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On-line FTIR-methodology was used to study the routes of 1,4-dioxane degradation in heterogeneous
photocatalysis with titanium dioxide (TiO, ) and heterogeneous photo-Fenton with zero valent iron (Fe?).
To determine the multiple decomposition mechanisms of this environmental pollutant, heterogeneous
FeC-catalyst was compared with a homogenous iron catalyst and different photocatalytic systems with
UV radiation and solar light were studied. In addition, the influence of H,0, addition profile was assessed
to optimize of the reagent dose and reaction time. Complete removal of 1,4-dioxane and 85% mineraliza-
tion of TOC were achieved by UV photo-Fenton with Fe®, while solar light could work as cost-effective
alternative, achieving 65% removal of 1,4-dioxane. Although constant addition of H, 0, was crucial for the
rapid oxidation of organic matter, significant degradation was reached by only half of the stoichiometric
amount of H,0,. Meanwhile, apparently similar treatment efficiencies were observed in both UV-assisted
and solar photocatalysis (almost 60% of 1,4-dioxane removal). The degradation routes for 1,4-dioxane in
both advanced oxidation processes were established and presented based on extensive chromatography
analysis, whereas FTIR monitoring served as a powerful tool for on-line reaction monitoring. Ethylene
glycol diformate was detected as the major primary intermediate in TiO,-photocatalysis, whereas ethy-
lene glycol was found as the main initial by-product in Fe®-based photo-Fenton. An alternative route of
1,4-dioxane degradation through methoxyacetic and acetic acids was observed, being more pronounced

in photo-Fenton processes and accentuated further in the presence of Fe?.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:

1,4-Dioxane
Heterogeneous catalysts
Fe® microspheres
Photo-Fenton

TiO; photocatalysis

1. Introduction

1,4-Dioxane isa common organic solvent, generated also as a by-
product in many industrial processes [ 1]. Although this cyclic ether
is classified as a B2 carcinogen due to its negative health effects
[2-4], its removal by conventional processes is difficult due to its
biorefractory and persistent nature [1,5-7]. Advanced oxidation
processes (AOPs) are reported to effectively degrade 1,4-dioxane
[8-11] through the formation of more biodegradable compounds,
thus, reducing the overall cost of the process [12].

One of the most common AOPs, TiO,-photocatalysis, is based on
the combination of UV light and a semiconductor catalyst, offer-
ing several advantages like minimal production of residues and
mild operation conditions suitable for environmental applications
[13,14]. In contrast, another typical AOP, Fenton oxidation, is based
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on the electron transfer between hydrogen peroxide (H,0,) and
ferrous ion (Fe2*). This process appears to be one of the most rapid
and aggressive treatments suitable for heavily loaded industrial
effluents [15,16]. However, during the last decade, combining both
UV light and Fenton reaction in a so-called photo-Fenton process
has become popular as an advantageous method due to the photo-
recovery of catalytic Fe2* and the photo-decarboxylation of the
refractory ferric carboxylate complexes [17-23].
TiO,-photocatalysis can achieve complete mineralization of
1,4-dioxane from diluted synthetic solutions [24,25]; however,
elevated concentrations of this compound and other organic mat-
ter would require elevated concentrations of photocatalyst [26,27],
causing a turbidity that inhibits the penetration of light and, thus,
the activation of TiO,. On the other hand, Fenton and photo-Fenton
processes are limited by their optimal pH range (usually set at
pH 3) [28,29] and iron sludge by-product that requires disposal
[30]. Nevertheless, the use of zero valent iron (Fe®) microspheres
instead of Fe2* salts can solve the drawbacks of photo-Fenton
when working in heterogeneous conditions at neutral pH [31].
Moreover, moderate carbonaceous alkalinity was found beneficial
to maintain the heterogeneous conditions without causing any
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significant negative effect on the process efficiency. Under neu-
tral and slightly basic pH conditions the produced Fe2* remains
anchored on the surface of Fe? microspheres without Fe2* leaching,
thereby avoiding the subsequent generation of iron sludge [31].

Considering these heterogeneous AOPs, very few reports exist
on the decomposition mechanisms of 1,4-dioxane during TiO,-
photocatalysis [32], and there is no literature on the identification
of degradation routes and reaction intermediates formed along the
treatment of 1,4-dioxane by heterogeneous photo-Fenton process
using Fe?, although some by-products have been identified [33,34].
Stefan and Bolton [35] proposed a degradation mechanism for 1,4-
dioxane in UV/H,0, oxidation, and Kim et al. [36] suggested a
reaction pathway for homogeneous photo-Fenton reaction, both
by exhaustive series of chromatographic methods.

