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Highlights

- Treatment of real non-biodegradable textile effluent applying Advanced Oxidation
Technologies (AOTS).

- The degradation kinetics was investigated in laboratory and pilot scale.

- The CSW/H20, degradation process is an economically viable and environmentally
friendly option.

- Catalytic use of commercial steel wool as a source of zero-valent iron.

- The use of a metallurgical waste as a source of iron reaches degradations of 87%

Abstract

Textile industries present notable environmental problems related mainly to the use
and management of water resources. The application of advanced oxidation technologies
(AOT) to a real and complex system was analyzed. The degradation of a real textile
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effluent in the presence of commercial steel wool (CSW, zero-valent iron) and H20; as
oxidant was studied. The effects of H.O, concentration (0-0.08 mol L), mass of CSW (0-
0.4 g LY and temperature (15-45 °C) on the reduction of the chemical oxygen demand
(COD) of the textile effluent were evaluated. Kinetic studies were performed at laboratory
and pilot scales at different temperatures under optimal conditions (0.037 mol L of H,0-
and 0.247 g Lt of CSW). Iron species (Fe?*, Fe**, total Fe) were quantified in solution for
different experiments as a function of time. COD reductions of 87.69% at lab scale and
89.55% at optimized pilot scale in 300 min (140.66 mgO, L™ of COD, final discharge)
were obtained. A metallurgical residue was tested as iron source, obtaining high COD
removal (65%). Operating costs were calculated. Phytotoxicity tests performed before and

after treatment showed that the effluent treated under optimal conditions was non-toxic.

Keywords: wastewater, degradation, Advanced Oxidation Technologies (AOT), zero-valent

iron, phytotoxicity tests.

1. Introduction

The development of the consumer society has led to an increase in industrial activity
and, consequently, to the production of large amounts of chemical compounds that pollute
the environment and persist in waterways. Among the different types of pollution sources,
those of anthropogenic-industrial origin usually have an important impact on the

environment where the industries are located. The inadequate use of water can transform



this non-renewable resource into a waste. In the last decades, the effects of pollution on
health and the associated ecological risks have encouraged the development of new
technologies for the remediation and treatment of wastewater [1]. The textile industry
presents notable environmental challenges linked mainly to the use and management of
water resources, requiring large amounts of drinking water and groundwater in its
processes, and with textile wastewater being one of the most polluting of all industrial
sectors [2]. These wastewaters are characterized by high COD (40-7000 mg L1, large
variety of organic compounds, low biodegradability with BODs/COD ratios close to 0.25,
BOD:s values between 80 and 6000 mg L™, strong color, unstable pH, suspended solids, and
salinity [3-9]. Once treated, textile waters are usually discharged to the sewer.

The need for a rational use of the limited water resources has encouraged over the
last few decades the introduction of increasingly restrictive laws that require different
manufacturing industries to apply efficient treatments to their effluents for later discharge.
This has forced the research and development of treatment technologies for water used in
industrial applications [10].

Most of the organic compounds found in industrial effluents are resistant to
conventional methods of chemical and biological treatments [11-15]. Therefore, alternative
systems are being studied, in particular photochemical and photocatalytic processes. In this
context, treatments known as Advanced Oxidation Technologies (AOTSs) that allow the
conversion of organic pollutants with a wide variety of structures into substances of lower
toxicity and greater biodegradability have been investigated [7-10].

AOTs are based on physicochemical processes capable of producing fundamental
changes in the chemical structure of the pollutants through in situ generation of highly

reactive and highly oxidizing radical species (HOe¢) obtained from homogeneous and
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heterogeneous catalytic processes [10]. The Fenton process is one of the most commonly
applied mechanisms in the degradation of different effluents through the generation of HO*
radicals from the reaction of hydrogen peroxide and Fe?* ions in aqueous solution at acidic
pH [16-19]. In addition to its ability to degrade non-biodegradable compounds, this process
can reduce effluent toxicity and remove color [20, 21]. These characteristics make Fenton
processes especially interesting for the advanced treatment of textile industry wastewaters
and have driven its growing development and application at industrial scale during the last
two decades.

Recent studies have revealed that organic dyes can be efficiently degraded by AOTSs [22,
23], and these kind of processes can be effective for decolorization, COD reduction, and
mineralization of real effluents in short irradiation time [24-26]. In addition, many studies
have also developed combined AOP and biological systems for the treatment of a diversity
of industrial wastewater [12, 27].

Various degradation treatments applying different AOTs on recalcitrant organic
substances by have been studied; however, few studies have been carried out with real
wastewater (complex, non-simulated systems) from the finishing stages of textile industries
[12, 28-30].

