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ABSTRACT

A novel, home-made lanthanum iron oxide (LF; 0.125-1.00 g/L) was used to treat an industrial model
pollutant (Reactive Black 5 dye-RB5; C, = 20 mg/L) under UV-A irradiation (1.3 W/L). Aqueous,
hydrolyzed RB5 solution that was prepared to mimic reactive dyehouse effluent could be success-
fully degraded by LF-mediated photocatalytic treatment and the degradation rate was remarkably
enhanced in the presence of persulfate (PS; 0.6-1.2 mM). LF-mediated heterogeneous photoca-
talysis was only effective at pH < 4. The dissolved organic carbon (DOC) content of the aqueous
RB5 solution (DOC_ = 5.15 mg/L) could also be substantially removed by LF/UV-A (LF = 0.5 g/L;
52%-54% DOC removal after 150-180 min) and PS-enhanced LF/UV-A (LF = 0.5 g/L; 60%—66%
DOC removal after 120 min). Reuse of the same LF photocatalyst for complete color and par-
tial DOC removals was confirmed for the selected LF/UV-A/pH3 and LF/PS/UV-A/pH3 treatment
conditions in four treatment cycles. LF/UV-A/pH3 and LF/PS/UV-A/pH3 were also applied to real
water and wastewater samples; tap water (DOC_ = 1.98 mg/L) and two secondary treated sewage
(DOC, =5.39 and 16.83 mg/L) samples. A decrease in DOC removals to 25% (tap water), 22% (second-
ary treated, low-DOC sewage sample) and 5% (secondary treated, high-DOC sewage sample) was
observed for the real water and wastewater samples.

Keywords: Reactive Black 5 dye; Color and organic carbon removals; Lanthanum iron oxide-mediated

photocatalysis; Persulfate; Photocatalyst reuse; Real water and wastewater treatment

1. Introduction

Perovskite-type oxides (general formula: “ABO,”) con-
sist of a three-dimensional network of “BO,” octahedron
surrounding “A” metal cations. Generally, A-site cations are
large size cations (Bi, La, Sr, etc.); B-site cations are transi-
tion metal cations (Fe, Cu, Mn, Cr, etc.) [1]. Perovskite oxides
have various applications as gas sensors [2], solid oxide fuel
cells [3], multiferroic materials [4] and photocatalysts for
water/wastewater treatment [5-7]. They have received great

* Corresponding author.

interest because of their attractive physicochemical proper-
ties including photocatalytic activity even under near-UV/
visible light radiation [1,8]. Decomposition of aqueous
hydrogen peroxide (H,O,) over perovskite oxides under
UV/visible irradiation has already been shown to enhance
the oxidation of organic pollutants acting as semiconduc-
tor-type photocatalysts and/or heterogeneous Fenton-like
treatment systems [8-10]. They became alternative mate-
rials for the degradation of environmental contaminants
by initiating electron transfer reactions due to their good
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catalytic activity with minor leaching of transition metals,
high stability and relatively simple synthesis procedures
[1,2-8]. Previous work also indicated that the semiconduc-
tor LaFeO, (lanthanum iron oxide; called LF herein) has a
great potential to degrade organic pollutants found in water
and wastewater as good alternatives to more traditional
heterogeneous semiconductor-type photocatalysts such as
titanium dioxide, zinc oxide, or cadmium sulfide owing
to their high electron mobility and relatively narrow band
gap [6-8,10,11].

Industrial wastewater treatment remains a serious
problem in developing countries. Among industrial efflu-
ents, textile industry wastewater is known for its refractory
nature [12-14] mainly because of the use of various dyes
and auxiliary chemicals of high chemical complexity [15].
Among the textile industry dyes, fiber reactive dyes which
are used for the dyeing of natural (cotton) as well as syn-
thetic (cellulose acetate) fibers, deserve special attention
since they cannot be used after the dyeing process and end
up in the spent reactive dyebath effluent in their hydrolyzed,
unfixed form [15,16]. In fact, commercial dyes including
fiber reactive dyes are specially designed to resist biological
degradation, photolytic/photochemical as well as thermal
decomposition rendering difficult-to-treat chemicals. Hence,
the concentration of spent (hydrolyzed, unfixed) reactive
dyes can easily reach mg/L levels in receiving natural water
bodies [14,15]. It is expected that textile dyes have serious
long-term effects on aquatic and terrestrial ecosystems
due to their xenobiotic nature [15,17,18].

Several advanced treatment methods such as adsorp-
tion, membrane operations, chemical oxidation processes
as well as advanced oxidation processes (AOPs; such as
sonolysis, Fenton, photo-Fenton, semiconductor-mediated
heterogeneous photocatalysis, catalytic ozonation, perozo-
nation, etc.) have already been examined for color removal
recently with good results [17-19]. However, in some devel-
oping and industrialized countries the color parameter has
not well-defined specific discharge limits since it is eco-
nomically and technically hard to achieve effective color
removal [20,21]. Hence, although several chemical, photo-
chemical and photocatalytic advanced treatment methods
have already been published in the past, color removal from
dyehouse effluent remains an expensive, problematic and
difficult task.