As an alternative to the expensive and time-consuming chro-
matographic analysis, on-line fourier transform infrared (FTIR)
spectroscopy has been successfully applied for the in situ con-
trol of the intermediate chemical species during the oxidation
of 1,4-dioxane by classical Fenton [10] and ozonation [8] pro-
cesses. Since the heterogeneous photocatalytic and photo-Fenton
processes involve multiple possible transformations of catalyst
and reactive radical species, different degradation routes could be
expected, depending on the treatment. Moreover, on-line informa-
tion of the whole reaction during the experiment would not only
provide a straightforward understanding of the reaction mecha-
nism, but also an accurate optimization of the reagent doses and
reaction time, thus reducing the treatment cost.

Therefore, the main objective of this research was to establish
the degradation routes for 1,4-dioxane treated by both heteroge-
neous photocatalysis with TiO, and heterogeneous photo-Fenton
with Fe® and to study the mechanism of these processes under
different radiation sources, using the on-line FTIR-methodology
supported by extensive chromatography analysis. Furthermore, the
FTIR tool was also applied for the optimization of the H, O, required
for the photo-Fenton process using Fe0.

2. Materials and methods
2.1. Materials and analytical methods

All used reagents were of analytical grade and supplied by PAN-
REAC S.A. (Barcelona, Spain) or Sigma-Aldrich (Highland, USA).
Synthetic wastewater was prepared with 7050mgL-! of 1,4-
dioxane in deionized water. AEROXIDE® P25-TiO, (BET surface
area=50m?2 g~1; pore volume =0.25m3 g~!, and mean particle size
of ca. 21 nm) was supplied by Evonik (Essen, Germany). Fe9 micro-
spheres (>98.3% Fe; <1% C; <1% N; <0.7% O) with 1 pm of particle
size and 800 m? kg~ of surface area were obtained from BASF (ZVI
Microspheres 800, Ludwigshafen, Germany).

All the analyses were made according to the standard methods
for the examination of water and wastewaters [37]. Chemical oxy-
gen demand (COD) was measured by the colorimetric method at
600 nm using an Aquamate-spectrophotometer (Thermo Scientific
AQA 091801, Waltham, USA). Total organic carbon (TOC) was mea-
sured by the combustion-infrared method using a TOC/TN analyser
multi N/C® 3100 (Analytik Jena AG, Jena, Germany) with catalytic
oxidation on cerium oxide at 850°C. H,0, concentration was ana-
lyzed by the titanium sulphate spectrophotometric method [38].

The FTIR analytical spectrometer ReacIR iC10 (Mettler-Toledo,
Columbia, USA) was used to monitor chemical species as they
react over a period of time as described by Merayo et al. [39]. In
order to confirm the FTIR results, 1,4-dioxane and its degradation
products, ethylene glycol diformate (EGDF) and ethylene glycol
monoformate (EGMF), were identified and quantified by an Agi-
lent 6890N gas chromatograph (GC, Palo Alto, CA) equipped with

a quadrupole mass spectrometer (MS) Agilent 5975B. To extract
these two volatile compounds from the water samples, an inter-
nal standard (5 mgL-! of octanol) and 1.4 g of ammonium sulphate
were added to 10 mL of sample, and the solution was extracted
threefold with dichloromethane (40:10:10 mL). The organic frac-
tion was dried on anhydrous sodium sulphate and concentrated to
1 mL under nitrogen flux in a Kuderna-Danish apparatus (Sigma, St.
Louis, MO) and subsequently analyzed by GC-MS as follows. Sam-
ples (3 wL) were injected in split mode (30:1) and volatiles were
separated using a fused silica capillary column (HP-INNOWAX)
(30 x 0.25 mm i.d. and 0.25-pm film thickness), supplied by Agilent
(Madrid, Spain). The pressure of the GC-grade He carrier gas was
7.7 psi with a linear velocity of 1.0 mLmin~!; the initial oven tem-
perature was 45°C, which was first increased at 3°Cmin~! up to
100°C, held for 1 min, and then heated at 15°Cmin~! up to 270°C,
and held at this temperature for an additional 5 min. The injection
temperature was 230 °C. Detection was carried out by electron ion-
ization (EI) mode (70eV), interphase detection temperature was
290°C (MS source at 230°C and MS quad at 150°C) and scanning
mass was ranged between 35 and 400 amu. Quantitative determi-
nations were carried out by the internal standard method, using
peak areas obtained from selected ion (m/z) monitoring (88, 1,4-
dioxane; 60, EGDF/EGMF; 45, octanol) and calibrations made with
pure reference compounds analyzed under the same conditions.

