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ABSTRACT

Biological, photo-Fenton (PF) and photo-Fenton mediated by ferrioxalate complexes (PF/Ferrioxalate)
processes were examined for the degradation of a synthetic cotton-textile dyeing wastewater. Aerobic
biological treatment had a negligible effect on discolouration whereas total organic content decreased
mainly due to the biodegradation of acetic acid initially present in the wastewater. PF process yielded
a fast and pronounced dissolved organic carbon concentration decay, mostly associated to the abrupt pre-
cipitation of Fe(Ill)-organic complexes. The addition of oxalic acid limited iron precipitation, allowing
mineralization of most organic contaminants. The influence of the different dyes and main dyeing aux-
iliary constituents of the synthetic textile wastewater on the PF and the PF/Ferrioxalate efficiency was
systematically analysed. The suitability of combining PF/Ferrioxalate with conventional biological pro-
cesses as a pre and/or post treatment was evaluated.

This study highlights the potential of PF/Ferrioxalate reaction to mineralize the synthetic cotton-textile
wastewater under appropriate experimental conditions, the best being: [Fe*"] =40 mg L', iron/oxalate
molar ratio=1:3, pH=4.0 and [H,0,] =50-100 (1.5-2.9) mg L~! (mmol L™!). At these conditions, the
PF/Ferrioxalate treatment was carried out under natural sunlight in a pilot plant equipped with com-
pound parabolic collectors.
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1. Introduction

The textile dyeing industry consumes large quantities of water
and produces large volumes of wastewater [1]. Textile wastewater
is heavily coloured and exhibit high salts content and biological
recalcitrant character [2,3]. Therefore, development of robust and
complete textile wastewater treatment methods is imperative for
preserving the environment. Many chemical and physical pro-
cesses have been proposed for the removal of dyes from wastewa-
ter, such as adsorption, coagulation, activated sludge treatment
and oxidation by ozone or hypochlorite. These methods can be
expensive and, in some cases, they may not eliminate the colour
completely [4].

Recently, Advanced Oxidation Processes (AOPs) have emerged
as an effective alternative to conventional methods. AOPs are char-
acterized by the production of highly reactive radicals (HO"), which
are able to degrade most of the recalcitrant organic pollutants due
to their high oxidative capacity. Among the AOPs, the
photo-Fenton (PF) process carried out under solar radiation as
UV-Vis photon source for enhancing the HO" generation is a poten-
tially low cost technique [5,6]. However, application of this process
for treating textile wastewater presents some drawbacks: (i) the
coloured compounds reduce light penetration; (ii) textile wastew-
ater is generally alkaline and PF works efficiently under acid condi-
tions, to avoid iron precipitation and promote the pre-eminence of
the photoactive ferric ion-water complex (FeOH?") species in solu-
tion [7]; (iii) ferric-organics complexes can be formed, limiting the
photo-reduction of Fe>* and thus decreasing the generation of rad-
icals; (iv) the high content of inorganic ions (Cl-, SO3~, CO3)
induces the hydroxyl radicals scavenger reactions and the forma-
tion of inorganic ion-ferric complexes, which again decreases the
rate of hydroxyl radicals generation [8-10].

To overcome these drawbacks, the addition of oxalic acid to PF
treatment has been proposed [7,11,12]. PF mediated by ferriox-
alate (PF/Ferrioxalate) offers further advantages over the conven-
tional PF process. Ferrioxalate complexes provide much higher
quantum yields, accelerating the regeneration of ferrous iron and
therefore producing a higher amount of HO' radicals; then, solar
light is more efficiently used [13]. Ferrioxalate complexes reduce
the formation of stable complexes between ferric ions and organic
species present in wastewater. Moreover, in the presence of fer-
rioxalate, iron precipitation is inhibited even at near neutral pH
(5-6) [7,14].

The application of a solar photo-Fenton reaction mediated by
ferrioxalate complexes to different contaminants and wastewaters
from various industrial sources has been recently reported. This
treatment showed to be effective in the degradation of pure aque-
ous solutions contaminated with diclofenac [15], sulfamethoxazole
and trimethoprim [16] at low iron concentrations and near neutral
pH conditions. Monteagudo et al. [17] also showed the effective-
ness of the photo-Fenton reaction mediated by ferrioxalate on
the treatment of a real winery wastewater generated during the
cleaning of winemaking facilities and equipment. Duran et al.
[18] demonstrated that under certain conditions, the synergism
between the photo-Fenton process and the ferrioxalate photo-
chemistry was 22.9%, considering the treatment of a wastewater
from a beverage industry. Recently, Soares et al. [19] evaluated dif-
ferent photo-Fenton-iron(Ill)-organic ligands complexes systems
in the treatment of a synthetic acrylic-textile wastewater (mainly
composed of a basic azo dye, and commercial auxiliary products
such as, an Sera®Con N-VS, Sera® Tard A-AS, sodium sulphate,
Sera®Sperce M-IW, Sera®Lube M-CF). The best results were
obtained with the photo-Fenton reaction mediated by ferrioxalate.
It is important to remark that the presence of specific auxiliary
products, characterizing different types of textile wastewater,

significantly and distinctly affect the applied Fenton and
photo-Fenton processes. In this work, their influence is disclosed
by comparing the process performance when applied to the syn-
thetic cotton-dyeing wastewater and to isolated dyes and auxiliary
products solutions. Moreover, the precipitation of Fe(Ill)-organic
matter complexes generated in the photo-Fenton treatment is par-
ticularly examined.

Operating costs of the PF/Ferrioxalate process, mainly related to
energy and reagents consumption, are higher than those of biolog-
ical treatments. From an economic point of view, an effective treat-
ment of recalcitrant wastewater may require a combination of
processes, such as biological and advanced oxidation processes
[6,20-23]. Refractory wastewater can be chemically pre-treated
to increase biodegradability before being subjected to a conven-
tional biological treatment. Alternatively, a biological
pre-treatment can remove the biodegradable pollutants, therefore
reducing the required amount of reagents in the subsequent oxida-
tion process [6,21].