In this work, the degradation process of a real textile effluent involving a treatment
with Commercial Steel Wool (CSW) and H20. was studied. The degradation kinetics was
studied both at laboratory and pilot scale, obtaining the rate constants (kaeg) for different
conditions. This kinetics analysis can be useful for making decisions respect to the
variables modification during the dradation process. In addition, the efficiency of using a

metallurgical waste from a turning industry was also evaluated, giving value to this waste



and reintroducing it into the production system. The technical, environmental and economic

feasibility of the proposed treatment system was analyzed.

2. Experimental
2.1. Real textile effluent and sampling

A real textile effluent was obtained from a denim-jeans dyeing and finishing plant
located in the Buenos Aires province, Argentina. This plant has a daily production of
approximately 3600 articles of clothing and 250 m® of effluent. Currently, the company
carries out a flocculation-coagulation process that does not allow to compliance with the
discharge parameters of the Argentine legislation. The effluent consisted of dyes and
finishing products, with a high COD (1500 mg L) and solid content (3.5 mg L) and low
biodegradability (0.05). The pH was 7.2 and it had a blue color. The effluent samples were
not diluted and were initially filtered to remove suspended solids (abrasive materials and
lint). The initial pH was not adjusted at the beginning of the experiment. The samples were
taken randomly in June and December 2017 due to the variability in the composition of the
effluent according to production requirements. The filtered effluent was homogenized and

stored at 4 °C to minimize any further bacterial processes [31].

2.2. Iron source and characterization

The morphology of 0.5 cm-long fragments of CSW was analyzed by scanning
electron microscopy (SEM) (Carl Zeiss, MA10). The filaments were ca. 40 um wide and 8
wm thick, with a nonporous surface (Figure 1a) [32].

Energy dispersive X-ray spectroscopy (EDS) (Oxford, INCA Energy 250) was used

to determine the semi-quantitatively elemental composition (w/w). The data were obtained
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over 25 different points of the CSW surface. As expected for typical low carbon steel, the
most abundant components were Fe (84.9 %W) and C (12.93 %W).

The diffractogram corresponding to the iron source (CSW) is shown in Figure 1b.
The characteristic peaks of the Fe® phases (cubic system) are clearly visible, while no
oxides were detected. The peaks at 45.14 ° and 65.76 ° correspond to the planes (0 1 1) and

(0 0 2) respectively [32].

Figure 1. a) SEM micrograph of the surface of CSW at 200X magnification, 20 kV.
b) X-ray diffractogram of CSW.

2.3. Materials and experimental procedure
Hydrogen peroxide (20 mol L?, Merck) was used as oxidizing agent and
commercial steel wool (CSW) was used as source of Fe?* and Fe**. All chemicals used

were at least of reagent grade and were used as received without further purification.



A cylindrical 50 mL laboratory reactor with temperature control was used for the
lab-scale degradation of the real textile effluent. The treatment consisted in the addition of
H20O. (oxidizing agent) and CSW to the filtered textile effluent. The temperature was
controlled between 15+2 °C and 45+2 °C with a thermostatic water bath.

For the pilot scale tests, a 5 L batch reactor with a different configuration was

used. In that case, the CSW was placed in a packed bed, as shown in Figure 2.

Peristaltic
1 | pump
I
_—-',-_-._a‘{,-'/‘
7 { Packed
T bed
9 2
5
Mixer /—
= . 1” o
e Reaction pool E
" 2.5 cor ]
Peristaltic 0 cm
pump | 2

Figure 2. Schematic diagram of the pilot-scale experimental system with a CSW packed
bed.

H202 and CSW were used in optimal amounts as determined by an experimental
model: 0.037 mol L of H,O2 and 0.247 g L of CSW at room temperature (ca. 15 °C)
[33]. The degradation process was monitored by measuring COD, Fe?*, Fe** and pH every
300 min. All the tests were performed in triplicate. COD and pH were measured

periodically during effluent storage to ensure that no degradation of the samples occurred.



2.4. Analyses

The standard methodologies established by the American Public Health
Association (APHA 2005) for the determination of each physicochemical parameter value
were used. A portable pH-meter was used to measure the pH of the solution (model
AD100, ADWA). A Carl Zeiss microscope (model MA10) with an associated EDS detector
(Oxford, model INCA Energy 250) was used to study the morphology and composition of
the CSW used in the degradation process. A diffractometer (Panalytical, Empyrean model)
with PIXCEL3D detector was used to detect the components and phases present in the
CSW. Residual Fe?* in the solution was measured through the characteristic wavelength of
512 nm corresponding to the complex of o-phenanthroline with Fe?* using a UV-Vis
spectrophotometer (Mapada, UV-1800PC) [34]. For the determination of total iron, the
same technique was applied to the sample previously treated with a reducing agent (10%
hydroxylamine chloride).