AOPs are generally based on the formation of free
radical species (active oxidants) that are used to oxidize a
variety of organic pollutants including textile dyes. More
recently, sulfate radical (SO;-)-based AOPs have attracted
great attention as alternative treatment processes for micro-
pollutants found in water/wastewater to hydroxyl radical
(HO")-based AOPs. The sulfate radical (SO;") has a stan-
dard oxidation potential of E®=2.5-3.1 eV vs. SHE [22-25].
Compared to HO* (E° = 1.8-2.7 eV vs. SHE), the oxidation
potential is quite similar. However, the main difference
between these two free radicals comes from the half-life
time (f,, = 30-40 us for SO;~ and only 20 ns for HO"), that
renders SO;~ much more selective than the HO® in the
degradation of organic micropollutants [25-27]. SO;~ can
be generated via several activation methods of for exam-
ple the peroxide persulfate (PS) with zero-valent metals,
transition metal ions, metal oxides, heat, UV-C irradiation,

etc. [28]. Thus, PS was selected in the present study as an
alternative oxidant to improve the color and organic car-
bon removals from dyehouse effluent.

With the above-mentioned facts in mind, the present
study aimed to explore the potential of a home-made LF pho-
tocatalyst to degrade an industrial model pollutant, namely
the commercially important Reactive Black 5 (RB5) dye. The
effect of the PS on the LF-mediated, photocatalytic treatment
of synthetic dyehouse effluent was also examined using an
aqueous, hydrolyzed (exhausted) RB5 solution. Moreover,
the reuse potential of LF photocatalyst with LF/UV-A and
PS/LF/UV-A treatments of RB5 and its dissolved organic
carbon (here: DOC) content was also tested in the present
study. The effect of PS on the photocatalytic of hydrolyzed
RB5 solution was explained by carrying out additional base-
line and control experiments, as well as following Fe and La
release during photocatalytic and PS-enhanced photocata-
lytic treatment. Selected (most effective) treatment systems
were applied to investigate their DOC removal performance
in real water and wastewater samples, such as tap water
(TW) and two secondary (biologically)-treated wastewaters
(called WW-1, WW-2 herein).

2. Materials and methods
2.1. Materials

Home-made LF with a crystallite size of 43 nm and a
Brunauer-Emmett-Teller surface area of 13 m?g was used
in the photocatalytic experiments. The synthesis and charac-
terization procedures were described in the previous work
in detail [6]. The composition of the photocatalyst samples
was confirmed via repeated scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM/EDX)
analysis. RB5, selected as the commercially important, fre-
quently studied model reactive dye was a gift from Eksoy
Chemicals (Istanbul). For the photocatalytic experiments, a
0.4 g/L RB5 stock solution was prepared in hot (60°C-70°C)
distilled water. 4.0 g/L of 12 N NaOH was added into the hot
reaction solution to raise its pH above 11.0-11.5 and in this
way to ensure complete hydrolysis of the dye [16]. During
reactive dye hydrolysis, the reactive vinyl sulfone group of
the dye is released that results in a bathochromic, red shift of
the characteristic peaks of RB5 in the near-UV (300 ® 318 nm)
as well as visible (597 ® 613 nm) light absorption bands [29].
The hydrolyzed RB5 stock solution was kept in the fridge
(+4°C) during the experimental study. Hydrolyzed RB5
solution is very stable (resistant to chemical/photochemical/
biochemical degradation) and thus can be safely used for
several weeks if kept in a cool place. Prior to each run, the
stock solution was adjusted to room temperature, diluted
to 20 mg/L RB5 (the main working concentration in this
study) with distilled water, then its pH was adjusted to the
desired value. Aqueous, hydrolyzed RB5 solution was sim-
ply referred to as “RB5” herein. Tap water (TW) and two
secondary treated sewage samples (WW-1, WW-2) were also
treated in the later stages of this study. The two wastewater
samples were taken from a local sewage treatment plant
practicing secondary (biological activated sludge) treatment.
The samples were stored in a fridge at +4°C prior to pho-
tocatalytic and enhanced photocatalytic experiments. The
environmental characterization of TW and WW-1, WW-2
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samples were presented in Tables S1 and S2, respectively.
All other chemicals were purchased from Sigma-Aldrich
Chemicals (USA). All reaction solutions were prepared with
distilled water (<0.20 pS/cm). pH adjustment was done using
HCl and NaOH solutions of different normalities (0.1-6 N).

2.2. Experimental procedures

All photocatalytic experiments were conducted in
a three-neck quartz flask (b = 10 cm; r = 4 cm) where
500 mL of the prepared reaction solution was stirred at
100 rpm to supply oxygen near the saturation level (min.
8 mg/L as measured by means of an O, probe provided
by WTW, Weilheim, Germany). The photochemical reac-
tion chamber consisted of a LZC-ORG model (Luzchem
Research Inc., Ontario, Canada) photoreactor (dimensions:
32 cm x 33 cm x 21 cm) equipped with a digitally controlled
thermometer and a magnetic stirrer. The photochemical
reaction chamber consisted of a maximum of ten fluorescent
UV-A lamps (8 W each, emitting in the 300-400 nm wave-
length region at A = 365 nm) with a total incident light
flux of I = 4,000 + 100 Ix (=1.3 W/L) which was controlled
and calibrated by using the UV meter of the photoreactor.
All of the ten UV-A lamps were turned on ca. 15 min prior
to the experiment to obtain a stable UV-A light emission.
In the LF/PS/UV-A experiments, PS was added at a molar
ratio of 1:3 (0.6 mM PS) and 1:6 (1.2 mM PS) to the RB5 con-
centration (=0.2 mM; 20 mg/L) according to previous related
work [4,7,11,30,31]. Samples were taken at regular time
intervals and subjected to further analyses after centrifu-
gation and/or other procedures if necessary. Photocatalysis
and PS-enhanced (-assisted) photocatalysis were referred
to as LF/UV-A and LF/PS/UVA in this work, respectively.