1,4-Dioxane was also quantified together with ethylene glycol as
its possible degradation product, using gas-liquid chromatography
(GLC) on a 7980A instrument (Agilent Technologies Inc., Palo Alto,
CA) equipped with a flame ionization detector. The temperatures
of the injector and detector were 310°C and 280 °C, respectively.
Samples (2 wL) were injected using the pulsed-split mode (split
ratio 5:1) and analyzed in a TRB-FFAP (Teknokroma, Sant Cugat del
Vallés, Spain) fused silica column (30 m x 0.25 mm internal diame-
ter x 0.25 pm film thickness) with He (43 psi) as carrier gas and the
following temperature program: 80 °C to 240 °C after 9 min initial
hold and at 15°Cmin~! ramp rate. Peaks were identified according
to the relative retention times of commercial standards. Quantifi-
cation was performed according to peak area, corrected with the
response factors calculated for each compound using 1-butanol
(250 ppm) as internal standard, and the software GC-ChemStation
Rev.B.04.02 (96) from Agilent.

Oxalic, acetic, formic, glycolic, and methoxyacetic acids were
identified and quantified by ion chromatography (IC) using a 940
Professional IC Vario instrument (Metrohm, Herisau, Switzerland)
equipped with a conductivity detector. An isocratic gradient of
Na,CO3 (3.6 mM) was used as eluent, keeping an eluent flow at
0.7 mLmin~'. The injection loop was 50 mL. Analysis was done in
an ionic resin column Metrosep A Supp 7 with a guard column
Metrosep A Supp 4/5 Guard.

2.2. Experimental procedures

2.2.1. TiO, photocatalytic processes

Experiments were performed with P25-TiO, suspension of
10gL-1[26,27] stirred on a magnetic mixing device. The initial pH
of the 1,4-dioxane solution (*5.7) was not modified. For the analy-
ses, samples were withdrawn from the reactor and centrifuged for
15min at 335 x g, and then the supernatant was filtrated through
0.45 pm (PTFE syringe filter, Merck, Spain) to measure COD and
TOC and analyze the possible reaction intermediates.

2.2.2. Fenton and photo-Fenton processes

Heterogeneous experiments with Fe® were performed in the
presence of 1000mgL-! NaHCO; buffer (pHy 8.5), whereas
the acidic conditions for homogeneous process with Fe?* were
obtained by adjusting the initial pH to 2.8 with 1M H;S04. In all
the studied cases, pH was monitored along the process. After the
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initial pH adjustment, iron was added to the 1,4-dioxane solution
either in the form of Fe® microspheres at the optimum molar ratio
[H,0;]/[Fe®] =60 found in preliminary experiments [31] or in the
form of FeSO4 at the optimum ratio of 5 found for the conventional
Fenton process [10]. Batches of H, O, (35% w/v) were then added in
sequence until the total amount based on the stoichiometric ratio
of [Hy0,]9/[COD]p =2.125 was reached. After every sample with-
drawal, an initial measurement of the H,O, in the samples was
made. Immediately afterward, the samples were adjusted to pH
9.0 by adding 40% NaOH, and then filtered through 0.45 pm to ana-
lyze the possible reaction intermediates and measure COD, TOC and
remaining H,0, concentrations. H;O, concentration values were
used to correct COD values according to Hermosilla et al. [28].

2.2.3. UV lamp and solar simulator

Experiments of UV/TiO, photocatalysis and UV photo-Fenton
were performed at 25°C, using a high-pressure mercury immer-
sion lamp of 450 W from ACE-glass (Model 7825-30, Vineland, USA)
placed in a quartz glass cooling jacket and located in a vertical
manner in the centre of the glass reactor. Total volume of 1000 mL
was treated, whereas the irradiated liquid surface per sample was
240cm?2 L1, The total photon flux of 1.1 x 1020 photons~! was cal-
culated to flow inside the photochemical reactor as described by
Liang et al. [40]. Light intensity measured on the irradiated liquid
surface was 788 Wm~2 at the mid-height of the UV-lamp (1.5cm
from the light source). Light intensity was recorded using UV-vis
Radiometer RM-21 (UV-Elektronik, Ettlingen, Germany).

Solar TiO, photocatalysis and solar photo-Fenton trials were
carried out in a Solar Simulator supplied by Newport (Irvine, USA),
equipped with a Xe lamp (300 W) with a correction filter (ASTM
E490-73a) to obtain the solar spectrum under ideal conditions.
Total volume of 100 mL was treated, whereas the irradiated liq-
uid surface per sample was 980 cm? L~1. The total photon flux was
6.8 x 101° photon s~1. The recorded light intensity was 444 W m~2
at 8 cm from the light source, which was the distance between the
sample surface and the lamp.