COD reduction (%) was measured at 300 min of reaction at a wavelength of 600
nm using a Mapada UV-1800PC spectrophotometer and a HANNA thermo-reactor. Total
organic carbon (TOC) was determined with a high-temperature carbon analyzer (Shimadzu,
TOC-5000A) using a calibration curve with potassium biphtalate standard. Standard
solutions were run before each analysis to check for instrumental shifts.

The global degradation kinetics was studied by applying a pseudo-first order
treatment. The degradation rate constants (kdeg) were obtained from plots of In

(COD#COD;) as a function of time.



2.5. Phytotoxicity tests

Dilutions of the textile effluent at different percentages (100%, 25% and 12.5%
final concentration) were used for the phytotoxicity analyses. The plant species used were:
lettuce (Lactuca sativa L., criolla variety) obtained from the PRO-Huerta INTA program,
and radish (Raphanus sativus), pound pink body with white tip obtained from La
Germinadora.

The tests were carried out using the method proposed by Navarro et al. [35] with
modifications. A filter paper disc was placed in Petri dishes with 1 g of cotton, autoclaved
for 20 min at 121 °C and dried in an oven before the tests. For each plant species, 5 mL of
effluent (concentrated or diluted) was added to the Petri dishes in triplicate, placing 20
seeds per plate. The plates with lettuce seeds were incubated for 120 h in the dark at 20+1
°C, while the plates with radish seeds were incubated for 120 h in the dark at 27+1 °C.
Plates with 5 mL of sterile distilled water were used as control. For the incubation, the
plates were placed in plastic bags to reduce moisture loss.

The effect on the germinative power and root elongation of the seeds of each
species was analyzed by determining the relative growth index (RGI). The root elongation
data were analyzed using the Kruskal-Wallis statistical test and Dunn’s multiple

comparison test [36].

3. Results and discussions
3.1. Effect of the treatment variables
3.1.1. Effect of H20. concentration
In Figures 3 a and b, the COD reduction (%) of the effluent and the variation in Fe?*

concentration after 300 min of treatment at different initial concentrations of H>O, are
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shown, respectively. Hydrogen peroxide concentration was varied between 0.00 and 0.08

mol L* while maintaining the amount of added CSW at 0.2 g L™.
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Figure 3. a) Effect of H.O> concentration on COD reduction (%), experimental
conditions: 0.2 g L of CSW, time=300 min and initial effluent pH, b) Effect of H20
concentration on Fe?* profiles, experimental conditions: 0.2 g L™ of CSW, time=300 min

and initial effluent pH, for different temperatures.

The greatest COD reductions were obtained for H20- values of between 0.02-0.04
mol L at 15 °C. Similar values were obtained by GilPavas et al. [37] for a real textile
effluent from a factory in Medellin (Colombia) using Fe® and H.O, at pH=3, and a
comparable behavior was observed when the H20, concentration increases above 0.03 mol
L1, where a lower COD reduction (%) value was obtained (from 76% to 65%).

Initially, increasing the dose of H202 increased the production of HO+ available to
attack the organic molecules, causing an increase in COD reduction (%). However, as the
initial concentration of the oxidant increased, the HO+ was consumed by the H>O> (limiting
reagent) to form a less reactive radical (HO2¢), Equation 1 [19]. HO.¢ can be formed, in

turn, when an excess of H2O> reacts with Fe* [37].
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H202 + HO. i HOE + H20 EHo-_ = 17 V < SHO' = 28 V Equatlon 1

At high concentrations of H2O, the self-decomposition of the hydrogen peroxide in
H>0 and O, may ocurr [38].

The maximum Fe?* was reached for 0.02-0.04 mol L of H,O; in coincidence with
the maximum COD reductions. The minimum concentration of Fe** was obtained at the
lowest temperatures (between 15 and 21 °C) after 300 min. Similar results were observed in

oxidation treatments of organic pollutants in wastewater [39-42].

3.1.2. Effect of CSW mass content.
The results obtained for the degradation of the effluent by varying the amount of
added CSW between 0.0 and 0.4 g L, maintaining the initial H.O2 concentration at 0.04

mol L and using the initial pH of the effluent, are shown in Figures 4 a and b.
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Figure 4. Effects of CSW mass content at 300 min for different temperatures on a) COD
reduction (%), and b) Fe?* concentration. Initial experimental conditions: [H20,]=0.04 mol
L and initial pH of the effluent.
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In previous works, the amounts of Fe° initially used for the treatment were larger.
GilPavas et al. [37] and Segura et al. [43] analyzed a range between 2-9 g L of Fe zero-
valent, obtaining similar degradations to those reported in this work. The effect of CSW at

low concentrations has received little study in previous reports [44].