This research focuses on defining the best treatment strategy
for a simulated/synthetic cotton-textile dyeing wastewater to
accomplish the discharge limits established by Portuguese regula-
tions. The viability of the PF and the PF/Ferrioxalate treatments
using a photocatalytic tubular reactor irradiated with simulated
solar radiation was particularly evaluated. The efficiency of the
PF/Ferrioxalate process was evaluated under different iron concen-
trations, pH values and H,0, availability. Operating conditions
leading to the best performance were selected to carry out a
solar-photo-Fenton/Ferrioxalate assay in a pilot plant equipped
with compound parabolic collectors (CPCs). The extent of oxidation
was assessed by analysing colour, organic matter content in terms
of dissolved organic carbon (DOC), chemical oxygen demand
(COD), 5 days biochemical oxygen demand (BODs), and biodegrad-
ability (Zahn Wellens test, BODs/COD ratio, carbon oxidation state
(COS) and low-molecular-weight carboxylic acids content). Finally,
the suitability of coupling biological with advanced oxidation pro-
cesses was evaluated and discussed.

2. Experimental methodology
2.1. Preparation of the synthetic wastewater

The simulated cotton-textile wastewater was prepared by mix-
ing the dyes (Procion Deep Red H-EXL gran and Procion Yellow
H-EXL gran) and the auxiliary products, according to the informa-
tion provided by the textile dyeing company Erfoc-Acabamentos
Téxteis S.A. (Famalicdo, Portugal). The concentration of each com-
ponent in the final effluent was estimated taking into account the
percentage of fixation of each compound on cotton fibres. This
wastewater is assumed to be representative of the liquid effluent
taken from the supernatant of a sedimentation tank. Samples of
dyes and dyeing auxiliary products were kindly supplied by the
above mentioned company and by DyStar Anilinas Téxteis, Unip
Ltd (Porto, Portugal). Table 1 lists the dyes and auxiliary products
used, their function and its contribution to DOC content on final
wastewater. The biodegradable acetic acid (HAc) represents 40%
of the total DOC content.

The characteristics of the simulated cotton textile dyeing
wastewater are provided in Table 2. The synthetic wastewater
has a low-moderate organic load. It presents a basic pH of 11.5
and a red-orange colour with a maximum absorbance peak at
478 nm. When acidified, the wastewater acquires a defined red
colour, and the peak shifts to 518 nm. Wastewater colour remains
visible after a dilution 1:40. The BOD5/COD ratio of the synthetic
effluent is relatively high (0.43); the Zahn-Wellens test indicates
56% of biodegradability after 28 days.
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Table 1
Dyes and auxiliary products present in synthetic cotton-textile wastewater.

Dyeing product Dyeing stage Function Chemical characteristic Wastewater characteristics
Concentration DOC (mgCL™")

Procion Yellow H-EXL Dyeing Dyeing Reactive azo dye 0.006gL! 4.0

Procion Deep Red H-EXL gran  Dyeing Dyeing Reactive azo dye 004gL! 12.5

Mouillant BG/JT Fibre preparation Anti-oil Composition based in aliphatic ethoxylates 0.09 mLL™! 10.8

Anticassure BG/BD
Sodium hydroxide 50% (w/v)
Hydrogen peroxide 200 vol.

Anti-crease
Alkaline system
Oxidizing the dye

Fibre preparation
Fibre preparation
Fibre preparation

Acrylamide aqueous solution 0.06 mLL! 0

Base 0.57mLL"! 0
Oxidant reagent 0.18 mLL™! 0
Acid 0.11mLL™! 45.2
Catalase 0.08 mLL™! 0
Fungal cellulase 0.05mLL"! 2.8
Composed by phosphonates/carboxylates 0.14mLL™! 33.6
Electrolyte 1.16gL! 0
Base 26gL! 0
Polyethylene glycol isotridecyl ether 0.12mLL! 5.1

Acetic acid Fibre preparation Acid generator
Zerox Fibre preparation Hydrogen peroxide neutralizer
Enzyme BG/FB Fibre preparation Bleaching
Sequion M150 Dyeing Water corrector
Sodium chloride Dyeing Electrolyte
Sodium carbonate Dyeing Alkaline system
Sandozin NRW LIQ ALT C Washing Detergent

Table 2

Simulated wastewater characterization.
Parameter Units Value
pH Sorensen scale 11.5(11.9)
Alkalinity g CaCO5 L' 41
Conductivity mScm™! 21.9
CcoD mgO0,L! 346 (226)
BODs mgO,L! 150 (40)
BODs/COD - 0.43 (0.19)
DOC mgCL! 110 (65)
Zahn-Wellens biodegradability % 56 (21)
Absorbance at 254 nm - 1.262
Absorbance at /n.x —478 nm - 0.525
Visible colour after dilution 1:40 - visible
Acetic acid mgL™! 113
Sulphate mg S03 L! 6.2
Chloride gClL! 0.7
Phosphate mg P-PO3~ L' 0.26
Sodium gNa*L! 2.1
Potassium mg K" L! 10
Magnesium mg Mg?* L1 29
Calcium mg Ca?* L™! 170
Total nitrogen mgNL! 10.0
Nitrate mg N-NO3 L! 4.9
Nitrite mg N-NOz L' 49
Total suspended solids mg TSSL! 73
Volatile suspended solids mgVSSL™! 52

" Values within brackets correspond to wastewater prepared without addition of
acetic acid (HAc).

2.2. Reagents

All chemicals used were analytical grade without further purifi-
cation. Ultrapure and deionized water used were produced by a
Millipore® system (Direct-Q model) and a reverse osmosis system
(Panice®), respectively.

2.3. Experimental set-up

2.3.1. Lab-scale photo-reactor prototype

Photo-Fenton runs were carried out in a lab-scale photo-reactor
equipped with a sunlight simulator. The experimental set-up con-
sisted in: (i) a stirred glass vessel (1.5 L capacity) surrounded by a
cooling jacket coupled to a thermostatic bath (Lab. Companion,
model RW-0525G); (ii) a solar radiation simulator (ATLAS, model
SUNTEST XLS+) with 1100 cm? of exposition area, a 1700 W
air-cooled xenon arc lamp, a daylight filter and quartz filter with
IR coating; (iii) a compound parabolic collector (CPC) with
0.023 m? of illuminated area with anodized aluminium reflectors
and a borosilicate tube (Schott-Duran type 3.3, Germany, cut-off
at 280 nm, 46.4mm internal diameter, 160 mm length and
1.8 mm thickness); (iv) a peristaltic pump (Ismatec, model Ecoline

VC-380II) and (v) a pH and temperature meter (VWR symphony -
SB90OM5). A schematic representation of the experimental set-up
has been published by Soares et al. [24]. UV irradiance (280-
400 nm) was measured by a broadband UV radiometer (Kipp &
Zonen B.V., model CUV5) placed at the level of the photo-reactor
center, inside the sunlight simulator. In order to record the incident
UV irradiance (Wyy m~2), aradiometer was plugged into a handheld
display unit (Kipp & Zonen B.V., model Meteon).