2.3. Analytical and instrumental procedures

Photocatalytically-treated samples were taken at regu-
lar time intervals from the photoreactor (t = 0-120, 180 and
210 min depending on the experimental concept) and cen-
trifuged with a Hettich (Tuttlingen, Germany) model cen-
trifuge at a speed of 5,000/6,000 rpm for 10 min. The color
of the clear samples was measured at the peak absorbance
value of hydrolyzed RB5 dye (A, = 610 nm) by a Jenway
6300 Model Spectrophotometer. A Shimadzu VPCN carbon
analyzer (Japan) equipped with an autosampler was used
for DOC analysis of the selected samples. A Thermo Orion
720A model pH-meter (Waltham, MA, USA) was used for
pH measurements. La and Fe leaching was followed with
an ICP Spectrometer (Perkin Elmer Optima 2100DV ICP-
OES, Waltham, MA, USA). Lowest detection limits (LOD)
were Fe = 0.05 mg/L and La = 0.1 mg/L. The environmen-
tal characterization of TW, WW-1 and WW-2 were carried
out according to Standard Methods [32].

3. Results and discussion
3.1. Baseline and control experiments

Several baseline and control experiments (20 mg/L aque-
ous, hydrolyzed RB5; ¢t = 120 min) were conducted to inves-
tigate the role of UV-A light, PS and pH on LF/UV-A and LF/
PS/UV-A treatments. A pH of 7.5 was selected as the starting

value for the experimental study since it is the typical pH
of dyehouse effluent after pH re-adjustment [14,33,34] and
mentioned as a suitable pH for LF-mediated photocata-
lytic treatment as well [4,35,36]. The control experiments
consisted of the following changes in color (peak absor-
bance) values during RB5 treatment with 5 mM PS only,
UV-A only and 0.6 mM PS/UV-A (in the absence of LF) at
pH = 7.5 for 120 min. These experiments resulted in <5%,
<5% and 41% color removals, respectively (Fig. S1). A PS/
UV-A control experiment was also conducted at pH = 3.0
in order to obtain parallel data to the LF/UV-A and LF/PS/
UV-A experiments carried out at acidic pH. These will be
presented in the forthcoming sections. From Fig. S1 it is evi-
dent that for PS/UV-A treatment color removal increased
from 41% to 83% when the pH was decreased from 7.5 to
3.0. It is known that UV-A irradiation can excite the electrons
of the dye molecules from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) and these electrons may be accepted by PS to gen-
erate SO;~ and HO" [28]. In this way, the dye molecule may
act both as a photosensitizer and a substrate undergoing
photodegradation. Moreover, the photoexcited dye is capa-
ble of oxidizing other substrate molecules through electron
abstraction [35,37,38]. This speculatively could explain the
substantial color removal being observed during PS/UV-A
treatment of RB5 solution in the absence of LF.

3.2. Photocatalytic treatment of RB5 solution with LF/UV-A
and LF/PS/UV-A processes

Several LF/UV-A experiments were run at varying pho-
tocatalyst concentrations (0.125-1.00 g/L) at neutral (=7.5)
to alkaline (=10) pH with 10 and 20 mg/L RB5 solutions for
t = 120 min. At this initial working stage, the reaction pH
was kept in this range since it is a typical pH for the reac-
tive dyeing process and dyebath effluent before and after
pH adjustment with formic or acetic acid, respectively. For
these experiments, color removal was always <10% (data
not shown). Hence, it was decided to continue LF/UV-A
and LF/PS/UV-A treatments of aqueous RB5 under acidic
pH conditions to achieve photocatalytic color removal by
dye degradation. It should also be mentioned here that con-
sidering previous work where preliminary dark adsorp-
tion + mixing was examined for LF, this period prior to
photocatalytic treatment was fixed as around 5 min [6].

3.2.1. LF/UV-A experiments

The initial idea was to perform photocatalytic experi-
ments either at the natural, alkaline pH of the RB5 solution
(=10-12) or at neutral pH (=7.5), where the LF/UV-A process
has proven to be most active in former related work [6,36,39].
However, no color removal due to either preliminary dark
adsorption or photocatalytic degradation could be obtained
for aqueous RB5 solution during these experiments in the
7.5-10.0 pH range (Fig. S2). As aforementioned, therefore
it was decided to continue the LF-mediated photocatalytic
experiments under acidic pH conditions and the reaction
pH was adjusted to pH = 4 (LF/UV-A/pH4) and pH =3 (LF/
UV-A/pH3). From Figs. 52 and 1 it can be seen that when
the reaction pH was adjusted to pH = 3, some minor but
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still remarkable color removal (£20%) occurred due to “pre-
liminary dark adsorption” as a consequence of the electro-
static attraction between RB5 and LF. Preliminary dark RB5
adsorption rates were obtained as 13% and 20% at pH =3
and pH = 4, respectively. Similar dark adsorption rates in the
range of 22%—27% prior to photocatalysis have previously
been reported for humic acid solutions treated with ther-
mally modified LF, however at a neutral pH value [36]. The
enhancement in photocatalytic color removal upon decreas-
ing the initial pH of the reaction solution from pH = 4 to
pH =3 is demonstrated in Fig. 1.