To normalize the data in order to compare the results obtained
with different liquid volumes and reactor configurations used in
UV and solar enhanced processes, the light intensity recorded on
the irradiated liquid surface in Wm~2 (Js~! m~2) was converted to
kJ L1, taking into account the dimensions of the photoreactors.

3. Results and discussion
3.1. Heterogeneous photocatalysis with TiO,

The photocatalytic degradation of 1,4-dioxane with TiO, pow-
der was successfully monitored by FTIR probe. The comparison of
the data from posterior chromatographic analysis (Fig. 1A) and on-
line FTIR measurement (Fig. 1B) shows that the disappearance of a
target molecule can be accurately observed in real time by tracking
its characteristic peaks. According to the results of photocatalytic
degradation of 1,4-dioxane on TiO,, apparently similar treatment
efficiencies were observed in both UV-assisted and solar photo-
catalysis (Fig. 1). About 45% of 1,4-dioxane was degraded when
applying around 360 k] L~! of either solar or UV radiation, whereas
almost 60% removal could be obtained in further irradiation in solar
simulator (470 k] L~1). With both radiation sources, almost a linear
degradation of 1,4-dioxane was observed (~7.5mgk]~1), accord-
ing to both the chromatographic sample analysis and the on-line
FTIR spectrometry, monitoring the peak at 1120 cm~"! characteris-
tic to 1,4-dioxane spectra. This indicates that in both cases further
removal of 1,4-dioxane is possible under longer radiation times.

Although the UV lamp with much greater potential than the
solar simulator should lead to greater TiO, activation and, thus,
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Fig. 1. Light assisted degradation of 1,4-dioxane during heterogeneous catalytic
processes: (A) chromatographicanalysis; (B) decrease of 1,4-dioxane peakinrelative
absorbance units (A.U.) monitored by FTIR spectrometry. Co.gioxane = 7050 mgL~!;
pHp 5.7 in TiO,-based processes; pHyp 8.5 in Fe?-based processes.

faster degradation kinetics, in this particular case, the configura-
tion of the solar simulator above the surface of a rather thin water
layer was more beneficial than the UV lamp immersed in a much
larger water bulk (the intensity of light in a depth of 1 cm inside
the turbid catalyst suspension was only 5% of the radiation on the
liquid surface).

Regardless of the radiation source, both UV/TiO, and solar/TiO,
processes led to very similar decomposition of 1,4-dioxane.
Metabolites of 1,4-dioxane were observed in greater detail in the
UV-catalyzed process (Fig. 2), in which EGDF and formic acid
were identified as major reaction intermediates, generated along-
side since the beginning of the reaction. Their evolution along the
degradation process is well observed by chromatography after cer-
tain time-intervals (Fig. 2A); however, the on-line monitoring of
the major characteristic peaks of FTIR spectra allows even clearer
appreciation of the real trends of EGDF appearance and decay
accompanied by the accumulation of formic acid (Fig. 2B). To a
lesser extent, some acetic acid was produced along the process,
while methoxyacetic and glycolic acids were detected as a mixture
at concentrations below 5.6 +0.2mgL~1. Such low concentrations
could not be detected with precision in the FTIR spectra. In addition,
traces of EGMF (<0.03+0.01 mgL-!) were observed by GC-MS
(data not shown).

3.2. Heterogeneous photo-Fenton processes with Fe®

The heterogenous catalytic removal of 1,4-dioxane on Fe®
microspheres was also successfully monitored with catalytic by the
in situ FTIR measurement. As shown in Fig. 1, UV photo-Fenton
process resulted in the greatest removal of 1,4-dioxane: less than
60KkJ L1 of UV radiation was required to reach a complete removal
of the compound along with 85% of TOC removals, whereas nearly
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Fig. 2. Degradation products of 1,4-dioxane oxidation during UV/TiO, treatment:
(A) chromatographic analysis; (B) FTIR monitoring of the major peaks in relative
absorbance units (A.U.). Co.gioxane =7050 mgL~!; pHy 5.7.

95% of 1,4-dioxane was already degraded with the consumption of
20KkJL-1.

Due to the differences in lamp power and the range of the emit-
ted light spectrum, solar photo-Fenton resulted in much lower
reductions of organic matter (only slightly faster than the TiO,-
processes, Fig. 1). Namely, in Fe®/H,0,/solar process about 65%
of 1,4-dioxane was degraded with the consumption of approx-
imately 480KkJL-'. Unlike in TiO,-based photocatalysis, in the
photo-Fenton processes the ratio of irradiated surface to reactor
volume did not strongly affect the efficiency of 1,4-dioxane degra-
dation. This is likely because the addition of Fe® microspheres did
not cause such significant turbidity that would otherwise suppress
light penetration. Therefore, the activation of Fe® occurred simi-
larly in the bulk of the treated sample, and the process was only
dependent on the nature and intensity of the light.