2.3.2. Solar CPC pilot plant

An experiment, using the operating conditions that led to the
best results in the lab-scale photo-reactor, was carried out under
sunlight in a 50-L pilot plant. The pilot plant, operated in batch
mode, consisted of CPCs (2.19 m?), a polypropylene storage conic
tank (50L), a recirculation pump (ARGAL, model TMB), a flow
meter (Stiibe, model DFM 165-350), polypropylene valves (FIP)
and connecting tubing. The solar collector comprises ten borosili-
cate glass tubes (Schott-Duran type 3.3, Germany, cut-off at
280 nm, 46.4 mm internal diameter, 1500 mm length and 1.8 mm
thickness) connected in series by polypropylene junctions,
mounted on a fixed platform tilted 41° (local latitude), toward
the south. Solar UV irradiance was measured by a global UV
radiometer (ACADUS 85-PLS) mounted on the pilot plant at the
same angle, which provides data in terms of incident Wyy m2.
Accumulated UV energy (Quv,, kJL™!) received during the time
interval At on any surface inside the reactor at the same position
regarding the sun, expressed per unit of reactor volume, can be cal-
culated by the Eq. (1).

Quvn = Quvn1 + At,UVg, Aty =ty — thq (1)

Ar )
1000 x V,’
where t, (s) is the time corresponding to the instant at which the
n-water sample was taken, V; (L) is the total reactor volume, A,
(m?) is the illuminated collector surface area, and UV,
(Wyy m~2) is the average solar ultraviolet irradiation measured dur-
ing the period At, (s).

2.3.3. Biological system

Biological treatments were carried out at ambient temperature
in a glass vessel (1.5 L capacity) equipped with a magnetic stirrer.
An air pump was used to supply oxygen to the activated sludge,
through air diffusers located on the bottom of the reactor.

2.4. Experimental procedure
2.4.1. Oxidation experiments

Experiments in the lab-scale photo-reactor were performed
using 1.0L of the simulated textile wastewater, which was
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pumped to the CPC unit and homogenized in the darkness by recir-
culation at 1.15 L min~". The illuminated reactor volume is 0.27 L,
resulting in an illumination time of 0.24 min and a darkness time
of 0.63 min. Solution temperature was maintained at 30 °C. The
pH of the reaction solution was adjusted to the desired value by
using sulfuric acid or sodium hydroxide. The pH was controlled
along the whole experiment to keep an almost constant value.
For PF runs, pH was adjusted to 2.8; then, the desired amount of
solid FeSO4-7H,0 was added. For PF/Ferrioxalate, oxalic acid was
added (iron/oxalate molar ratio 1:3), and pH was adjusted to the
desired value before adding FeCls-6H,0 to achieve the desired con-
centration. Samples were taken after Fenton’s reactants addition to
evaluate initial conditions. The SUNTEST was turned on, and the
irradiance was set at 500 W m~2 (41.3 Wyy m~2). The first dose
of hydrogen peroxide was added and samples were taken at
pre-defined times to evaluate the degradation process. Along the
reaction course, H,O, concentration was kept within the desired
range: 50-100 (1.5-2.9), 100-200 (2.9-5.9) or 200-300 (5.9-
8.8)mgL~! (mmol L'), by replenishing the consumed amount.
PF and PF/Ferrioxalate runs using solutions of each wastewater
component were also carried out following the above procedure.

For the solar-photo-Fenton/Ferrioxalate reaction test in the
solar CPCs pilot plant, 40 L of wastewater was added to the storage
tank of the CPC unit (2.19 m? of illuminated area) and it was recir-
culated at 20 L min~'. Best experimental conditions found at the
lab-scale reactor were selected for the pilot plant experiment.
Wastewater was homogenized during 15 min in the darkness;
immediately after, a first control sample was taken for further
characterization. Oxalic acid (iron/oxalate molar ratio of 1:3) was
then added and pH was adjusted to 4.0 using H,SO, (a second sam-
ple was taken after 15 min to confirm the pH). Afterwards, ferric
chloride (40 mg Fe** L~!) was added and homogenized for 15 min
before taking the third sample for iron concentration control.
Finally, H,0, was added, the CPCs were uncovered and the reaction
started. Samples were then taken at different time intervals to
evaluate the degradation process. The pH was adjusted along the
whole experiment to keep an almost constant value. H,0, concen-
tration was maintained within 1.5-2.9 mmol L~! by replenishing
the consumed amount.

2.4.2. Biological experiments

For each test, 1.0 L of solution was placed into the reactor and
pH was adjusted with H,SO4 or NaOH to a value near 7 (£0.5).
Mineral nutrients (KH,PO4 K;HPO4 NayHPO4 NH4Cl, CaCly,
MgSO,4 and FeCls) and activated sludge from a municipal wastew-
ater treatment plant (WWTP) were added into the glass vessel. The
amount of centrifuged-activated sludge was estimated taking into
account the ratio between inoculum and dissolved organic carbon
established in Oecd [25]. Stirring and air supply started and after
15 min the first sample was taken. Further samples were then
taken at different time intervals to evaluate the biological degrada-
tion process. The pH and dissolved oxygen concentration were con-
trolled within the range of 6.5-7.5 and 1.0-3.0mgO,L7},
respectively.