The highest degradations were obtained for a CSW concentration of 0.2 g L. For
lower CSW values (between 0 and 0.2 g L), COD reduction (%) increased up to a
maximum value for all the tested temperatures. This could be due to the consumption of
Fe?* to generate HO- (Equation 2), leading to higher COD reductions. On the other hand,
for concentrations greater than 0.2 g L%, it is evident that the amount of Fe?* in the solution
decreased, which could be attributed to the fact that at high concentrations of Fe?* the

trapping of HO- radicals would occur (Equation 3), generating a decrease in COD

reduction.
Fe?* + H,0, — Fe3* + HOe + HO™ Equation 2
HO® + Fe?* - Fe3* + HO™ Equation 3
Fe® + H,0, - Fe?* + 2HO" Equation 4

In the absence of CSW, the initial amount of Fe?* in the effluent was of 0.18 mg L*
(Figure 4b). In Figure 4a it can be seen that this decrease in the initial Fe>* concentration
possibly favors the decomposition of H.O> compared to HO+ formation. This effect was

more marked at higher temperatures.
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3.2. Kinetic study: laboratory scale.

The kinetic study was carried out by measuring COD reduction. In a previous work,

a central composite design with a 23 factorial design with added center points and star

points was developed [33]. The input variables were oxidant concentration (0.002-0.08 mol

L1), amount of CSW (0.02-0.4 g L) and temperature (15-45 °C). COD reduction (%) was

the response variable of the experimental design. The objective was to obtain the optimal

values of the variables and their interactions. The optimum degradation conditions of the

textile effluent were 0.037 mol L™ of H.O, and 0.247 g L™ of CSW [33].

The concentration of Fe?*, Fe3* and pH were measured during the degradation

process. An increase in % COD reduction was achieved with an increase in treatment time,

whereas increasing temperature disfavored the degradation process (Table 1).

Table 1. Values of COD reduction (%) as a function of time for the optimum degradation

conditions ([H202] = 0.037 mol L* and 0.247 g L't of CSW) at different temperatures.

COD reduction (%)

Time (min) 15.5°C 21.0°C 30.0°C 45.0°C
0 0.00 0.00 0.00 0.00
60 37.31+1.06  25.65+0.99 18.57+1.08 21.82+0.93
120 56.90+0.78  47.57+1.19 41.32+0.73 35.28+1.34
180 69.03+0.98  64.37+1.01 53.85+0.90 47.82+0.83
240 82.56+1.15  75.09+0.80 68.71+1.39 63.60+0.58
300 87.69+0.90  85.82+0.28 80.32+1.02 75.21+0.67

The experimental results (Table 1) were modeled with pseudo-first order kinetics,

through the COD parameter. The values of keeg Were calculated from the slope obtained

from the representation of -In (CODs/ COD;) vs t.

The highest value of kqeg Was obtained at 15 °C. To achieve a COD reduction (%)

higher than 75% for temperatures between 15 °C and 21 °C, a treatment of over 200 min is
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required (effluent suitable for sewage discharge, COD value < 700 mg L), whereas for
temperatures of 30 °C and 45 °C, the treatment time should be at least of 300 min, showing
the dependence of kgeg ON temperature. These tests were performed in duplicate, obtaining

the Kdeg Values shown in Table 2.

Table 2. kqeg Values for different temperatures under optimal conditions ([H202] = 0.037
mol L%, 0.247 g L* of CSW, final time=300 min)

Temperature (°C) Kdeg (Mint) x103 R?
15 6.9+0.32 0.9954
21 6.4+£0.41 0.9896
30 5.4+0.42 0.9825
45 4.5+£0.50 0.9789

The values of kgeg Were very similar in the temperature range studied. All tests
ended when the concentration of residual hydrogen peroxide was of less than 20 mg L2, or
when the degradation remained constant throughout the assay (after 300 min). The obtained
rate constant values are similar to those reported by Behrouzeh et al. [40] for a
homogeneous Fenton system in a pharmaceutical effluent and by Hou et al. [41] for a
Fenton treatment system in a simulated textile effluent.

At the optimal concentrations of CSW and H»0 (0.247 g L™ and 0.037 mol L7,
respectively) at 15.5 °C, the degradation could be monitored by TOC analysis. The reaction

kinetics obtained by measuring TOC is shown in Figure 5.
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0 50 100 150 200 250 300 350
Time (min)

Figure 5. Kinetics of the degradation process by measuring TOC at 15 °C, experimental
conditions: 0.037 mol L of H,0; and 0.247 g L™ of CSW.

It can be observed that the degradation profile of the effluent reached TOC
reduction values (%) close to 53% after 60 min of treatment. It should be noted that there is
an important difference between the results obtained by TOC measurements and those
obtained by COD measurements. Since the COD technique is based on the oxidation of all
species that are able to be oxidized, the difference can be attributed to the presence of non-

organic oxidizable species in the real effluent.