In contrast with TiO,-photocatalysis (Fig. 3), only trace low con-
centrations of EGDF (<1.1+0.1 mgL~1) were detected throughout
the Fe®-based photo-Fenton processes, while significant concen-
trations of ethylene glycol were measured instead. Apparently,
the type of radiation does not affect the degradation mechanism
in heterogeneous photo-Fenton, since similar intermediates were
detected with both UV and solar light. Namely, ethylene glycol and
formic acid were found to be the major reaction intermediates, as
shown for the Fe9/H,0,/UV process in Fig. 4. In addition to formic
acid, several other carboxylic acids were identified and monitored
both by chromatographic analysis and FTIR spectrometry (Fig. 4A
and B, respectively). Methoxyacetic and glycolic acids were gener-
ated starting at the beginning of the reaction, reaching maximum
concentrations at 60 min and degrading slowly afterwards, while
acetic and oxalic acids appeared later, accumulating to a lesser
extent during the course of the reaction.
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Fig. 3. FTIR monitoring of the primary reaction intermediates (ethylene glycol or
EGDF) during the oxidation of 1,4-dioxane by Fe®-based UV photo-Fenton and
UV/TiO, processes, respectively (peak height in relative absorbance units (A.U.)).
Co.dioxane = 7050 mgL~1; pHy 5.7 in UV/[TiO>; pHo 8.5 in Fe®/H,0,/UV.

3.2.1. Fenton vs. photo-Fenton

Since Fe? can be activated already in the presence of H,0, with-
out light enhancement, an additional experiment of heterogeneous
Fenton was carried out for comparison purposes. Radiation signif-
icantly contributed to the activation of the Fe® microspheres and,
thus, to the treatment efficiency, as shown in Fig. 5. Without radi-
ation, up to 25% of COD (and 45% of 1,4-dioxane) were removed by
the heterogeneous Fenton oxidation with Fe® microspheres, which
could be sufficient reduction for certain applications. However,
solar light significantly improved the Fe®/H,0, treatment, result-
ing in 50% of COD removal, whereas up to 90% of COD removal was
achieved in the presence of UV light.
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Fig. 4. Degradation products of 1,4-dioxane oxidation during heterogeneous Fe®-
based UV photo-Fenton process: (A) chromatographic analysis of the major reaction
intermediates; (B) FTIR monitoring of the peaks of selected carboxylic acids in rel-
ative absorbance units (A.U.). Co:dioxane = 7050 mgL~'; pHyg 8.5.
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absorbance units (A.U.) monitored by FTIR spectrometry. Co.gioxane = 7050 mgL~1;
pHg 8.5.

Considering the degradation products of 1,4-dioxane and their
subsequent decomposition, same compounds were detected in
all three processes (Fe®/H,0,, Fe®/H,0,/solar and Fe%/H,0,/UV),
as described previously for the UV-catalyzed process (Fig. 4).
However, reaction intermediates were measured in much lower
quantities in Fe?/H,0, experiment (<30mgL~!, data not shown).
The earlier appearance and faster degradation of the reaction inter-
mediates in UV-enhanced process is due to the greater activation of
Fe® microspheres in the UV region than under solar radiation or in
the absence of radiation. Thereby, greater activation of Fe® eventu-
ally results in greater hydroxyl radical (*OH) production and shorter
reaction times.

3.2.2. Influence of iron source

For the sake of comparison, classical photo-Fenton with FeZ*
at highly acidic pH was also performed along with the heteroge-
neous photo-Fenton in basic conditions. With both iron sources
(FeSO4 and Fe%), ethylene glycol and formic acid were the major
reaction intermediates of 1,4-dioxane decomposition (Figs. 4 and 6,
respectively). Although the same carboxylic acid by-products were
detected using either FeSO,4 or Fe®, much earlier and higher pro-
duction of acetic acid was observed in heterogeneous photo-Fenton

with Fe0. Apart from that, the main differences between classical
and Fel-based photo-Fenton processes appear to lie in the reac-
tionrate and the mineralization efficiency. Namely, the degradation
of 1,4-dioxane was somewhat slower, the appearance of ethy-
lene glycol later and the accumulation of formic acid greater with
FeZ*|H,0,/UV (Fig. 6) than with Fe®/H, 0, /UV (Fig. 4).In general, the
final step of mineralization of the short chain carboxylic acids, e.g.,
oxalic acid, was slower with Fe2* (75% of TOC removal) compared
to the heterogeneous Fe®-based treatment (85% of TOC removal).