2.5. Analytical determinations and methods

Total dissolved iron concentration (TDI) was measured by a spec-
trometric method using 1,10-phenanthroline, according to ISO 6332
[26]. The vanadate method [27] was employed to evaluate H,0, con-
centration along the experiments. Colour after 1:40 dilution was
visually assessed. A UNICAM Helios spectrophotometer was used
to obtain the UV-Vis spectrums between 200 and 800 nm. The
absorbance at 518 nm was measured along the reaction to deter-
mine the degree of colour removal. Absorbances at 510 nm (phenan-
throline method) and 450 nm (vanadate method) were also

monitored. Since the textile wastewater absorbs at these wave-
lengths, measurements were corrected by the absorbance of a
blank/control sample measured at the corresponding wavelengths.
Carboxylic acids were measured using an ion-exclusion HPLC
(VWR Hitachi ELITE LaChrom) fitted with a RezexTM ROA-Organic
Acid H+(8%) 300 x 7.8 mm (Phenomenex) column. It was operated
at 298 K and in isocratic mode using 0.005 N H,SO, at a flow rate
of 0.5 mL min~! as mobile phase. Samples of 10 pL were injected
and the DAD (L-2455) was set at A =210 nm. The method allowed
the simultaneous detection of 17 carboxylic acids: oxalic, tartronic,
maleic, citric, oxamic, tartaric, malic, malonic, glycolic, succinic, shi-
kimic, formic, acetic, glutaric, fumaric, propionic and acrylic.
Inorganic ions were quantified by ion chromatography (Dionex
ICS-2100 and Dionex DX-120 for anions and cations, respectively)
using a Dionex Ionpac (columns AS9-HC/CS12A 4 mm x 250 mm;
suppressor ASRS®300/CSRS®300 4 mm, anions/cations). The pro-
gramme for anions/cations determination comprises a 12 min run
with 30 mM NaOH/20 mM methanesulfonic acid at a flow rate of
1.5/1.0 mL min~!. Samples were filtered through 0.45 um Nylon
membrane filters before analysis.

Dissolved organic carbon (DOC) was measured by a TC-TOC-TN
analyser (Shimadzu, model TOC-VCSN) equipped with ASI-V auto
sampler (Shimadzu, model TOC-VCSN). Total dissolved nitrogen
was measured in the same TC-TOC-TN analyser coupled with a
TNM-1 unit (Shimadzu, model TOC-VCSN), by thermal decomposi-
tion and NO detection by the chemiluminescence method.
Alkalinity was evaluated by titration with H,SO4 at pH 4.5 -
Method 2320 D [28]. pH and temperature were measured with a
pH meter VWR symphony-SB9OM5, and conductivity was mea-
sured using a pH meter HANNA HI 4522. Chemical oxygen demand
(COD) was determined with Merck Spectroquant kits (ref:
1.14541.0001).

The carbon oxidation state (COS) parameter, indicative of the
oxidation degree and the oxidative process effectiveness [29],
was calculated as:

COD
DOC, @)

where DOCy (mg CL™1) is the initial dissolved organic carbon con-
centration, and COD (mg O, L™!) is the chemical oxygen demand
at time t.

Biochemical oxygen demand (BODs) was determined according
to OECD-301F test using an OxiTop (manometric respirometry), as
described in Standard Methods [28]. Total suspended solids (TSS)
and Volatile suspended solids (VSS) were quantified according to
Standard Methods [28]. Before the analysis (except TSS, VSS and
COD), all samples were centrifuged in a HIMAC CT 6E centrifuge
at 4000 rpm for 5 min. Before biological tests and COD measure-
ments, remnant H,O, was removed: pH was adjusted to 6.5-7.5
and a small volume (0.4mLL"!) of a 0.1 gL~ catalase solution
(2500 U mg~! bovine liver) was added. COD measurements were
corrected considering a blank solution containing the same
amount of catalase added to the samples.

The 28 days Zahn-Wellens biodegradability test was performed
according to EC protocol, Directive 88/303/EEC [25]. 240 mL of the
samples obtained along the solar-photo-Fenton/Ferrioxalate reac-
tion were put in an open glass vessel, magnetically stirred and kept
in the dark at 25 °C. Centrifuged activated sludge from a municipal
WWTP and mineral nutrients (KH,PO,4, K;HPO4, NaoHPO,4, NH4CI,
CaCl,, MgS0,4 and FeCl3) were added to the samples. The added
amount of centrifuged-activated sludge was estimated taking into
account the ratio between inoculum and dissolved organic carbon
of each pre-treated sample, as established in OECD [25]. Control
and blank experiments with mineral nutrients and activated
sludge were carried out using glucose (which is highly biodegrad-
able) as carbon source and pure distilled water, with and without

C0S=4-15
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the addition of catalase, respectively. The percentage of biodegra-
dation (D,) was determined by the following equation:
C—Cp

D= |1-———| x100 3

=k )
where C; and Cg are DOC (mg C L~!) measured at the sampling time
tin sample and in blank, respectively; C, and Cg4 are DOC(mg CL™1)
measured 3 h after the activated sludge addition in sample and in
blank, respectively.

3. Results and discussion
3.1. Biological treatment

The colour remains practically unchanged after biological treat-
ment of the synthetic textile wastewater. DOC profile can be found
in Fig. SM-1 (Supplementary material). Residual DOC is reduced up
to 51mgCL™! after 30h approximately. According to
ion-exclusion HPLC analyses, the initially existing carboxylic acids
are biologically oxidized.

Additionally, an acetic acid (HAc) solution (45 mg CL™!) was
subjected to the same biological treatment and similar DOC
removal rate was observed (see Fig. SM-1). This confirms that
mainly acetic acid is being biologically consumed while treating
the synthetic textile wastewater. Even though 20 h are needed to
remove HAc when the activated sludge is used for the first time,
half the time is enough when using a wastewater-adapted acti-
vated sludge (data not shown).

After the biological pre-treatment, wastewater fulfils the estab-
lished limits for most of the parameters (pH, COD and BODs),
according to Ordinance 423/97 for discharge of textile wastewater
in Portugal. However, as no colour reduction is attained (i.e. colour
after 1:40 dilution is still visible) further treatment is required and
a chemical oxidation stage can be a good option.

3.2. Photo-Fenton reactions

Fig. 1 shows outcomes of the simulated wastewater
photo-Fenton treatment using [Fe?*]=60mgL~!, [H,0,]=2.9-
59 mmol L7! and I=41.3Wyym~2 at pH=2.8 and T=30°C. An
initially steep DOC decay (36%) and fast discolouration (99% within
6 min ~ 0.36 kjyy L™') is attained. Mineralization proceeds at a
much lower rate, likely associated to: (i) a low amount of dissolved
iron, not enough to suppress the inner filter effects (competitive
absorption of photons by other light absorbing species in the
wastewater); (ii) too slow photo-reduction via a ligand-to-metal
charge mechanism occurring on the surface of the precipitated
iron. Furthermore, the DOC remaining after the initial decay is
mostly associated to the acetic acid in the synthetic textile
wastewater. Acetic acid molecule is very recalcitrant to hydroxyl
radicals attack and the soluble ferric-acetate complexes have low
photoactivity [30,31], thus explaining the slow DOC degradation
rate observed in the second part of the treatment. In addition, a
red precipitate was detected after centrifugation, suggesting for-
mation of complexes between ferric ions and dyes and/or dyeing
auxiliary products.

