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Highlights

The groundwater treatment sludge (GWTW) is an effective, cheap, and environmentally friendly Fenton-like heteroge-
neous catalyst.

GWTW promotes the degradation of an anodized aluminum dye.
The solution decoloration rate increased with the decrease in pH and increase in temperature.

Abstract. The performance of groundwater treatment waste (GWTW) as an adsorbent and catalyst in the decoloration of
aluminum dye Sanodure green LWN (SG) solution was investigated. The raw GWTW was more suitable for dye removal
than calcined at 800 °C temperature. The catalytic activity of GWTW in Fenton-like reactions in sunlight increases with
decreasing pH from 5.5 to 2.5 and increasing temperature from 20 to 60 °C. The rate of 70% decoloration in the first 5 min
and 92% after 50 min of 100 mg/L SG dye solution was reached at 50 °C and pH 3. Kinetics of the SG dye color removal
fitted well with the double exponential and two-stage pseudo-first-order kinetic models. The activation energy of the first
stage of the SG dye degradation reaction is 30.45 kJ/mol. GWTW could be re-used for the pre-treatment of dye-contami-
nated wastewater before entering the wastewater treatment plant.

Keywords: waste management technologies, groundwater treatment waste, adsorption, heterogeneous catalysis, dye re-

moval.

Introduction

From ancient times, the people desired to look at colorful,
beautiful-looking products in their environment and used
them extensively in daily life. Unfortunately, the chemi-
cal compounds that give the color can be harmful to the
environment and dangerous for humans (Mittal, 2020).
It is well known that large quantities of organic dyes are
consumed in the textile industry. However, metal coloring
is also performed both for technical and decorative pur-
poses. Surfaces of aluminum alloys are usually protected
by forming anodic films that can be colored (Chang et al.,
2016). The color range of anodized aluminum depends
not only on the aluminum alloy base but also on the dye
composition. Mono-azo, poly-azo, and metal complex or-
ganic dyes are widely used for aluminum coloring. There-
fore, they fall into the wastewater. Metal complex dyes
contain not only complex aromatic ligands but also heavy
metals, which increase their toxicity (Sanodure Green

Safety datasheet, 2020; Hou et al., 2016). Such wastewater
needs to be purified, so that clean water is returned to
production.

Although colored anodized aluminum is often used in
various decorative products, nowadays, wastewater con-
taminated with dyes is usually treated according to the
dye removal technology traditionally applied in the textile
industry. However, metals and textiles are dyed differently,
which is one of the factors determining the wastewater
treatment processes (Chang et al., 2016; Banazadeh et al.,
2016).

Adsorption has become one of the most frequently
used technologies for the removal of dyes. Polymeric bio-
composites (Noreen et al., 2020), biomass and its mag-
netic composites (Jabeen & Bhatti, 2021), chitosan-based
adsorbents (Kausar et al., 2021) have been tested for dye
adsorption. Waste materials and products of their modifi-
cation were also utilized as adsorbents to remove organic
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dyes (Mittal & Mittal, 2015); Haddad et al., 2021). Effi-
cient removal of various dyes (Malachite Green, Crystal
Violet, Rhodamine B, Methylene Blue, Chrysoidine R,
and Congo Red) was attained using carbon-based mate-
rials as adsorbents: activated carbon (Arora et al., 2020;
Patel et al., 2021), metal-organic framework (Soni et al.,
2020), carbon nanofibers (Saharan et al., 2021), ordered
mesoporous carbon (Mariyam et al., 2021a, 2021b) and
activated carbon nanocomposite (Gupta et al., 2020). A
novel surface imprinted resin with selective adsorption
capability and the dye recognition ability was synthesized
and showed excellent adsorption performance (Sun et al.,
2021). An innovative adsorbent coating technology for in-
dustrial wastewater treatment is extensively studied (Azha
et al., 2021).

The advanced oxidation processes (AOPs) are widely
applied for the decomposition of various organic con-
taminants (Bhat & Gogate, 2021; Banazadeh et al., 2016;
Hordkova et al., 2014; Oller et al., 2011). Using AOPs and
nanostructured metals or metal oxides as catalysts, the
hydroxyl radicals (¢OH) from H,O, are generated, which
break down organic pollutants into CO,, H,O, and small
organic molecules (Neyens & Baeyens, 2003). The ele-
ments of varying oxidation states such as iron, manganese,
copper, chromium, cobalt, cerium, and ruthenium can ac-
tivate hydrogen peroxide (H,0,) in both homogeneous
and heterogeneous reactions under neutral or alkaline
conditions (Bokare & Choi, 2014).