As is apparent in Fig. 1, there is a huge difference in
photocatalytic color removal profiles at pH = 4 and pH = 3.
More specifically, the pH had to remain below 4 through-
out the experiment to achieve efficient color removal. Color
removal reached an asymptotic value of 20% for the exper-
iment starting at an initial pH of 4 at f = 75 min, whereas

90% color removal was achieved after 90 min LF/UV-A
treatment of aqueous RB5 at pH = 3 (Fig. 1). Hence, it may
be concluded that RB5 degradation with the LF/UV-A pro-
cess was strictly pH-dependent and not favorable at pH > 4.
Undoubtedly, it is a surface phenomenon and also important
for the DOC parameter. The degree of mineralization (ulti-
mate oxidation) was also studied in this work. Fig. 2 depicts
percent DOC removals obtained for LF/UV-A/pH3 treat-
ment of 20 mg/L aqueous RB5 solutions at pH = 3. During
LF/UV-A/pH4 treatment, no further DOC removal could be
achieved than that removal due to dark adsorption onto LF
(data not shown for LF/UV-A/pH4 treatment). According
to Fig. 2, 17% of DOC removal already occurred during
the preliminary dark adsorption stage (shown in Fig. 2 as
percent DOC removal at t = 0 min).

Upon closer inspection of Fig. 2, it can be seen that in
the initial stages of photocatalytic treatment where the
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Fig. 1. Percent color removals obtained during LF/UV-A treatment of aqueous RB5 solution at pH = 3.0 and pH = 4.0. Conditions:

RB5 =20 mg/L; LF=0.5g/L; I =1.3 W/L.
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Fig. 2. Percent DOC removals obtained during LF/UV-A treatment of aqueous RB5 solution at pH = 3. The figure also indicates changes
in pH values as evidence of the photocatalytic reaction slowing down with increasing pH. Conditions: RB5 = 20 mg/L; LF = 0.5 g/L;

DOC, =5.15 mg/L; I = 1.3 W/L.
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pH was still close to 3, DOC removal was rapid, although
the pH of the reaction solution continued to increase.
However, when the pH was above/close to 4, DOC remov-
als abruptly slowed down reaching asymptotic values of
52%-54% at t = 90 min. the DOC removals only fluctuated
between ¢ = 90-180 min. So, it can be concluded that photo-
catalytic DOC removal followed a similar behavior to RB5
removal, and was pH-dependent. Moreover, the continu-
ous rise in pH (some sample pH values that were inserted
into Fig. 2) to pH > 4, negatively affected RB5 and DOC
removal, which practically stopped after 90 min photocat-
alytic treatment. After 180 min treatment, the final pH of
the reaction solution was pH = 4.6.

3.2.2. Effect of PS (LF/PS/UV-A/pH3 experiments)

Considering previous PS/UV treatment applications as
well as studies about other PS-activation methods [29,30], it
was expected that the addition of PS into the reaction solu-
tion would result in an enhancement both in terms of RB5
(color) and DOC (organic carbon) removals. In this part of
the study, 0.6 and 1.2 mM PS were added to the LF/UV-A/
pH3 treatment system to obtain a RB5:PS molar ratio of
1:3 and 1:6, respectively. PS concentrations, as well as the
“target pollutant:PS” molar ratios, were selected consider-
ing previous related work where hydrogen peroxide was
used as the peroxide for enhanced photocatalytic treat-
ment [4,7,11,31]. Fig. 3 displays percent color removals (%)
obtained during LF-mediated photocatalytic treatment in
the presence of 0.6 and 1.2 mM PS.

From Fig. 3 it is evident that color removal with the LF/
UV-A treatment system was appreciably enhanced in the
presence of PS. Color removal was practically complete
(>99%) in only 25-30 min and hence superior to PS/UV-A
and LF/UV-A treatments at pH = 3. Upon closer inspection of
Fig. 3, it is evident that the color removal profile of PS/UV-A/
pH3, LF/PS/UV-A/pH3 and LF/UV-A/pH3 treatments follow
different trends. The enhancement of LF/UV-A treatment in

the presence of PS cannot be solely attributed to an additive
effect of homogenous photochemical and heterogeneous
photocatalytic reactions but rather synergistic effects of LF
and PS coupled with UV-A irradiation. Considering previ-
ous work with LF/UV-A, it might be due to the interaction
between the Fe ions released from and/or on the excited LF
surface with PS (initiating photo-Fenton or Fenton-like reac-
tions) or the direct interaction between the photo-generated
conduction band electrons (e.,") of the UV-A-excited LF sur-
face and the oxidant PS, acting as an electron acceptor. In
fact, color removal with the PS/UV-A/pH3 process proceeds
slowly and steadily, ultimately reaching 83% after 120 min
photochemical treatment. Some additional experiments and
further measurements had to be conducted in order to elu-
cidate the treatment mechanism that will be described later.
Fig.4 presents overall percent DOC removals (%) obtained
with LF/PS/UV-A/pH3 treatment (with 0.6 and 1.2 mM
PS) compared with PS/UV-A/pH3 treatment for 120 min.
DOC removals shown in Fig. 4 can also be compared with
those shown in Fig. 2 for LF/UV-A treatment at acidic pH.
From Fig. 4 it is obvious that no DOC removal was
obtained during RB5 treatment with PS/UV-A at pH = 3.0
(»3%; no DOC removal was obtained for PS/UV-A/pH7.5 —
not shown data), indicating that PS/UV-A treatment is not
capable of mineralization (ultimate oxidation) of RB5. Most
probably, color removal during PS/UV-A treatment occurred
with a different reaction mechanism and did not involve an
indirect, free radical chain reaction. In fact, UV-A photolysis
of PS is not expected to form SO;" since UV-A does not pro-
vide sufficient photon energy for the homolytic photo-cleav-
age of PS. Fig. 4 also reveals that in the presence of LF, the
oxidation of RB5 and its degradation products results in 60%
and 66% DOC removal in the presence of 0.6 and 1.2 mM PS,
respectively. However, in terms of color removal, there was
no difference between using 0.6 and 1.2 mM PS during LF/
PS/UV-A treatment (Fig. 3). Apparently, for ultimate oxida-
tion (DOC removal), higher PS concentrations were needed
so that not only RB5 but also its degradation products could
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Fig. 3. Percent color removals obtained during different photocatalytic and photochemical treatments of aqueous RB5 solution at
acidic pH values. Conditions: RB5 =20 mg/L; LF = 0.5 g/L; pH=3.0; 1 = 1.3 W/L.
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Fig. 4. Percent DOC removals obtained for the selected photocatalytic experiments with aqueous RB5 solutions. Conditions:
RB5 =20 mg/L; LF = 0.5 g/L; pH = 3.0; t = 120 min; DOC_=5.15mg/L; I = 1.3 W/L.