To confirm the existence of insoluble iron-organics complexes,
ferrous or ferric iron salts were added under stirring conditions to
the synthetic wastewater at room temperature and pH 2.8, in
absence of hydrogen peroxide and radiation. Subsequent variation
of DOC and total dissolved iron (TDI) concentrations with time are
shown in Fig. 2. Neither iron precipitation nor DOC decay takes
place in the presence of 60 mgL~! of ferrous ion. However, the
same concentration of ferric ion results in a fast DOC decay
(31.5mg CL') accompanied by a decrease of 40 mgL~' in TDI
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Fig. 1. Simulated textile wastewater treatment strategies examined. Solid symbols:
DOC; open symbols: consumed H,0,; half solid symbols: % discolouration; cross
symbols: total dissolved iron (TDI). (4, .1.+) Photo-Fenton; (®.>) photo-Fenton/
Ferrioxalate; (m/1Lm) photo-Fenton/Ferrioxalate using wastewater without acetic
acid; (*#x%) Fenton/Ferrioxalate. Operating conditions: pH=2.8; T=30°C;
[Fe] =60 mg L™!; [Hy05] = 2.9-5.9 mmol L™ ; I=41.3 Wyy m 2.

concentration. These outcomes evidence the formation of highly
stable complexes between ferric ions and dyes and/or dyeing aux-
iliary products, which may precipitate. The extent of precipitation
diminishes with the decrease of initial ferric concentration, being
almost negligible for 10 mg Fe>* L1,
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Fig. 2. Evolution of DOC and total dissolved iron concentrations (TDI) after addition
of different ferrous and ferric iron concentrations to the simulated cotton textile
wastewater in the absence of H,0, and light at pH = 2.8 and room temperature
(T~22°C). (+) [Fe*']p=60mgL!; (mz) [Fe**]p=60mgL™!; (e2)
[Fe**lo=40mgL1; (%) [Fe*"lo=20mgL'; (4,2) [Fe>*]p=10mg L.
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Thus, deep mineralization via photo-Fenton process of the
tested wastewater is impeded by precipitation of iron-organics
insoluble complexes. These outcomes also suggest that insoluble
iron organic complexes would be also promoted by Fenton reac-
tion, since ferrous ion is oxidised by hydrogen peroxide to yield
ferric ions. Rodrigues et al. [32], have recently stated that
photo-Fenton process applied to synthetic cotton dyeing wastew-
ater permits reaching high efficiencies in discolouration and con-
siderable organic compounds mineralization. These authors
observed similar trends as those described above within the first
minutes (colour removal 2299% and DOC removal 2240%); however,
the formation of ferric-DOC complexes and precipitates was not
assessed. It should be underlined that under these reaction condi-
tions, a decrease in DOC does not guarantee mineralization.

The influence of wastewater components on the PF process and
their contribution to iron precipitation is described hereafter. Dyes
and auxiliary compounds containing a measurable DOC content
were exposed to PF reaction. HAc is excluded since its degradation
is negligible under the studied conditions [30].

Fig. 3 shows that Sequion M150, the reactive dyes Procion Deep
Red H-EXL gran and Procion Yellow H-EXL, and Sandozin NRW LIQ
ALT C are responsible for iron precipitation. A sudden decrease in
DOC and TDI concentrations is initially observed, indicating the
formation of insoluble ferric-organic matter complexes. In con-
trast, when a solution of Mouillant BG/JT solution is treated, TDI
concentration remains constant and DOC progressively decreases,
indicating that PF degradation can proceed.

Colour removal from textile wastewater by chemical coagula-
tion/flocculation using ferric ions as a coagulant has been exten-
sively reported [33,34]. The COD removal depends on pH and on
the type of dye [35]. To our knowledge, contributions dealing
specifically with homogeneous Fenton and/or photo-Fenton oxida-
tion of Procion Deep Red H-EXL gran or Procion Yellow H-EXL
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Fig. 3. PF reaction applied to the individual solutions of auxiliary dyeing products
and dyes. Evolution of DOC (solid symbols), consumed H,0, (open symbols) and
total dissolved iron - TDI (cross symbols). Operating conditions: pH = 2.8; T = 30 °C;
[Fe**]=40mgL™"; [Hy0,]=1.5-29 mmolL™"; [=41.3Wm™2 (m®) Procion
Yellow H-EXL; (e.2.2) Procion Deep Red H-EXL gran; (a..2) Sequion M150; (*.%,%)
Mouillant BG/JT; (+. ., ) Sandozin NRW LIQ ALT C.

solutions have not reported precipitation of ferric-dye complexes
[36-38].

Sandozin NRW LIQ ALT C is basically a non-ionic surfactant; the
coagulation of similar compounds after the addition of ferric salts
has been previously reported [39].

The formation of iron-Sequion M150 complex may be explained
by the presence of phosphonate groups in Sequion M150’s chemi-
cal structure, which form stable complexes with ferric ions.
Sequion M150 is frequently used as a chelating agent of heavy
metals in many applications, e.g., in pulp, paper and textile indus-
tries [40].

3.3. Photo-Fenton process mediated by ferrioxalate complexes

The addition of chelating agents to generate more stable ferric
complexes than those formed with the wastewater components
appears as an alternative to prevent precipitation and promote oxi-
dation. Several researchers have reported the chemistry and photo-
chemistry of ferric and ferrous complexes in the presence of oxalic
acid [41,42]. Oxalic acid forms strong complexes with ferric ions
inhibiting the undesired interactions with other organic and/or
inorganic compounds [7,36]. Its presence also accelerates the pro-
cess providing a more efficient pathway to regenerate ferrous from
ferric iron [7,43,44].

Enhancement of the photo-Fenton reaction through the use of
oxalic acid while treating the synthetic cotton textile dyeing
wastewater is described below. Oxalic to iron ratio is set to 1:3
to promote formation of the most stable complex (Fe(C,04)37)
[12,13,41]. A lower oxalate concentration would result scarce,
slowing down the ferrous iron regeneration rate, whereas an
excess would act as hydroxyl radicals’ scavenger.