3.2.1. Fe?* concentration vs. treatment time

Figure 6 a shows the maximum peak of Fe?* at 50 min of treatment, which then
decreased progressively until 300 min. This trend was observed for the different tested
temperatures. The highest concentration of Fe?* (1.91 mg L) was obtained for
temperatures between 15-21 °C. In the degradation reaction Fe®* is consumed with the

H202, giving rise to the production of HO+ (Equation 2).
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Figure 6. Graphical representation of a) Fe?* concentration vs time; b) pH vs treatment
time for different temperatures. Initial experimental conditions: [H20,] = 0.037 mol L and

0.247 g L of CSW.

After 60 min of reaction, there was a decrease in the amount of Fe?* in solution, and
consequently a higher production of HOe.

The concentration of Fe?* was lower with increasing temperature. Thus the system
had excess of H202 and this produced an entrapment of HOe, resulting in a lower COD
reduction (%). The total soluble Fe concentration for the different treatment temperatures
was measured. In all cases, its value was below 2 mg L?, complying with Argentine
regulations (Res. 336/2003) that establish a maximum limit of 10 mg L™ of total soluble Fe
for effluents to be discharged to the sewer. As the degradation time increased, the

concentration of Fe3* in the system increased up to 70% (0.83 mg L™, at 300 min).

3.2.2. pH vs treatment time
As it can be seen in Figure 6 b, the pH increased with increasing time of the

degradation process. The reactions that occurred over time provided OH™ ions (Equations 1,
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2, 3), so the pH increased throughout the treatment. A decrease in temperature produced an

increase in pH, always within the parameters established by Resolution 336/03.

3.3. Behavior of the CSW surface during treatment
A sequence of micrographs of the CSW at different times of the degradation process were
obtained. An oxide layer covering the surface of the CSW was observed after 180 min of

reaction (Figure 7).

Figure 7. Micrographs of the CSW surface under optimum conditions ([H202] = 0.037 mol
L 0.247 g L™t of CSW and 15.5 °C), at 2000X magnification, 25 kV, at different
treatment times: a) 0 min, b) 60 min, ¢) 120 min, d) 180 min, €) 240 min, and f) 300 min.
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The concentration of Fe?* decreased with increasing treatment time, which is in
agreement with the micrographs showing only a small oxide layer between 0 and 60 min,
allowing a contribution of Fe?* to the system. Then there was an increase in the oxide layer
over the reaction (Figure 7), without a significant production of ions.

The maximum peak of Fe?* concentration was observed in the first hour of
treatment, when the CSW surface did not present a uniform coverage, and in some areas the

surface could be seen without any oxide layer.

3.4. Kinetic study: pilot scale.

A pilot test using a batch system of 5 L at 15 °C was carried out. The parameters
monitored during the pilot experiments were COD reduction (%), pH, temperature, and Fe
species in solution as a function of treatment time.

A COD reduction of 35% was obtained for a treatment time of 30 min, and of
68.5% for a treatment time of 300 min under the same laboratory-scale optimal conditions.
The kdeg Obtained at 300 min of treatment was of 0.0035 min* for conditions of 0.037 mol
L1 H,02 and 0.247 g L't CSW at ca. 15 °C. The kgeg Value at pilot scale was half of that
obtained at laboratory scale (kgeg= 0.0065 min) for a treatment time of 300 min at the

same temperature (Figure 8).
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Figure 8. Plots of: a) -In (COD#COD;) vs time, b) Fe?* concentration vs time, for optimal
laboratory conditions at pilot scale. Conditions: 0.037 mol L H,O2 and 0.247 g L' CSW

at room temperature.

After 90 min of treatment, a maximum of 0.93 mg L* of Fe?* was observed (Figure
8), and at 300 min a concentration of 0.60 mg L™ was reached, with 35% of Fe?" being
consumed in the degradation process. The maximum amount of Fe?* in the pilot test was
lower than the Fe?" concentration in the laboratory test. This caused a decrease in the
production of HOe, and therefore a lower COD reduction (%) for the same treatment times.
By decreasing the concentration of Fe?*, H.O, remains in excess, which leads to a faster
decomposition of H>O> and thus to a lower degradation rate.

The pH values were evaluated at different treatment times, observing an increase to
up to 8.51 due to the reactions that lead to the degradation of the effluent. Another
controlled parameter was system temperature as a function of time, obtaining a variation of

3 °C (from 13.4 to 16.5 ° C) after 420 min of treatment.
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3.4.1. Process efficiency

The change in scale of the treatment is associated with an efficiency that will be
used to recalculate the treatment times at industrial scale. This efficiency was determined
experimentally by laboratory and pilot scale experiments conducted under the same
experimental conditions. To obtain a COD value of 529.33 mgO2 L, a reaction time of 178
min was needed at laboratory scale and of 240 min at pilot scale, and thus the efficiency

value was calculated (Equation 5).

