2O2 process. The
degradation enhancement by Fe-coagulants (5.0 mg L�1) had the
following order: PAFS (36.7%) > PFS (24.2%) > FeCl3 (23.0%). As a
comparison, no enhancement on k0p was observed with the addi-
tion of 5.0 mg L�1 polyaluminium sulfate (Fig. S2). As the coagu-
lation/sedimentation/filtration and UV/H2O2 steps are connected in
drinking water treatment systems, as well as the common use of
Fe-coagulants, these results provide an important reference for a
potential strategy to enhance micropollutant removal. Therefore,
we further investigated the enhancement mechanism of Fe-
coagulants in greater detail.
Without UV irradiation, virtually no SMN degradation was

observed for the three Fe-coagulants in the presence of H2O2
(Fig. 1), implying that 1) the Fe-coagulants did not show observable
adsorption of SMN under this condition and 2) the Fe-coagulants
did not react with H2O2 in dark conditions to form oxidative spe-
cies for SMN degradation. In addition, in the absence of H2O2, the
k0p values (42.2e44.5 m2 einstein�1) associated with SMN degra-
dation when exposed to UV irradiation with Fe-coagulants were
slightly higher than those without the Fe-coagulants (i.e., direct UV
photolysis of SMN; Fig. S3). This could contribute to the enhance-
ment effect of Fe-coagulants on SMN degradation by the sole UV
process. In addition, the ROS formed on the surface of the Fe-co-
agulants under UV irradiation could also enhance SMN degrada-
tion. The addition of Fe-coagulants, however, competes photons
with SMN for direct photolysis, which can slightly weaken the SMN
degradation rate.

3.2. Effects of pH and Fe-coagulant concentration

Fig. 2 illustrates the effect of pH on SMN degradation by the UV/
H2O2 process with or without Fe-coagulants. The pH-dependent k0p
value showed similar trends for all SMN degradation processes,
with a highest k0p value observed at pH 7.0. This could be ascribed
to the contributions of pH to the three ionization forms of SMN
(pKa ¼ 2.07 and 7.49) and the dissociation of HO� as discussed in
previous studies (Kutschera et al., 2009; Ratpukdi et al., 2010; Li
et al., 2018).

One hypothesis driving the degradation enhancement via the
Fe-coagulants is that slightly soluble Fe2þ/Fe3þ ions induce the
photo-Fenton reaction with H2O2 under UV irradiation at pH 7.0.
The solubility of Fe2þ/Fe3þ, however, decreases with increasing pH,
whereas the decrease in Fe2þ/Fe3þ solubility with increasing pH did



Fig. 2. SMN degradation rate constants in the UV/H2O2 process with or without an Fe-
coagulant (5.0 mg Le1) at various pH levels. Conditions: [SMN]0 ¼ 0.10 mg L�1,
[H2O2]0 ¼ 10.0 mg Le1, and [Fe-coagulant]0 ¼ 5.0 mg Le1. Each data point in the figure
represents the regression of six experimental data points (R2 > 99%).

Fig. 3. Variations of SMN degradation rate constant in the UV/H2O2 process with the
type and concentration of Fe-coagulant. Conditions: [SMN]0 ¼ 0.10 mg L�1, [H2O2]0 ¼
10.0 mg Le1, and pH ¼ 7.0. Each data point in the figure represents the regression of six
experimental data points (R2 > 99%).

Fig. 4. H2O2 consumption in the UV/H2O2 process with or without an Fe-coagulant (5.0
mg Le1). Conditions: [SMN]0 ¼ 0.10 mg Le1, [H2O2]0 ¼ 10.0 mg Le1, and pH ¼ 7.0.
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not result in a rapid drop in the k0p value (Fig. 2), which does not
support this hypothesis.