The higher rates of 1,4-dioxane degradation and faster miner-
alization of the rest of the organics are most likely due to the Fe3*
recycle step in a so-called “pseudo-catalytic Fe®/Fe?* system”, as
reported previously by Bremner et al., Kallel et al. and Prousek et al.
[41-44].In agreement with other authors [30,34,45], Fe? is oxidized
to Fe2* in the presence of H,0, and/or UV light, leading to the tra-
ditional Fenton reaction, producing ferric iron (Fe3*). Fe3* tends to
form refractory ferric carboxylate complexes that, although even-
tually photo-decarboxylated by UV-light, can slow down the overall
mineralization process [23,44,46]. Thus, Fe® microspheres present
an advantage because, apart from the photo-recovery of catalytic
Fe2* similar to classical photo-Fenton, the Fe3* produced during
treatment also reacts with Fe%, additionally regenerating Fe2* to
then proceed back to the Fenton reaction, producing more available
*OH [41-44].

3.2.3. Influence of reagent dose

Fe®-based photo-Fenton experiments using different patterns
of H,0, addition, demonstrated that the presence of excess H,0,
is crucial for the 1,4-dioxane oxidation on Fe® microspheres to take
place at acceptable velocity. Namely, the best results were achieved
with continuous H,0, additions up to the stoichiometric ratio of
H,0,/CODq =2.125, whereby most of the 1,4-dioxane (>99%) was
degraded with the consumption of less than 40 k] L-! and the sub-
sequent degradation of the primary intermediate, ethylene glycol,
was also almost completed. H,0, was consumed slowly (about
53mgL-! per minute) while most of the oxidant was accumulated
in solution during the experiment (Fig. 7A). Therefore, more than
15,000mgL-! of H,0, was still present in the water at the end
of the experiment, which would not be acceptable in industrial
applications.

We studied whether a different pattern for the addition of Hy0,
could reduce the amount of residual H,0,. Specifically, we added
H,0, only when the previous dosage was consumed, obtaining
a rate of H,0, disappearance of just 13mgL-!' min~! and only
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Fig. 6. Degradation products of 1,4-dioxane oxidation during homogeneous Fe?*-based UV photo-Fenton process. C.dioxane = 7050 mg L~"; pHy 2.8.
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30% of 1,4-dioxane degradation with nearly 60kJL-! of radiation.
Therefore, it was concluded that at least an initial excess of H,0,
was needed for satisfactory removals. As a compromise, H,0,
was added continuously in short intervals only up to the ratio of
H,0,/CODq = 1.0625 (50% of the stoichiometric ratio), as shown in
Fig. 6B. However, oxidant addition was cut afterwards to estimate
whether the excess of H;0, accumulated in the system by that
point was sufficient to proceed with the oxidation.

The on-line FTIR monitoring of both 1,4-dioxane and ethy-
lene glycol indicated that the process with lower amount of H,0,
was less effective, as ethylene glycol began to accumulate when
oxidant additions stopped (Fig. 7B). Nevertheless, nearly 97% of
1,4-dioxane, 65% of COD and 50% of TOC were removed along with
the total consumption of the leftover H,0,. Moreover, the residual
ethylene glycol is a biodegradable compound that should be eas-
ily removed in further treatment by conventional methods [47].
Therefore, nearly complete removal of 1,4-dioxane accompanied
with the generation of biodegradable compounds could be reached
by using only half of the stoichiometric amount of H, 0, required.

3.3. Comparison of degradation routes

Considering the above-presented results of light enhanced
degradation of 1,4-dioxane with heterogeneous catalysts, the reac-
tion pathways were proposed. The major routes of 1,4-dioxane
degradation with the studied treatments are presented in a simpli-
fied schematic (Scheme 1). Most of the intermediate degradation
steps omitted in Scheme 1 occur through radical intermediates fol-
lowing the mechanism of tetroxide formation over peroxyl radical,
as described in detail by Cooper et al. and by von Sonntag and
Schuchmann [48,49]. In principle, all the reactions with organics
initiated by free radicals (e.g., *OH) lead to the formation of carbon-
centered radicals [48]. These radicals (e.g., RH,C*) may react with
dissolved O, to form peroxyl radicals (Eq. (1)), which normally

undergo bimolecular decay to form tetroxide intermediates (Eq.
(2))[48,49]. The production of two oxyl radicals and O, (Eq. (3)) and
the generation of two carbonyl compounds and H,0, (Eq. (4)) are
two of the typical pathways suggested for the subsequent tetroxide
decomposition [49,50].