Addition of oxalic acid substantially improves the efficiency of
photo-Fenton reaction (see Fig. 1). In these experiments, no sludge
formation is observed; i.e., no precipitation of organics occurs.
Wastewater is completely discoloured within 30 min
(1.9KJyy L") with [Fe**]=60mgL~"!, [H,0,]=2.9-5.9 mmol L™!
and I=41.3 Wyy m~2 at pH = 2.8 and T = 30 °C. Compared to results
attained with the traditional photo-Fenton process, a slightly
slower discolouration rate and a higher hydrogen peroxide con-
sumption rate are observed.

Although initial DOC concentration is larger when oxalic acid is
added, ferrioxalate complexes are easily photodecarboxylated
under UV-visible radiation. PF/Ferrioxalate delays iron precipita-
tion; TDI decreases less abruptly than in the PF process as the fer-
rioxalate complex is degraded. After 40 min of reaction, no residual
oxalic acid is detected. Carboxylic acids analysis indicates that
residual DOC is mainly related to the initial HAc content (not
shown), which could be removed through a biological degradation
process, as it was demonstrated in Section 3.2.

The wastewater after a biological pre-treatment can be emu-
lated by preparing the simulated wastewater without including
the acetic acid. The outcomes attained in a PF/Ferrioxalate experi-
ment using the wastewater prepared without HAc are also
included in Fig. 1 for comparison purposes. It arises that initial
HAc content has negligible effect on wastewater degradation rate
during PF/Ferrioxalate treatment. Residual DOC, lower than
10mg CL™!, is associated to remnant low-molecular-weight car-
boxylic acids: mainly acetic acid and, to a lesser extent, tartaric,
formic, succinic and fumaric acids (data not shown). H,O, con-
sumption is not affected by the initial HAc content.

Since acetic acid can be effectively degraded by a biological
pre-treatment, and has negligible effect on PF/Ferrioxalate process,
this compound is not included in the simulated textile wastewater
for subsequent experiments.

Finally, a control experiment in the darkness is performed to
assess the contribution of Fenton/Ferrioxalate oxidation (see
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Fig. 1). Under these conditions, DOC removal and hydrogen perox-
ide consumption are negligible. TDI remains constant since ferriox-
alate complexes are not degraded in the absence of radiation.
Similar results were obtained by Arslan et al. [13], who reported
negligible degradation under dark Fe(Ill)-oxalate-Fenton reaction
of a simulated dye-house effluent (containing Procion H reactive
dyes and their corresponding auxiliary chemicals).

Outcomes of the PF/Ferrioxalate treatment of dyes and the main
dyeing auxiliary components are shown in Fig. 4. Whatever the
component, almost complete DOC removal is achieved after an
accumulated UV energy of 1.3 kjyy L™!; the small residual DOC
mainly corresponds to formed acetic acid.

For Procion Yellow H-EXL, Procion Deep Red H-EXL gran,
Mouillant BG/]JT and Sandozin NRW LIQ ALT C, TDI remains almost
constant, even once the oxalic acid is totally depleted. However,
while treating a Sequion M150 solution, iron precipitation is
observed. In addition, phosphate concentration increases up to
1.3 kJuv L ! of accumulated energy (data not shown), suggesting
that phosphonate groups forming Sequion M150 chemical struc-
ture are being oxidized to phosphate ions by hydroxyl radicals
[45]. At 1.3 KJyv L~ of accumulated energy, oxalate concentration
is almost depleted and phosphate concentration starts decreasing
due to precipitation of insoluble ferric-phosphate complexes
[46]. Thus, Sequion M150 may be responsible for iron precipitation
observed in the PF/Ferrioxalate treatment of the synthetic textile
wastewater.

3.4. Effect of different reaction variables on photo-Fenton/Ferrioxalate
process

The addition of oxalic acid allows achieving total discolouration
and substantial mineralization of the simulated textile wastewater.
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Fig. 4. PF/Ferrioxalate process applied to the individual solutions of auxiliary
dyeing products and dyes. Evolution of DOC (solid symbols), consumed H,0, (open
symbols) and total dissolved iron - TDI (cross symbols) under the following
operating conditions: pH=2.8; T=30°C; [Fe**]=40mgL!; [H,0,]=15-
2.9 mmol L™'; I=41.3 W m~?; iron/oxalate molar ratio 1:3. (mri%) Procion Yellow
H-EXL; (®.2:2) Procion Deep Red H-EXL gran; (4./.2) Sequion M150; (*.%.%) Mouillant
BG/JT; (*, . ) Sandozin NRW LIQ ALT C.

Pursuing the optimization of the process, the influences of iron
concentration, H,O, availability and pH on the simulated wastew-
ater PF/Ferrioxalate treatment are examined.

3.4.1. Effect of iron concentration

Results from the PF/Ferrioxalate treatment of the simulated
cotton-textile wastewater prepared without HAc using different
iron concentrations (20-60 mgFe®*" L") are shown in Fig. 5.
Discolouration rate and the degree of mineralization substantially
improve when iron concentration is increased from 20 to
40 mg L. A further increase in iron concentration improves only
marginally DOC removal and substantially promotes H,0, con-
sumption. Discolouration rate is not further enhanced. Hence, an
iron concentration of 40 mg Fe*>* L' is enough to maximize the
absorption of UV-visible photons, overcoming the presence of
other light-absorbing species in solution (e.g., dyes).

3.4.2. Effect of H>0, concentration

The available concentration of hydrogen peroxide plays a very
important role in the PF process, basically because it is largely
responsible for the generation of the hydroxyl radicals. Results
from PF/Ferrioxalate experiments with different oxidant availabil-
ity are depicted in Fig. 6. Hydrogen peroxide concentration is kept
always within a given range (1.5-2.9, 2.9-5.9 or 5.9-8.8 mmol L™ 1)
by adding successive doses of H,0,.