be effectively oxidized. Among the tested treatment systems,
the highest DOC removal was obtained for the LF/PS/UV-A
process.

3.2.3. About the treatment mechanism of the LF/PS/UV-A
process

A rather limited number of studies have investigated
the reaction mechanism of perovskite-type oxides in the
absence and presence of varying oxidants including perox-
ides [6,11,35,36,39,40]. Besides, no scientific work examined
the role of PS in the LF/UV-A treatment of model pollutants.
In order to explain the role of PS (the eventual enhancement
due to PS addition) during LF-mediated treatment the fol-
lowing experimental sets were planned within the scope of
this work;

e dark LF/pH3 (LF only) and dark LE/PS/pH3 experiments
(in the absence of UV-A light)

¢ parallel measurement of La and Fe metals release during
LF/UV-A/pH3 and LF/UV-A/PS/pH3 experiments

Experimental results of these two experimental sets are
given in Fig. S3 (dark controls) and Fig. 5 (La and Fe met-
als release), respectively. According to Fig. S3, LF/pH3 and
LE/PS/pH3 treatments in the absence of UV-A light lead to
47% and 56% color removals after 120 min, respectively.
Since the color removal efficiencies and profiles look similar
for these two control experiments, it can be concluded that a
dark “Fenton-like reaction” that might be expected for LF/
PS treatment of aqueous RB5 solution at pH3 can be ruled
out since it did not have an additional contribution to color
removal. Apparently, color removal was moderate (»50%)
and occurred mainly due to preliminary (dark) RB5 adsorp-
tion onto the LF photocatalyst surface (Fig. S2). In fact, the
RB5 dye is not only a high-molecular weight dye (991.8 g/
mol) but also a large-molecule. Therefore, at least partly some
hydrophobic interactions, as well as electrostatic attractions,
are expected between RB5 and LF [6,19]. The LF surface (with

a zero-point-of-charge of pH, = 8.9 [41] is expected to pos-
sess a positive charge at pH = 3. It was principally expected
that Fe on the LF surface interacts with the photogenerated
e, and then the reduced form with PS in a heterogeneous
“Fenton-like” redox reaction that could be involved in the PS
activation and may result in the generation of SO;~ as pro-
posed below in Egs. (1) and (2):

=Fe® + e, — Fe’' 1)

k=20M"s" at22°C
@)

=Fe® +5,07 - Fe* + S0 +S0>"

For instance, Luo et al. [4] reported that the degradation
of the dye Rhodamine B was enhanced during treatment
with BiFeO, nanoparticles in the presence of the peroxide
H,O, at a slightly acidic pH (=5) and proposed a reaction
meachism for this heterogenelous catalytic redox reaction.
However, in the present work RB5 color removals with LF
and LF/PS at pH = 3 were rather close to each other (46% and
49% at t = 90 min; 47% and 56% at ¢t = 120 min, respectively)
and hence the “dark Fenton-like scenario” could not explain
the superior RB5 removal for the LF/PS/UV-A/pH3 treatment
system. In other words, considering the results of the dark
control experiments most possibly there was another route
involved in color removal from aqueous RB5 dye solution
during heterogeneous photocatalytic treatment in the pres-
ence of PS. It is postulated that the direct interaction of the
LF (Fe, La) surface with PS or more possibly the direct pho-
tocatalytic activation of PS with the photocatalytically pro-
duced conduction band electrons may become critical. The
latter may take place as follows; the valence (VB) and con-
duction bands (CB) of perovskite are photo-excited by UV-A
light-producing conduction band electrons (e;) and holes
(hyp) (Eq. (3) [28,43]) on the LF surface. The photo-generated
e, react with PS to produce SO;" (Eq. (4) [28]). Meanwhile,
the hy, reacts with H,O forming HO®, simultaneously
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Fig. 5. Changes in Fe and La concentrations during LF/UV-A/pH3 (a) and LF/PS/UV-A/pH3 (b) treatments. Conditions: RB5 =20 mg/L;

LF=0.5g/L; PS=0.6 mM; pH=3.0; 1 =13 W/L.

retarding the electron-hole recombination on LF (Eq. (5)
[28]). The e, also react with O, producing O;" radicals (Eq.
(6) [28]). Hence, the redox reactions taking place between PS,
H,O, O, and Fe may increase the life time of h},, and e, that
drive the photocatalytic redox reactions. These collectively
achieve the degradation of RB5 dye and its degradation prod-
ucts (Eq. (7) [28]) via free radical chain reactions ultimately
leading to mineralization/ultimate oxidation end products

(Eq. (8) [28]);

Semiconductor (LF) + hv()»max =365 nm) — e +hy, (3)
5,02 +e , — SO, +S07" (4)
h{, +H,O0—->HO" +H" ®)

e, +0, > 05 (©)

h}, /SO /HO" +RB5 (dye molecules)
— degradation products (7)