RH,C* + 0, — RH,CO,* (1)
2RH,C0O,* — RH,C-04-CH3R (2)
RH,C-04-CH;R — 2RCH,CO* + 0, (3)
RH,C-04-CH,R — 2RCHO + H,0, (4)

As described by several authors, the source for the main primary
intermediates of 1,4-dioxane is 1,4-dioxan-a-oxyl radical gener-
ated through the formation of tetroxide I (Scheme 1) [10,35,51],
which is obtained in the reactions similar to Egs. (1)-(3). In
agreement with Stefan and Bolton [35], the a-oxyl radical was
degraded either through AC-C splitting at the «-C position (route
A, Scheme 1) or through an intramolecular reaction (H abstrac-
tion from the ai-C position) followed by fragmentation (route B,
Scheme 1).

In route A (Scheme 1), another carbon-centered radical gener-
ated through an oxidative ring opening mechanism initiated by
*OH is once again precursor for the formation of corresponding
tetroxide (II) in reactions similar to Egs. (1) and (2). Il decomposes
either to EGDF (Eq. (4)-type reaction) or alkoxyl radicals (Eq. (3)-
type reaction) that lead to EGMF and formaldehyde [10,35,52]. Such
decomposition of 1,4-dioxane through a linear tetroxide appears to
be an important pathway for both heterogeneous AOPs, as EGDF
and EGMF were detected in all the experiments, although the
formation of EGDF seems to be predominant, as only trace con-
centrations of EGMF were detected.

The further decomposition of EGDF in UV/TiO, process is
started with H-abstraction by *OH or HO,* attack [35,51]. This
0,-demanding transformation process over another tetroxide
intermediate may eventuate in either producing alkoxyl radicals
(Eq. (3)-type) to give formic acid, glyoxal and glycolic acid as
final products or generating ester intermediate (Eq. (4)-type) that
hydrolyses to glycolic and formic acids [51,52].

The decay of EGDF in heterogeneous photo-Fenton oxidation,
however, is different from photocatalytic degradation. Namely, in
the pH conditions tested in the Fe®-based photo-Fenton (pHg 8.5;
Fig. 4), EGDF is hydrolyzed rapidly into ethylene glycol (Scheme 2)
[8]. Ethylene glycol was also reported as the primary intermediate
in the classic Fenton process; however, in the latter, ethylene gly-
col was generated through an acidic hydrolysis of EGDF (pHg 2.8)

m

/_>\ o_.~0

EGDF 6707 N NZ- + 20H
- ~

OH
A - we

formic acid

ethylene OH
glycol HOT N0+ 2

Scheme 2. Decomposition route for the basic hydrolysis of EGDF into ethylene
glycol.
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[10]. Therefore, similar a pathway of acid-catalyzed hydrolysis is
expected to occur in the Fe2*/H,0,/UV process (Fig. 6). Regardless
of the cause of hydrolysis, ethylene glycol is subsequently degraded
to glycolic acid through the formation of glycolaldehyde [10,53],
whereas possible generation of some formic acid has been reported
as well [53,54].

The major difference between the two heterogeneous AOPs is
due to the variation in pH profile because the operating pH of
UV/TiO, process (pHgp 5.7) was neither acidic nor basic enough
for the hydrolysis of EGDF to ethylene glycol to occur. Neverthe-
less, both AOPs continued through the decomposition of carboxylic
acids towards final mineralization. In further oxidation, formic acid
is directly mineralized to CO, [35,48] at a high reaction rate with
*OH(Table 1)[55]. Glycolic acid decomposes to glyoxylic acid which
isnextrapidly oxidized to oxalicacid [10,48,56]. Oxalic acid appears
as one of the most common last detected intermediates before the
mineralization of organics [8,35,48]. To a lesser extent, some gly-
oxylic acid could also decompose to formic acid, which is easily
degraded to water and CO, [48,56].

According to the general tendency, the rate constants of acids
for reactions with OH*® are smaller than those of their anions
(Table 1) [55-57]. This could probably be the reason for the
faster TOC removal and lesser accumulation of carboxylic acids in
Fe®/H,0,/UV process at pHg 8.5 than in Fe2*/H,0,/UV oxidation
at pHp 2.8 because at neutral and slightly basic conditions most of
the carboxylic acids under question are in their dissociated form.
The accumulation of carboxylic acids could also negatively affect
the initial decomposition of 1,4-dioxane, as they compete with the
parent compound for the oxidants [35].