Among the studied ranges, H,O, availability does not modify
significantly either the DOC removal profile or the TDI concentra-
tion along the reaction. No effect is observed in discolouration pro-
file (data not shown); 99% of colour removal is achieved after
1.2 KJuv L~ of accumulated energy. Although more hydroxyl radi-
cals would be expected since oxidant decomposition is enhanced,
an increase in H,0, availability favours parasitic reactions and
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Fig. 5. PF/Ferrioxalate reactions carried out with different iron concentrations. Solid
symbols: DOC; open symbols: consumed H,0,; half solid symbols: % discoloura-
tion; cross symbols: total dissolved iron (TDI). (4,/,1,2) [Fe**] =20 mg L™'; (m/ L&)
[Fe3*]=40mgL™'; (e~ma) [Fe**]=60mgL~'. Operating conditions: pH=2.8;
T=30°C; [H,0,] =2.9-5.9 mmol L '; I = 41.3 W m?2; iron/oxalate molar ratio 1:3.
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Fig. 6. Evolution of DOC (solid symbols), consumed H,0, (open symbols) and total
dissolved iron - TDI (cross symbols) for the PF/Ferrioxalate reaction of simulated
wastewater without HAc using different hydrogen peroxide concentrations.
Operating conditions: pH=2.8; T=30°C; [Fe**]=40mgL"'; iron/oxalate molar
ratio 1:3; =413 Wm™2 (m1F) [H,0,]=1.5-2.9 mmol L™!; (e72) [Hy0,]=2.9-
5.9 mmol L™; (a,/,4) [H,0,] = 5.9-8.8 mmol L.

the efficiency for radical generation decreases. Therefore, the lower
H,0, concentration range ([H,0,]=1.5-2.9 mmol L") is selected
for further experiments.

3.4.3. Effect of pH

One of the critical operating parameters of the photo-Fenton
process is pH, since it highly affects the generation of hydroxyl rad-
icals and the nature of the iron species in solution. The need for
acidification in the PF process represents one of its major disadvan-
tages. Not only additional cost is generated by the consumption of
reagents needed for acidification and subsequent neutralization,
but also treated wastewater’s salt load increases. Several research-
ers proposed that acidification could be circumvented in the pres-
ence of complexing agents [14,47,48]|. In this sense, the
performance of PF/Ferrioxalate is examined at different pHs (2.8,
3.5, 4.0, 5.0 and 6.0) using 40mgL~! of Fe** and [H,0,]=1.5-
2.9 mmol L~ Fig. 7 shows the evolution of DOC, the fraction of
DOC related to oxalate and TDI concentration; whereas Fig. SM-2
(Supplementary material) presents the discolouration and H,0,
consumption profiles (DOC profile is included for the sake of com-
parison). Results indicate that the PF/Ferrioxalate system is able to
work efficiently up to pH 4.0. When pH is further increased, a
decrease in discolouration, DOC abatement and oxidant consump-
tion is observed. This experimental observation can be explained
by the speciation of Fe>* as a function of pH.

Fig. 8 shows the iron speciation diagram in presence of oxalic
acid, for a ferric iron concentration of 40 mgL~! (T=30°C and
ionic strength = 0.13 M). The diagram is obtained using the chem-
ical equilibrium modelling system MINEQL+ [49], taking into
account the oxalic acid speciation, iron-sulphate, iron-chloride
and iron-oxalate complexes equilibrium reactions (Table SM-1 of
Supplementary material). The equilibrium constants taken from
literature are corrected to zero ionic strength using the Davies
Equation [50]. Fig. 8 evidences the reason why the addition of oxa-
lic acid to the reaction media extends the pH range suitable for the
process application, since precipitation of Fe(OH); is delayed until
pH =4.8. Between pH=2.8 and 4.8, iron remains in solution as
Fe(C,04)3~ and Fe(C,04);. pH higher than 4.8 reduces the
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Fig. 7. Effect of pH on the PF/Ferrioxalate process applied to the simulated
wastewater without HAc. Operating conditions: T=30°C; [Fe**]=40mgL~!;
[H0,] =1.5-2.9 mmol L™'; iron/oxalate molar ratio 1:3; [=41.3Wm 2 (M,5K)

pH=2.38; (,&,0) pH=3.5; (4,4, 4) pH=4; (%,%,%) pH=5; (¢, ,©) pH=6.
1004 . Fe(OH)s3 (5) \_100
Fe(Cy0,);
-\
-80

o ~
S g
=
s L60 &
b5 p=|
g g
b= -
= =
7; F40 o
= =

=)
= =

20
Fe(OH),~
N
. . —=4o

8 10 12 14

Fig. 8. Speciation diagram of ferric complexes as a function of pH for a solution
containing 716 x 10°*M  of Fe** (40mgFe**L!), 215x103M
(189 mg C,03~ L") of oxalic acid, 2.14 x 1072 M of CI~ and 2.5 x 1072 M of SO%".
Ionic strength = 0.13 M and temperature = 30 °C.

efficiency of the process due to the diminished photoactivity of
the ferrioxalate complexes [7,44,51], since longer times are neces-
sary to achieve total photodecarboxylation of oxalic acid. Fig. 7
shows that almost no mineralization of the textile wastewater
occurred at the highest examined pH. The DOC abatement is
mainly associated to the photodecarboxylation of ferrioxalate
complexes. However, even after almost total consumption of oxalic
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acid, TDI concentration remains approximately constant (in the
absence of oxalic acid, iron starts to precipitate at pH higher than
2.9), which indicates that iron species form soluble complexes with
the organic pollutants present in the textile wastewater for pH val-
ues higher than 6.0. The slow mineralization rate can be mainly
associated to the low photoactivity of those soluble iron-organic
pollutants complexes, principally for the highest pH values.

3.5. Solar photo-Fenton process mediated by ferrioxalate complexes at
pilot scale

Experimental conditions leading to the best results for lab-scale
conditions (pH=4.0, [Fe**]=40mgL!, iron/oxalate molar
ratio=1:3 and [H,0,] =1.5-2.9 mmol L™!) are selected to carry
out the solar-photo-Fenton/Ferrioxalate treatment of the simu-
lated wastewater in the solar CPCs pilot plant, under natural sun-
light (I=24 Wyy m~2; T = 25 °C).

Evolution of colour removal, consumed H,0,, DOC, COD, TDI
and oxalic acid concentrations are represented as a function of
the accumulated energy in Fig. 9. Additional information, such as
the evolution of BODs/COD ratio, carbon oxidation state (COS),
fraction of DOC related to low-molecular-weight carboxylate
anions (LMCA/DOC ratio) and carboxylic acids concentrations can
be found in Fig. SM-3 (Supplementary material).