The effect of Fe-coagulant concentration on k0p is shown in
Fig. 3. With increasing Fe-coagulant concentration, the k0p value
first increased and then decreased for all three Fe-coagulants,
where the maximum increasing k0p ratio reached 40%
([FeCl3]0 ¼ 0.5 mg L�1). It is reasonable that a higher Fe-coagulant
concentration could lead to a stronger enhancement of the UV/
H2O2 process. Yet, excessively high concentration of Fe-coagulants
will strongly compete for UV photons and weaken the optical field
in the solution, inducing a decrease in k0p in the high Fe-coagulant
concentration region. Both PAFS and PFS showed peak k0p values at
a concentration of 2.5 mg L�1 while the peak k0p value for FeCl3
occurred at 0.5 mg L�1. This is because the three Fe-coagulants have
different nominal iron contents (25% for PAFS, 26% for PFS, 34.5% for
FeCl3) and different particle sizes that induced different optical
fields.
3.3. Residual H2O2 and enhancement mechanism

The H2O2 concentrations were measured during SMN
degradation in the UV/H2O2 process with or without Fe-coagulants
(Fig. 4). Greater attenuations of H2O2 concentration were achieved
with Fe-coagulants than in the absence of Fe-coagulants, implying
that the addition of Fe-coagulants can enhance the use of H2O2
during the UV/H2O2 process.

Therefore, after excluding SMN absorption by Fe-coagulants, as
well as SMN degradation by the ROS formed from the dark re-
actions between the Fe-coagulants and H2O2 or between soluble
Fe2þ/Fe3þ and H2O2, the principal mechanism by which the Fe-
coagulants enhance the UV/H2O2 process should be the photo-
Fenton-like reaction between the Fe-coagulants and H2O2 under
UV irradiation. This reaction is similar to the heterogeneous photo-
Fenton-like reaction using iron-containing catalysts. This reaction
process has been extensively discussed (Yang et al., 2013; Zbiljic
et al., 2015; Zhang et al., 2016), which can be ascribed to the
Fe(III) on the surface of solid particles being photoreduced into
Fe(II) under UV irradiation. The Fe(II) then accelerates the decom-
position of H2O2 in solution to form ROS while itself being oxidized
to Fe(III). The principal ROS responsible for micropollutant degra-
dation has been verified to be HO� (Zelmanov and Semiat, 2008;
Gonzalez-Olmos et al., 2011; Faure et al., 2012, Xu andWang, 2011).

To further verify this mechanism, XPS analysis was carried out
for the original Fe-coagulants, Fe-coagulants after UV irradiation,
and Fe-coagulants after UV irradiation in the presence of H2O2. For
the latter two samples, the Fe-coagulant solutions (with or without
H2O2) after UV irradiation were filtered by 0.22 mm membranes.
The filtered substances were dried and collected for XPS analysis.
Fig. S4 indicates that the binding energies of Fe 2p3/2 for all three
Fe-coagulants after UV irradiation in presence of H2O2 were very
similar to those of the original Fe-coagulants, but a little higher
than those in the absence of H2O2. These demonstrate that the
Fe(III) on the Fe-coagulant surface was photo-reduced to Fe(II)
under UV irradiation based on the standard Fe 2p3/2 binding en-
ergies of 709.5 eV (Fe(II)) and 711.2 eV (Fe(III)) (Wandelt, 1982). Yet,
in the presence of H2O2, the Fe(II) could react with H2O2 rapidly to
form Fe(III), inducing similar binding energies as the original Fe-
coagulants.
3.4. Particle size distribution

Considering the effect of particle size could help to further
clarify the mechanism associated with the SMN degradation
enhancement by Fe-coagulant addition, the particle size distribu-
tions of the three Fe-coagulants were measured with a laser
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particle analyzer (Fig. S5). The three tested Fe-coagulants had
different particle size distributions, which could cause different
iron contents and specific surface areas (i.e., with surface Fe(III)) in
contact with H2O2 molecules to form HO�, as well as different op-
tical properties (i.e., reflection and scattering of UV photons) to
generate different optical fields. These could lead to complex im-
pacts on SMN degradation by the UV/H2O2 process. Therefore, it is
necessary to analyze the impacts of the iron content and specific
surface area of Fe-coagulant particles with different size ranges as
well as the resulting optical field in the solution on the SMN
degradation.
Fig. 5. Iron concentrations in the unfiltered and filtered Fe-coagulant solutions. Con-
ditions: [Fe-coagulant]0 ¼ 5.0 mg Le1, and pH ¼ 7.0.
3.5. Effect of filtration of Fe-coagulant solutions

The Fe-coagulant solutions were filtered through membranes
with different pore sizes to examine the impact of particle size on
SMN degradation by the UV/H2O2 process. Table 1 lists the SMN
degradation rates in the UV/H2O2 process with the addition of
different Fe-coagulant filtrates. For all three Fe-coagulants, the
highest k0p values were found for unfiltered solutions. With
decreasing membrane pore size, i.e., from no filtration to 0.45 mm,
therewas a decrease in the k0p value for all three Fe-coagulants. This
is reasonable because more Fe-coagulant particles were filtered
through a smaller pore size, resulting in smaller enhancements on
SMN degradation by UV/H2O2. The ICP-OES results (Fig. 5) verified
that the iron concentrations of all three Fe-coagulant filtrates
decreased from no filtration to the 0.22-mm membrane.