__ Treatment time at laboratory scale

X 100 = 74.16 % Equation 5

Treatment time at pilot scale

3.5. Treatment optimization. Pulsed H202 and compact CSW

Adding the oxidant in pulses has the purpose of stabilizing its concentration in the
medium and favoring the efficiency of the process [1]. The influence of the addition of
H20> in pulses (5 fractions of 2 mL every hour) was studied. The CSW was used in a fixed
bed. This set up exhibited a greater COD reduction (%) and its use would be more efficient
when designing the treatment at industrial scale.

A COD reduction of 89.55% was obtained for a treatment time of 300 min. The
experimental results were adjusted with pseudo-first order kinetics, obtaining a Kqeg Value of
0.0068 min for 300 min of treatment (Figure 9 a).

Figure 9 b shows the concentration of Fe?* as a function of treatment time. The
maximum concentration of Fe?* was 1.12 mg L™ at 15 min under optimal operating

conditions. This Fe?* concentration was similar to that measured in the laboratory scale test
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(1.16 mg L1). However, an increase in Fe?* was observed at 120 and 240 min when pulsed

H20. was added. These increases led to greater degradation rates.

The representation of pH as a function of time is shown as the degradation reaction

proceeds (Figure 9 d), where there is an increase in pH to up of 8.74 at 400 min according

to the degradation reactions. This parameter is within the range established by regulations

for the disposal of wastewaters.
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Figure 9. Plots of: a) -In (COD¢/ COD;) vs time, b) concentration of Fe?* vs time, c)

concentration of Fe species in solution vs time, d) pH vs time, for pulsed H2O: (5 fractions

of 2 mL) and compact CSW at pilot scale.

Current legislation sets a maximum limit of 10 mg L™ of soluble Fewta for the

discharge of effluents to the sewer. At 300 min of treatment, the concentration of soluble

Fewtal Was of 1.27 mg L™ for the pilot study. The non-soluble Fewa is ca.15 mg L* (Figure
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9 c¢), which results in 3.7 kg of solids accumulating in each treatment, so it is necessary to
incorporate a sludge elimination phase in the design of the treatment system.

The temperature of the system was evaluated as a function of time, with a variation
of 5.5 °C (from 11.8 °C to 17.3 °C) for 300 min of treatment.

In Figure 10 a flow diagram of the different steps of the proposed degradation
process is presented. As can be seen the process consist in three stages: (1) Coagulation-
flocculation, (2) AOT: CSW/H20: treatment and (3) sedimentation-separation before final

disposal or discharge.

Sludge tank < Distribution
i ’:H reuse

Figure 10. Flow chart of treatment of real non-biodegradable wastewater plant.

3.6. Phytotoxicity tests

Different concentrations (12.5, 25 and 100%) of untreated textile effluent (TO) and
textile effluent treated for 300 min under optimal degradation conditions (T1) were used for
the tests. The application of the treatment did not have negative effects on the germinative

power (GP) of the seeds compared to the untreated effluent. No significant differences in
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root elongation were observed between the samples and the control with distilled water
(See table 3).

The relative growth index (RGI) of the radicles of the lettuce and radish seedlings
that grew from the seeds exposed to different effluent concentrations was determined. RGI
was calculated as the ratio of the radicle length of the treated plants to the radicle length of
the plants exposed to sterile distilled water.

Table 3. GP and RCI average values for lettuce and radish roots exposed to

different concentrations of textile effluent.

Treatment RGI GP (%)
Lettuce Radish Lettuce Radish
Control 0.80 0.80 98 98
T0-100 0.79+0.02  2.38+0.16  80+1.41 98+0
T0-25 1.17+0.06  2.35+0.14  87+0.71 9310

T0-12.5 1.26+0.03  2.47+0.11 924354  93+1.41
T1-100 0.72+0.06  2.33+0.06  83+5.66  93+2.83
T1-25 1.10+0.04  2.66+0.10 88+4.24 98+0
T1-12.5 1.14+0.03  2.52+0.13  87+3.54 100+0

Values above 0.8 indicate that there was no toxic effect. In the plates with radish
seeds, a clear stimulation of root elongation with respect to the control was observed for all
the tested concentrations. These results are in agreement with a previous report in which
phytotoxicity tests were carried out on lettuce, evaluating germination and root elongation

employing treated effluents [45].

3.7. Behavior of metallurgical waste as iron source
The waste from a turning facility (metallurgical waste) was used as a source of iron
in equal proportions as the CSW. First the waste was characterized, and then its properties

were evaluated.
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It was observed that the metallurgical waste had a high surface content of Fe, even

higher than that observed for the CSW (Figure 11), and traces of Cr, Si and Mn were also

detected.
Wt% | At%
6.64 | 19.66
1.36 | 2.29
0.67 | 0.61
119 | 1.03
90.13 | 76.41

Figure 11. SEM micrograph at 250x magnification (20 kV) and EDS elemental analysis
of the metallurgical waste.