Solar-photo-Fenton/Ferrioxalate process at pilot scale proves to
be a very good treatment method for the simulated cotton-textile
wastewater. Almost complete discolouration is achieved, which is
the main objective of the PF/Ferrioxalate stage. Fig. 9 shows that
colour quickly decreases until 0.6 kJyy L™! and then proceeds at a
slower rate, whereas DOC and COD are gradually removed along
the treatment.

Fig. SM-4 (Supplementary material) illustrates the evolution of
colour in undiluted samples and in samples diluted by a factor 40.
Colour at 1:40 dilution is no longer visible by eye after 3.2 k]yy L™!
of accumulated energy (Sample S;). At this point, 98.3% of colour
removal is achieved and 11.2 mM of H,0, is consumed. Residual
DOC and COD are 14 and 57 mg L™}, respectively. This high level
of organic matter oxidation correlates well with the COS parameter
shown in Fig. SM-3, which increases from —1.1 to +2.7, suggesting
that the wastewater organic compounds are mineralized or trans-
formed into highly oxidized intermediates.

The fraction of DOC that corresponds to low-molecular-weight
carboxylate anions (LMCA/DOC ratio), without including the car-
bon of oxalic acid added (COAA), increases from null to 79% after
an accumulated energy of 3.2 kjyy L™! (corresponding to 3.6, 2.2,
0.7 and 4.7 mg CL™! of tartrate, malonate, formate and acetate,
respectively). The LMCA/DOC ratio with COAA is 36% in sample
S,, and the difference between LMCA/DOC with and without
COAA decreases as ferrioxalate complexes are photodecarboxy-
lated, as shown in Fig. SM-3.

When oxalic acid concentration falls below ~30mgL™~!
(1.9 KJuy L! of accumulated energy), TDI concentration decreases,
mainly due to iron precipitation with phosphate ions.

Table SM-2 (Supplementary material) shows the evolution of
the inorganic anions along the treatment. Phosphate, sulphate,
chloride, nitrite and nitrate anions were detected. Phosphate ions
profile exhibits a maximum at 1.9 kJyy L ™!, evidencing the gradual
generation of phosphate and its subsequent precipitation with
iron. Sulphate concentration increases initially from
6.2mgS03~ L' to 2.3 gS03 L ! after acidification, and continues
growing up to 2.5 g SO5~ L' due to the gradual H,S0, addition to
keep the pH value constant. Chloride ion concentration increases
from 687 mgCl"L™! to 760mgCl-L~!, once ferric chloride is
added.
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Fig. 9. Pilot scale solar photo-Fenton/Ferrioxalate treatment of the synthetic
cotton-textile dyeing wastewater without acetic acid at pH =4, [Fe**]=40mg L',
iron/oxalate molar ratio 1:3, [H,0,] = 1.5-2.9 mmol L', =24 Wm2 and T = 25 °C.
Profiles corresponding to: () DOC; (@) COD; (O) consumed H,0,; (4) discoloura-
tion; (M) total dissolved iron (TDI) and (k) oxalic acid.
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Fig. 10. Results from the Zahn Wellens test for samples taken along the solar
photo-Fenton/Ferrioxalate reaction. (M) S;: DOC=655mgL™!; (@) S.:
DOC=1042mgL™'; (¥) Ss: DOC=1055mgL"!; () S4: DOC=82.0mgL™'; (p)
Ss: DOC=653mgL'; (A) Se: DOC=43.8mgL™'; (%) S;: DOC=141mgL"; (@)
Sg: DOC=8.2mg L™!; () reference, DOC=100mg L.

The organic nitrogen can be released in ionic and gaseous forms,
such as nitrate, nitrite, ammonia, molecular nitrogen, dinitrogen
monoxide, nitrogen monoxide [52]. Total nitrogen (TN) evolution
isincluded in Fig. SM-5 (Supplementary material). TN concentration
quickly decreases from 10 to 5 mg N L™ after acidification and then,
slowly decays to 4 mg N L™ along the PF treatment. The initial drop
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may be explained considering the acidic reduction of nitrite ions
leading to NO and other nitrogen oxides [53]. Then, gaseous prod-
ucts are progressively formed. Nitrate ion concentration is practi-
cally constant and no ammonia is detected along the reaction time.

Results obtained with the Zahn-Wellens test carried out for
samples taken along the PF/Ferrioxalate reaction are shown in
Fig. 10. Wastewater without acetic acid exhibits a low biodegrad-
ability index, D, (21% after 28 days), which is significantly
improved by the PF/Ferrioxalate treatment. Once wastewater ful-
fils the discharge requirements after the PF/Ferrioxalate stage
(Sample S;), biodegradability index reaches values higher than
70% and the BODs/COD ratio is above 0.4 (threshold value).

As a whole, an acceptable degree of discolouration and
biodegradability is achieved after applying a coupled biological
and solar PF/Ferrioxalate treatment.

4. Conclusions

The degradation of a simulated textile wastewater is considered
by different advanced oxidation and biological processes.
Biological degradation is not efficient since discolouration is not
achieved. The photo-Fenton processes do not represent a conve-
nient technique to oxidize the tested simulated cotton-textile dye-
ing wastewater. Insoluble and low photoactive ferric complexes
are formed with the used reactive dyes and the auxiliary dyeing
products Sequion M150 and Sandozin NRW LIQ ALT C, leading to
iron precipitation at low pH.

However, the PF/Ferrioxalate process leads to a real mineraliza-
tion of this textile wastewater. Best results for the lab-scale tests
are obtained using: [Fe**]=40mglL~!, iron/oxalate molar
ratio = 1:3, pH = 4.0 and [H,0,] = 1.5-2.9 mmol L. At these condi-
tions, the acetic acid-free simulated effluent subjected to a
PF/Ferrioxalate process in a solar CPCs pilot plant accomplishes
the discharge limits established by Portuguese regulations. After
3.2KkJuv L' of accumulated energy, 98.3% of colour removal,
11.2mM of H,0, consumption, 14.2 mgCL™! of residual DOC
and 57mgO0,L! of remnant COD are achieved. The PF/Fer
rioxalate treatment significantly enhances the wastewater
biodegradability. Iron precipitation is evidenced when more than
70% of the initially added oxalic acid is already photodecarboxy-
lated. Precipitates are likely related to oxidation products of the
phosphonate groups present in Sequion M150 chemical structure,
forming insoluble ferric-phosphate complexes. The viability and
effectiveness of coupled biological and solar PF/Ferrioxalate treat-
ment to mineralize this textile wastewater is demonstrated.
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