Another major difference between the Fe%-catalyzed and FeZ*-
based photo-Fenton processes is apparently the greater importance
of an alternative degradation route B (Scheme 1) in Fe®/H,0,/UV
process. Namely, in the alternative route B, according to Stefan
and Bolton [35], 1,4-dioxan-a-oxyl radical is degraded through
an intramolecular reaction producing formaldehyde and, thus,

Table 1
Physicochemical constants of the studied carboxylic acids.

Acid/anion pKa, Aqueous phase reaction
rate constant with OH*®
(M-1s1)

Acetic acid 1.6 x 1072

Acetate ion 4.75 8.5x107?

Formic acid 1.4 x 1082

Formate ion 3.75 3.2x10%

Glycolic acid 6.0 x 1082

Glycolate ion 3.83 8.6 x 1082

Glyoxylic acid 3.6 x 108P

Glyoxylate ion 3.20 2.6 x 109°

Methoxyacetic acid NF

Methoxyacetate ion 3.57 NF

Oxalic acid 1.4 x 1082

Hydrogen oxalate ion 1.27/4.27 4.7 x1072/1.9 x 108>

Oxalate ion 7.7 x 10%2/1.6 x 108"

NF: Not found.
2 Buxton, 1988.
b Ervens, 2003.
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formic acid along with the carbon-centered radical (III) (Scheme 1).
III is either reduced to methoxyacetaldehyde which is subse-
quently oxidized to methoxyacetic and acetic acids or undergoes
[3-scission yielding acetaldehyde and, consequently, acetic acid
[10,35,36]. Comparing the profiles of acetic acid during the two
photo-Fenton processes (Figs. 4 and 6), it seems to be the pres-
ence of FeY that brings about the considerable production of acetic
acid (Fig. 4), indicating the more pronounced occurrence of degra-
dation route B (Scheme 1). The subsequent degradation of acetic
acid gives formaldehyde, and glycolic and glyoxylic acids as major
by-products in free-radical-induced degradation, whereas CO, is
produced as well, indicating that some mineralization also occurs
in that stage of decomposition [48,56,58].

On the other hand, relatively low concentrations of acetic acid
were detected only at the very end of the Fe2*-based photo-Fenton
experiment (Fig. 6). Therefore, the mixed profile of methoxyacetic
and glycolic acids in the Fe2*/H,0,/UV oxidation (Fig. 6) at greater
extent probably belongs to glycolic acid produced in the degra-
dation of ethylene glycol (route A, Scheme 1). With regard to
UV/TiO, oxidation, considering the profiles of both methoxyacetic
and acetic acids, the alternative route B was hardly significant in
TiO,-photocatalytic process (Fig. 2).

4. Conclusions

FTIR was successfully applied as a powerful tool for the mecha-
nistic study and optimization of the heterogeneous AOPs. On-line
FTIR study supported by an extensive chromatography analysis
allowed the establishment of the major decomposition pathways
of 1,4-dioxane. EGDF was detected as the major primary interme-
diate in TiO,-photocatalysis, whereas ethylene glycol was found as
the main initial by-product in Fe® based photo-Fenton, generated
through the basic hydrolysis of EGDF due to the different pH profile.
Analternative route of 1,4-dioxane degradation into methoxyacetic
and acetic acids was also observed, being more pronounced in
photo-Fenton processes and accentuated in the presence of Fe9.
Regardless, the decomposition of primary intermediates in both
AOPs continued over the generation of short chain carboxylic acids,
formic acid being the most prevalent intermediate by-product.

Heterogeneous Fe®/H,0,/UV oxidation yielded complete
removal of 1,4-dioxane and 85% mineralization of TOC, outper-
forming the classical photo-Fenton process (75% of TOC), most
likely owing to the improved regeneration of Fe2* from Fe3*. Solar
light could work as cost-effective alternative for the activation
of Fe® microspheres, achieving 65% removal of 1,4-dioxane.
Although constant addition of H,O, in excess was crucial for the
rapid oxidation on Fe?, the FTIR monitoring showed that signif-
icant degradation along with the production of biodegradable
by-products is reached by using only half of the stoichiometric
amount of H,0, required to degrade the organic matter.

Almost 60% of 1,4-dioxane was degraded in TiO,-
photocatalysis; however, longer radiation times should lead
to higher degradation (considering the almost linear removal with
both UV and solar light (~7.5mgk]~1)). Unlike in heterogeneous
photo-Fenton processes where the Fe® microspheres did not
produce any significant turbidity, the ratio of irradiated surface to
reactor volume greatly affected the heterogeneous photocatalysis
where activation of TiO, particles was expected to occur mainly
on the irradiated liquid surface.
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