Although the k0p values in all reaction systems with filtrates
were lower than those with the unfiltered Fe-coagulants, it is
interesting that the k0p values for all three 0.22-mm membrane fil-
trates were significantly higher than those of other filtrates. As
previously discussed, the principal enhancement mechanism was
likely the photo-Fenton-like reaction between Fe(III) on the surface
of the Fe-coagulant particles and H2O2 under UV irradiation. Thus,
given a constant H2O2 concentration, the enhancement induced by
different Fe-coagulant filtrates should depend on the quantity of
Fe(III) on the coagulant surface and the optical field.

With decreasing the membrane pore size, there was a decrease
in the quantity of the Fe-coagulant particles, as verified by the iron
concentration measurement via ICP-OES. It is noted that, only iron
on the particle surface could react with H2O2 to trigger the photon-
Fenton-like reaction. Compared with larger particles, smaller par-
ticles, even colloids, have a larger specific surface area. Therefore,
given a constant iron concentration in the filtrates, smaller particles
have more Fe(III) on the surface, resulting in larger enhancements
on the UV/H2O2 process. In other words, the Fe-coagulant
enhancement effect is not linearly dependent on the iron concen-
tration. Although the 0.22-mm membrane filtrate had the lowest
iron concentration (Fig. 5), the Fe(III) on the surface of small
coagulant particles and colloids could have a non-negligible
enhancement effect.
Table 1
SMN degradation rate constants (k0p, einsteine1 m2) in the UV/H2O2 process in the
presence of Fe-coagulants unfiltered or filtered through different pore-size mem-
branes. Conditions: [SMN]0 ¼ 0.10 mg Le1, [H2O2]0 ¼ 10.0 mg Le1, [Fe-coagulant]0 ¼
5.0 mg Le1, and pH ¼ 7.0.

Membrane pore size (mm) k0p (einsteine1 m2)

PFS PAFS FeCl3

N/A 418.3 464.4 422.6
10 366.4 363.6 378.9
0.80 350.4 352.7 374.2
0.45 311.9 314.9 338.3
0.22 402.9 382.5 401.6
Different size particles with different reflection and scattering
properties could induce different optical fields in the filtrates. The
optical behaviors of a particle suspension at the incident and lateral
scattering directions of UV beams could be roughly evaluated using
a UVeVis spectrometer and a fluorescent spectrometer, respec-
tively (Li et al., 2017). In general, both a lower absorbance (i.e., a
higher transmittance) and a higher fluorescent intensity (i.e., a
higher lateral scattering intensity) could induce a stronger optical
field in terms of the photon fluence rate distribution.

The absorption coefficients and fluorescence intensities of the
filtrates are listed in Table 2. With decreasing membrane pore size
from10 to 0.45 mm, because therewere overall fewer particles, both
the absorbance and fluorescence (lateral scattering) intensities of
all three Fe-coagulant filtrates decreased. When the membrane
pore size decreased from 0.45 to 0.22 mm, the quantity of Fe-
coagulant particles further decreased, leading to a continued
decrease in the absorption coefficient and an subsequent increase
in the optical field. Meanwhile, the fluorescence intensity increased
because smaller particles (<0.22 mm) can generate a stronger
scattering effect. Thewell-known Tyndall effect introduces a strong
scattering if the particle size is similar or lower than thewavelength
of the UV light (Jerlov and Kullenberg, 1953; Beardsley et al., 1970).
In this study, the membrane pore size (0.22 mm)was lower than the
UV wavelength of 254 nm. Therefore, by removing interference
from larger particles (0.22 mm < size < 0.45 mm), an obvious
enhancement on the UV optical field by the scattering effect could
be observed for the 0.22-mmmembrane filtrates comparedwith the
0.45-mm membrane filtrates. Therefore, smaller particles
(<0.22 mm) could have a lower iron content (<0.4 mg L�1, Fig. 5), a
larger specific surface area, and a stronger optical scattering effect,
which could explain the k0p acceleration in the 0.22-mmmembrane
Table 2
Absorption coefficients (cme1) and fluorescence intensities (a.u.) at 254 nm of the
filtered Fe-coagulant solutions. Conditions: [SMN]0¼ 0.10mg Le1, [H2O2]0¼ 10.0 mg
Le1, [Fe-coagulant]0 ¼ 5.0 mg Le1, and pH ¼ 7.0.