The waste was evaluated under the optimal conditions obtained for the CSW. The
effects of treatment time on the reduction of COD (%) and Fe?* at 60, 120, 180, 240 and
300 min are shown in Figure 12 a and b. The working temperature was 21 °C at lab-scale.

The maximum concentration of Fe?* was 1.15 mg L at 60 min under optimal
operating conditions. This concentration was similar to that measured at laboratory scale
(1.16 mg LY). The kgeg Obtained at 300 min of treatment was 0.0034 min for conditions of
0.037 mol L of H0 and 0.247 g L™ of metallurgical waste at room temperature (ca. 15
°C). A COD reduction of 65% was reached at 300 min of treatment, with this value being
below the limit established by Argentine legislation. The use of metallurgical waste as iron

source in the Fenton treatment would contribute to reducing the environmental impact of
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industrial wastes, and revalues metallurgical wastes as a material of technological

application.
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Figure 12. Graphical representation of a) COD reduction (%), b) Fe?" vs treatment time,
and c) —In (COD#/COD) vs time. Experimental conditions: 0.037 mol L* H,O, and 0.247 g

L1 metallurgical waste at room temperature.
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3.8. Costs and feasibility
3.8.1. Operating costs

The costs of the operation take into account the costs of the reagents needed to
degrade the effluent under optimum conditions. Energy costs were not considered. The
daily effluent flow is of 250 m® at industrial scale. Per day of treatment, the cost of H2O- is
U$S 852.00, and the cost of CSW is U$S 326.03. The total operation costs are U$S
1151.03 per day of treatment, that is U$S 0.32 per manufactured item of clothing.

Table 4. Summary of the costs.

Reagents
H20> CSw
Volume (L) 400 Quantity (KQg) 61.75
Us$s L? 2.13 U$S Kg' 5.26
U$S perday  1151.03
U$S per m® of effluent 4.6
U$S per item of clothing 0.32

The operating cost of 4.6 per m® of effluent is within the values reported by
GilPavas et al. (2018) [45] and GilPavas et al. (2019) [37] (reported cost ranges from US$
1.04 per m® to US$ 14.50 per m3). Also, if the use of metallurgical waste as a replacement
for CSW is taken into account, treatment costs can be reduced to U$S 3.4 per m® of
effluent and the reuse of waste from another industry for the treatment of textile effluent is

achieved.
3.8.2. Feasibility study

The textile effluent was degraded by 89.55% using CSW and H20; at pilot scale. A
final COD value of 140.66 mgO2 L (the limit established by Argentine legislation is 700

mgO2 L) was obtained, thus the process is technically feasible. Industries in Argentina do
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not currently apply any additional treatment to effluents, but only a primary treatment by
adding coagulant-flocculant to the wastewater. The application of the degradation treatment
using CSW/H,0, has an operating cost of U$S 4.6 per m® of effluent. The initial
investment costs would be low because the proposed treatment would be coupled to the
existing facilities of the textile company and use the design of the existing pools.

The degradation treatment turns the real textile effluent into a biodegradable
wastewater (BODs/COD of 0.5 after the treatment), offering the possibility of performing a
subsequent biological treatment to reuse the treated effluent in a production process.
Previous studies on real textile effluents have reported increases in the BODs/COD ratio
after the application of treatments with iron zero-valent and H2O [37, 43].

A phytotoxicity study was also carried out, where the treated effluent was found to
be non-toxic under the studied conditions. The treated wastewater could be used as
irrigation water or it could be discharged on land. These characteristics show that the
proposed treatment is environmentally feasible. Another important factor is that the H20-
used in the treatment is a "green™ oxidant that does not affect the environment, and it was

possible to measure that it was not present in the treated effluent.

4. Conclusions

In this study, the degradation of a real textile effluent was studied using hydrogen
peroxide and commercial steel wool as source of iron. The effects of H>O> concentration
(0-0.04 mol L), CSW mass (0-0.4 g L), temperature (15-45 °C) and treatment time were

studied. The maximum COD reduction (ca. 87%) was obtained for H>O> of between 0.02-
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0.04 mol L't and 0.2 g L™ of CSW. Maximum Fe?* was present within this concentration
range, producing maximum % COD reduction. In the absence of H202, COD reduction was
not significant. In the absence of CSW, the degradation was of ca. 20% due to the presence
of Fe?* in the initial wastewater.