RB5 / degradation products — — CO, + H,O + NO; + SO;"
(8)

It is anticipated that in the present study both HO*
and SO;~ but mainly SO;~ might be actively involved in
RB5 and its DOC removal. In order to elucidate the color
removal mechanism during aqueous RB5 treatment, Fe and
La releases were also followed during LF/UV-A and LF/PS/
UV-A treatments under optimized, selected reaction condi-
tions (20 mg/L hydrolyzed, aqueous RB5; 0.5 g/L LF; 0.6 mM
PS; pH = 3.0; 1.3 W/L UV-A for 120 min LF/PS/UV-A and
240 min LF/UV-A treatment). The original (! = 0 min) La
and Fe concentrations were 11.0 and 0.5 mg/L, respectively.

As evident from Fig. 5a, La and Fe values increased
steadily during LF/UV-A treatment until 60 min. Beyond
this treatment period, La and Fe started to reach asymptotic
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values (they fluctuated) parallel to color removal which was
also practically complete. On the other hand, La and Fe con-
centrations exhibited a different kinetic pattern during LF/
PS/UV-A/pH3 treatment of aqueous RB5 solution as given
in Fig. 5b. The increase in La concentrations was relatively
slow and La remained practically constant between 5-25 min
(at a concentration of 16-21 mg/L La). After 25-30 min LF/
PS/UV-A treatment (time of complete color removal), La
concentration increased more rapidly reaching 39 mg/L at
t =120 min. On the other hand, the Fe concentration remained
constant between 10-30 min LF/PS/UV-A treatment at around
1.1-1.4 mg/L Fe in the reaction solution. Experimental results
indicated that differences in La and Fe release profiles could
be due to changes in the reaction mechanisms of LF/UV-A/
pH3 and LF/PS/UV-A/pH3 treatment processes. It is specu-
latively thought that h{ oxidation (parallel to Fe reduction
by e,) of RB5 might play an important role in LF/UV-A treat-
ment, whereas indirect oxidation of RB5 with SO;~ which is
formed due to PS reduction by e, could also be critical for
color removal with the LF/PS/UV-A process. The fact that
the Fe concentration remains practically constant and La
release is relatively slow during ¢ = 5-25 min LF/PS/UV-A/
pH3 treatment is interesting since during this time period
the color of RB5 solution was completely removed with LF/
PS/UV-A/pHS3 treatment. This pattern indicated that during
color removal rapid La and Fe release from the LF surface to
the reaction bulk was hindered by the photocatalytic redox
mechanism taking place on LF with Fe and La that were con-
sumed/used due to reactions with h{  and e_,. In order to
evaluate the stability of the catalyst and determine the role
of a homogeneous Fenton-like reaction caused by leached
Fe, an aqueous LF solution was stirred at pH = 4-5 for 24 h
and analyzed for Fe after filtration [10]. Dissolved Fe was not
detected in the filtered suspension thereby indicating that the
homogeneous Fenton reaction mechanism was not involved
in the degradation of the model pollutant under slightly
acidic conditions [10]. Faye et al. [8] investigated Fe leaching
from LF pH = 3 and pH = 4, similar to the pH conditions of
the present work. Herein it was reported that released Fe was
limited to a concentration of 2.7 mg/L even under acidic pH
conditions for 0.5 g/L LF. However, acidic pH values might
cause La and Fe leaching. In fact, in heterogeneous catalytic
Fenton-like systems, pH can affect surface adsorption of the
organic contaminant that is only relevant for charged com-
pounds and changes in Fe speciation due to reduction of
Fe(III) to Fe(Il) by e, and/or SO;". During the present work,
the reaction pH never decreased to below 3.0, which is a
pH known to negatively affect LF surface properties [8,44].

3.2.4. Reuse of the LF photocatalyst

Fe-containing catalysts usually suffer from leaching, par-
ticularly under acidic pH conditions. Perovskites on the other
hand have an appreciably higher structural stability as con-
firmed by previous researchers [4,6,7,10,36,39]. The greater
stability of LF over the traditional Fe-containing (photo)
catalysts is an inherent advantage over other metal oxide
catalysts. Poor regeneration of the oxidized metal in metal
oxide catalysts back to its reduced state can take place in het-
erogeneous (photo)catalytic PS activation which ultimately
results in the decay of catalytic activity. Fe and La leaching

during photocatalytic treatment was already tested in previ-
ous work and no appreciable Fe or La leaching was observed
for LF at neutral pH [7,10]. The stability and activity of dif-
ferent photocatalysts have already been demonstrated in
previous work by conducting additional consecutive reuse
experiments. In this work, LF was used in four (4) consecu-
tive cycles during selected LF/UV-A/pH3 and LF/PS/UV-A/
pH3 treatments of aqueous RB5. For that purpose, LF was
centrifuged at 5000-6000 rpm for 5-10 min, rinsed twice with
distilled water and dried at 105°C in an autoclave for 60 min.
Then, another 20 mg/L aqueous RB5 solution was treated
with the recovered LF under otherwise identical reaction
conditions. This procedure was repeated in all consecutive
treatment cycles 4 times in total (Figs. S4 and S5 for LF/UV-A
and LF/PS/UV-A, respectively).

Fig. 6a depicts color and DOC removals during LF/UV-A/
pH3 treatment of RB5. In terms of color removal, a slight
decrease from 98% obtained in the 1st cycle to 90%, 91% and
92% in the next 3 treatment cycles was apparent. In terms
of DOC removal, the decrease was more significant, namely
from 62% to 15%, 11% and 11%, respectively, during the next
three cycles of 210 min-photocatalytic treatment.