Membrane pore size (mm) Absorption coefficient
(cme1)

Fluorescence intensity
(a.u.)

PFS PAFS FeCl3 PFS PAFS FeCl3

N/A 0.105 0.005 0.042 283.9 66.6 52.4
10 0.050 0.002 0.039 131.1 69.2 63.2
0.80 0.033 0.002 0.018 56.4 42.1 54.4
0.45 0.029 0.001 0.008 51.5 36.7 43.8
0.22 0.009 0.001 0.003 59.4 49.5 68.3



Fig. 6. SMN degradation by UV/H2O2 in the pre-coagulation (a) and sand-filtered (b)
water samples with or without an Fe-coagulant (5.0 mg Le1). Conditions: [SMN]0 ¼
0.10 mg Le1, and [H2O2]0 ¼ 10.0 mg Le1.
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filtrates (Table 1).
3.6. Enhancement effect in real water samples

Two real water samples, including the pre-coagulation and
sand-filtered samples from a drinking water treatment plant, were
employed to examine the practical performance of Fe-coagulant
enhancement on the UV/H2O2 process. Table S2 presents their
water quality parameters. Because of the relatively higher dissolved
organic carbon (DOC) concentrations of these samples, which
strongly competed for ROS, the SMN degradation rates in the UV/
H2O2 process bothwith andwithout Fe-coagulants in the real water
samples (Fig. 6) were lower than those in pure water (Fig. 1).
Regardless, in both real water samples, the presence of Fe-
coagulants could induce enhancements on SMN degradation in
the UV/H2O2 process, and the degrees of enhancement were similar
to those in pure water.
3.7. Potential applications

In this study, the heterogeneous photocatalysis by Fe-coagulants
was found to exist in current drinking water treatments. This
enhanced micropollutant removal by the UV/H2O2 process, while
no catalysis effect was found in common aluminum-based co-
agulants. Thus, this provides additional information for coagulant
selection in drinking water treatment. Previous studies have
already investigated the heterogeneous photocatalysis via iron-
based catalysts (i.e., photon-Fenton-like reaction), where diffi-
culties associated with catalyst separation and regeneration limit
their practical application in micropollutant removal in drinking
water treatment. However, this limitation can be avoided in this
study because Fe-coagulants are continuously added during
drinking water treatment such that the catalyst regeneration is not
required.
4. Conclusions

This study investigated the effect of Fe-coagulants on the
degradation of SMN (a model micropollutant) by the UV/H2O2
process. The experimental results are summarized as follows:

C The addition of Fe-coagulants (PFS, PAFS, and FeCl3) signifi-
cantly enhanced the SMN degradation rate constants in the
UV/H2O2 process. The maximum increasing ratio of k0p
reached 40% ([FeCl3]0 ¼ 0.5 mg L�1).

C The enhancement on the UV/H2O2 process via Fe-coagulant
addition was ascribed principally to the photo-Fenton-like
reaction between Fe(III) on the surface of Fe-coagulants
and H2O2 under UV irradiation.

C Smaller particles (<0.22 mm), with a lower iron content
(<0.4 mg L�1), a larger specific surface area, and a stronger
optical scattering effect yielded stronger enhancements to
the UV/H2O2 process as compared with larger particles.

C The enhancement effect of Fe-coagulants was verified in
both pre-coagulation and sand-filtered water samples.

Overall, this study explored a green heterogeneous catalysis
process that exists in water treatment processes without common
catalyst separation and regeneration problems. This process has the
potential to enhance micropollutant removal during the UV/
H2O2 advanced treatment of drinking water.
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