The degradation kinetics was investigated at laboratory and pilot scale. The
kinetic study was carried out by measuring COD reduction. The optimum degradation
conditions of the textile effluent were 0.037 mol L of H.0,, 0.247 g L of CSW and
temperature of 15 °C. At laboratory scale, COD reduction was of 87.6% in 300 min,
reaching a discharge COD value of 188.5 mgO, L. When CSW was replaced by a
metallurgical residue, a reduction of 65% was obtained, reaching the discharge value (518.9
mgO. L?). The use of a metallurgical waste as iron source is a feasible option and
contribute a great value to the work.

The treatment system can be optimized at pilot scale, achieving higher
degradation rate constants at laboratory scale (kgeg= 0.0069 min? at lab scale and
Kdeg=0.0035 min at pilot scale). Considering an industrial scale, a configuration consisting
of a fixed bed and the addition of H202 in pulses was designed. A COD reduction of
89.55% was achieved at 300 min of treatment (Kqeg=0.0068 min™).

The surface of the CSW was studied by SEM and monitored throughout the
treatment, obtaining the surface changes as a function of time. After 60 min of treatment,
the surface was covered by oxide, which is attributed to the contact of Fe with H20O to
yield Fe*. On the other hand, the application of the proposed treatment process could be
carried out at the industrial level considering that the cost of treatment would increase the

cost per garment produced by only US $ 0.32. In addition, this cost is reduced by 26% if
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the metallurgical waste is used. The possible implementation reuse system of treated
effluent would lead to a reduction in wastewater volumes and therefore in operating costs.

This study referring to the kinetic behavior of the different variables involved in
the proposed process provides an essential tool for making decisions at different stages of
the process attending to the possible variability in the physicochemical characteristics of the
effluent.

Phytotoxicity tests were performed before and after treatment, showing that the
effluent treated under optimal conditions was non-toxic. The CSW/H20. degradation

process is an economically viable and environmentally friendly option.
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Table caption

Table 1. Values of COD reduction (%) as a function of time for the optimum degradation
conditions ([H202] = 0.037 mol Lt and 0.247 g Lt of CSW) at different temperatures.

Table 2. kqeg values for different temperatures under optimal conditions ([H202] = 0.037
mol L, 0.247 g L of CSW, final time=300 min)

Table 3. GP and RCI average values for lettuce and radish roots exposed to
different concentrations of textile effluent.
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Table 4. Summary of the costs.

Figure caption

Figure 1. a) SEM micrograph of the surface of CSW at 200X magnification, 20 kV. b) X-
ray diffractogram of CSW.

Figure 2. Schematic diagram of the pilot-scale experimental system with a CSW packed
bed.

Figure 3. a) Effect of H,O> concentration on COD reduction (%), experimental conditions:
0.2 g L of CSW, time=300 min and initial effluent pH, b) Effect of H.0O, concentration on
Fe2* profiles, experimental conditions: 0.2 g L™t of CSW, time=300 min and initial effluent
pH, for different temperatures.

Figure 4. Effects of CSW mass content at 300 min for different temperatures on a) COD
reduction (%), and b) Fe?* concentration. Initial experimental conditions: [H202]=0.04 mol
L and initial pH of the effluent.

Figure 5. Kinetics of the degradation process by measuring TOC at 15 °C, experimental
conditions: 0.037 mol L of H,0; and 0.247 g L™ of CSW.

Figure 6. Graphical representation of a) Fe?* concentration vs time; b) pH vs treatment
time for different temperatures. Initial experimental conditions: [H202] = 0.037 mol L and
0.247 g L't of CSW.

Figure 7. Micrographs of the CSW surface under optimum conditions ([H202] = 0.037 mol
Lt 0.247 g L of CSW and 15.5 °C), at 2000X magnification, 25 kV, at different
treatment times: a) 0 min, b) 60 min, ¢) 120 min, d) 180 min, e) 240 min, and f) 300 min.

Figure 8. Plots of: a) -In (COD{COD) vs time, b) Fe?* concentration vs time, for optimal
laboratory conditions at pilot scale. Conditions: 0.037 mol L* H,0O; and 0.247 g L' CSW
at room temperature.

Figure 9. Plots of: a) -In (CODs / COD;) vs time, b) concentration of Fe?* vs time, c)
concentration of Fe species in solution vs time, d) pH vs time, for pulsed H20O> (5 fractions
of 2 mL) and compact CSW at pilot scale.

Figure 10. Flow chart of treatment of real non-biodegradable wastewater plant.

Figure 11. SEM micrograph at 250x magnification (20 kV) and EDS elemental analysis of
the metallurgical waste.
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Figure 12. Graphical representation of a) COD reduction (%), b) Fe?* vs treatment time,
and c¢) —In (COD¢/COD) vs time. Experimental conditions: 0.037 mol L* H,02 and 0.247 g
L metallurgical waste at room temperature.

38