Since during the LF/UV-A/pH3 treatment process the
interaction between RB5 as well as its degradation products
with LF is critical, it is expected that upon continuous LF sur-
face coverage with RB5 and its photocatalytic degradation
products (collectively expressed here as the DOC parameter),
the treatment performance of the 1st cycle will decrease. The
performance reduction in terms of color and DOC parame-
ters was most strongly observed in the 2nd cycle of the LF/
UV-A treatment process, and a further reduction in color and
DOC removal was only minor. From these results, it could be
concluded that the multiple reuses of LF for color removal
are feasible but not very suitable in terms of DOC removals
that worsened appreciably due to the accumulation of dye
intermediates onto the LF surface.

Fig. 6b displays percent color and DOC removals
obtained during LF/PS/UV-A/pH3 treatment of aqueous RB5
solution (20 mg/L RB5; 0.5 g/L LF; 0.6 mM PS) for ¢ = 120 min.
From Fig. 6 it is evident that LF/PS/UV-A/pH3 treatment is
superior in terms of color (always in the range of 99%-100%)
as well as DOC (in the range of 59%-62%) removals in all
treatment cycles. There was no reduction in treatment per-
formance throughout the 4 treatment cycles involving LF/PS/
UV-A/pH3 treatment due to the positive effect of PS addi-
tion on LF/UV-A treatment both in terms of color and DOC
removal rates. The treatment performance of different per-
ovskite oxide types during several reuse cycles was inves-
tigated in previous work [2,4,46]. Herein, it was reported
that the investigated nanoparticles were quite stable and
showed no loss of catalytic activity up to 5 treatment cycles.
However, it should be mentioned that these studies were
conducted at neutral pH values and the stability of the cat-
alysts was solely based on the removal of target pollutants
only in previous work [2,4,45,46]. To the best of our knowl-
edge, there are no studies available on the treatment/reuse
performance evaluation for a photocatalytic process in the
presence of peroxides in terms of the DOC parameter which
incorporates the organic carbon of the target pollutant as
well as degradation intermediates and hence a major lim-
itation of a catalyst material’s reuse potential.
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Fig. 6. Percent color and DOC removals obtained during LF/UV-A (a) and LF/PS/UV-A (b) treatments of RB5 in 4 consecutive

cycles. Conditions: RB5 =20 mg/L; LF = 0.5 g/L; pH = 3.0; DOC_=5.15 mg/L; t

3.3. Experiments with real tap water and secondary treated
wastewater samples

In order to investigate the application potential of the
selected photocatalytic treatment systems in real samples,
experiments with tap water (TW) and two different biolog-
ically treated wastewater samples (WW-1, WW-2) were per-
formed. LE/PS/UV-A/pH3 treatment with PS = 0.6 mM was
proven to be the most favorable in terms of DOC removal
in the treatability experiments conducted with WW-1 (data
not shown). On the other hand, 1.2 mM PS was selected for
LE/PS/UV-A/pH3 treatment of WW-2 since this wastewater
sample exhibited a higher organic carbon content (Table S2)
and thus eventually required a higher PS concentration. The
environmental characterization of TW and WW-1, WW-2
samples were presented in Tables S1 and S2, respectively.

=210 min; ¢, =120 min; I =1.3 W/L.

@ ®
Fig. 7 shows the percent DOC removals obtained for the
LF/PS/UV-A/pH3 treatment of the TW, WW-1 and WW-2
samples.

As is obvious in Fig. 7, DOC removals decreased for the
real water and wastewater samples compared with those
observed for aqueous RB5 solution, although the DOC
value for TW and WW-2 did not differ appreciably from the
DOC content of 20 mg/L RB5 solution. The DOC removal
due to “preliminary dark adsorption” also decreased from
18%—-21% for the aqueous RB5 solution (Fig. 4) to 8.2%, 1.8%
and 4.4% for TW, WW-1, and WW-2, respectively. At the
end of the photocatalytic treatment, overall DOC removals
were obtained as 25% and 22% for TW and WW-1, respec-
tively. Despite the higher concentration of PS used in the
photocatalytic treatment of WW-2 that exhibited a stronger
(higher) DOC content, a relatively low DOC removal of only
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Fig. 7. Percent DOC removals obtained for LF/PS/UV-A treatment of TW, WW-1 and WW-2. Time f = 0 indicates percent DOC
removal due to preliminary dark adsorption onto the LF photocatalyst. Conditions: RB5 = 20 mg/L; LF = 0.5 g/L; pH = 3.0; t = 120 min;
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5% could be achieved for this wastewater sample. From the
above results, it may be concluded that the DOC removals
were significantly inhibited due to the presence of various
organic and inorganic compounds and particularly the
higher organic carbon content in the biotreated sewage sam-
ple. The effect of different organic and inorganic ions present
in real water/wastewater matrices on the photocatalytic/pho-
tochemical treatment performance was already investigated
in some recent work [46-48]. A negative (inhibitory) effect
was typically observed in terms of target pollutant removal
performance at elevated concentrations of humic acid, chlo-
ride, phosphate, or sulfate, depending on the concentration
(inorganics >250-500 mg/L; humic acid >10-20 mg/L) and
type of added ions [48,49]. Only limited information is avail-
able on the application of perovskite-type materials for the
treatment of real water/wastewater samples. Jing et al. [48]
reported that total organic carbon (TOC) removals decreased
dramatically in Bisphenol A-containing food wastewa-
ter similar to the results of the present work. Apparently,
not only the concentration but also the type/nature of the
organic/inorganic substrates in the water/wastewater sample
may affect the treatment performance of the target pollutant.
It should also be pointed out here that the concentration of
peroxides (here: PS) has a pivotal role in SO;~based AOPs.
Although higher concentrations of PS might be requied fort
he treatment of real water and wastewater it has also been
reported that excessive concentrations of peroxides (here:
PS) might scavenge HO" to for persulfate radicals (5,0;") as
shown below [50,51];

5,0 +HO" — 5,0, +HO )

As aforementioned, S,O;" are less powerful and hence
more selective/long-lived than SO;~. This could have pos-
itive as well as negative effects on SO;-based advanced
oxidation of real industrial wastewater depending on the
wastewater constituents.

=5.39 mg/L, DOC, ,,\,., = 16.83 mg/L; I = 1.3 W/L.

4. Conclusions

A home-made lanthanum iron oxide (LF) was used for
the photocatalytic and persulfate (PS)-enhanced photocata-
lytic treatment of an industrial model pollutant in synthetic
wastewater as well as real water and wastewater samples.
The experimental study focused on the effect of pH and PS
addition to explain the treatment mechanism of enhanced
LF-mediated photocatalysis. pH played a critical role in
LF-mediated heterogeneous photocatalysis of the model
industrial pollutant (hydrolyzed, aqueous RB5 solution) and
the pH had to be kept < 4 to achieve substantial color and
organic carbon (DOC) removals. Moreover, PS addition had
a profound effect on color and organic carbon removals. The
positive effect of PS was attributable to its role as an electron
scavenger and its reaction with photocatalytically reduced Fe
in the LF lattice forming sulfate radicals. These, in turn, would
react with RB5 and its degradation products. The addition of
the PS also improved the reuse performance of LF; multiple
use was possible accompanied by complete color and highly
efficient DOC removals. PS-enhanced photocatalytic treat-
ment was also applied to treat real water (tap water and sec-
ondary/biologically treated wastewater). DOC removal was
still observed during PS-enhanced photocatalytic treatment;
however, treatment (DOC removal) performance decreased
appreciably due to the complexity and higher DOC content
of the real water/wastewater samples. However, it should be
emphasized there that the peroxide (here: PS) concentration
and reaction time were kept relatively low compared to pre-
vious work dealing with LF/UV-A treatments. In real-scale
applications where complex effluents such as textile industry
wastewater/dyehouse effluent has to be treated, the poten-
tial of using for instance natural, solar light as the UV-A light
source for LF/PS/UV-A treatment could be explored to save
operating costs associated with the electricity required to run
the UV-A lamps. Further, adjusting/optimizing the heteroge-
neous photocatalytic process to “real” (more complex and
harsher) conditions would improve the treatment results.
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The possibility to use the LF photocatalyst multiple times is
a very exciting and promising feature of the proposed treat-
ment system. In this way, PS-enhanced, LF-mediated pho-
tocatalysis could be considered as an alternative, promising
treatment method for refractory industrial pollutants found
in water and wastewater including reactive dyes.
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Supplementary information

Table S1

Environmental characteristics of the tap water (TW) sample

Table S2

227

Environmental characteristics of the biologically (secondary)
treated wastewater (sewage) samples (WW-1, WW-2)

Parameter Value
Parameter (units) WW-1 WW-2
TOC (mg/L) 2.83
DOC (mg/L) 1.98 TOC (mg/L) 18.68 2443
Alkalinity (mg CaCO,/L) 100 DOC (mg/L) 5.39 16.83
Color (Pt-Co) 10 COD (mg/L) <30 <30
Conductivity (uS/cm) 435 TSS (mg/L) 52.5 162.5
CI (mg/L) 4925 VSS (mg/L) 37.5 110
SO* (mg/L) 382 Color (Pt-Co) 11 60
NO; (mg/L) 4.7 Alkalinity (mg CaCO,/L) 96 314
pH 8.0 Conductivity (uS/cm) 2,390 7,800
SO (mg/L) 87 288
NO; (mg/L) 7.38 1341
PO> (mg/L) 3.67 13.34
Cl (mg/L) 571 2,005
Br (mg/L) 1.81 10.63
pH 7.23 7.02
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Fig. S1. Percent color removals obtained during some control experiments. Conditions: RB5 =20 mg/L; I = 1.3 W/L.
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Fig. S2. Changes in (peak) absorbance at 610 nm values during LF/UV-A experiments conducted at varying pH values. The
“dark” mixing and preliminary adsorption time were fixed at 5 min (“original” value). Conditions: RB5 = 20 mg/L; LF = 0.5 g/L;

A =0.577 cm™ at 610 nm; I =13 W/L.
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Fig. S3. Percent color removals obtained during the “dark” control (baseline) experiments with LF and LF/PS. Conditions:
RB5 =20 mg/L; LF = 0.5 g/L; PS = 0.6 mM; pH = 3.0.
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Fig. S4. Percent color (a) and DOC (b) removals obtained during LF/UV-A treatment of RB5 in four (4) consecutive cycles.
Conditions: RB5 =20 mg/L; LF =0.5 g/L; pH =3.0; DOC0 =515mg/L; I =1.3 W/L.
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Fig. S5. Percent color (a) and DOC (b) removals obtained during LF/PS/UV-A treatment of RB5 in four (4) consecutive cycles.
Conditions: RB5 =20 mg/L; LF = 0.5 g/L; PS = 0.6 mM; pH = 3.0; DOC_=5.15mg/L; I =1.3 W/L.



	_Hlk94814513