Iron-based nanoparticles of various types are materials
of interest in the role of catalysts or adsorbents in water
and wastewater treatment (Aragaw et al., 2021).

Iron oxides, hydroxides, and oxyhydroxides are classi-
fied as promising heterogeneous Fenton catalysts (Thomas
et al., 2021; Garrido-Ramirez et al., 2010). Natural iron
minerals and synthetic iron materials are widely used to
treat organic contaminants (Luo et al.,, 2021). The main
positive features are their abundance, negligible toxicity,
low cost, and high catalytic activity (Thomas et al., 2021).
The advantage of heterogeneous catalysts is that they are
active in acidic and near-neutral media (Moradi et al.,
2020). The catalytic efficiency of heterogeneous Fenton
catalysts depends on their physical and chemical prop-
erties, structural and surface characteristics (Domacena
et al., 2020; Garrido-Ramirez et al., 2010). In a hetero-
geneous Fenton system, the reduction of Fe(III) to Fe(II)
by H,0, is the degradation speed limiting step (Lai et al.,
2021). Heterogeneous Fenton reactions can be accelerated
using novel strategies: promoting H,O, decomposition,
controlling catalyst morphology, or introducing electron-
rich materials (Zhu et al., 2019). The efficiency of the het-
erogeneous Fenton process was improved by using the na-
nomaterial composed of ferric oxide, silica, and alumina
(Nguyen et al., 2021). Degradation of Synozol Red reactive
dye was achieved using ZnFe,O, catalyst and the compos-
ite prepared from ZnFe,O, and graphene oxide (Nadeem
et al., 2020). Nanocomposites of goethite and akaganeite
demonstrated photocatalytic activity by removing the
color of Methyl Orange (Pal et al., 2020). Iron compounds

can be supported on other solid materials (Thomas et al.,
2021; Garrido-Ramirez et al., 2010). Iron-containing cata-
lysts loaded on activated carbon (Rubeena et al., 2018) or
silica (Perrotti et al., 2019) enhanced the dye degradation.

Very often, homogeneous and heterogeneous Fenton
reactions occur simultaneously, especially in acidic medi-
ums. The iron leached from the solid surface may initiate a
homogeneous process (Thomas et al., 2021), and therefore,
various iron-rich materials demonstrate stronger catalytic
activity (Li et al., 2020). The contribution of heterogene-
ous and homogeneous processes was studied by Prucek and
coworkers (Prucek et al., 2009). The role of homogeneous
reaction in the generation of «OH radicals was considered
using a-FeOOH as a catalyst (Miao et al., 2018).

The synergistic effect of adsorption and the Fenton
process using bifunctional materials is widely explored
(Bello & Raman, 2019). Adsorption and catalysis using
activated carbons and H,0O, were combined for the decol-
oration of dye solutions (Santos et al., 2009). The impact of
adsorption and catalytic activation on removing of Methyl
Orange dye by iron oxyhydroxides supported on amino-
functionalized silica was determined (Perrotti et al., 2019).

Recently, the catalytic activity of wastes of various com-
positions generated during industrial processes has been
tested. These iron-rich solids may be suitable for activating
hydrogen peroxide. Using steel-making or goldmine waste
as catalysts instead of iron salts can reduce the cost of
treating wastewater contaminated with methyl orange and
other dyes without compromising process efficiency (Ali
et al,, 2013; Montoya-Bautista et al., 2019; Huang et al,,
2011). FeO-containing iron slag wastes were employed to
degrade Reactive Red 24 dye in an aqueous solution (Van
et al,, 2019). Amorphous FeOOH was prepared from fly
ash and used as a heterogeneous photo-Fenton catalyst (Li
& Zhang, 2010). The deposits formed on the internal sur-
faces of pipes from the drinking water network usually are
rich in various forms of iron oxyhydroxides. The possibil-
ity of catalytic degradation of the pesticide paraquat with
hydrogen peroxide and the real pipe deposits as catalysts
was studied (Oliveira et al., 2012). Ferric waste sludge
produced during the purification of water was employed
for the catalytic oxidation of volatile organic compounds
(VOCs) with H,O, (Sanchis et al., 2019).

In this study, the groundwater treatment waste
(GWTW) and H,O, were used as environmentally friend-
ly materials in the roles of an adsorbent/catalyst and an
oxidant, respectively. We explored sunlight as a cheap and
sustainable source of energy.

The groundwater treatment waste (GWTW) is formed
by removing iron and manganese from groundwater by
aeration (Zubryté et al., 2020). Nowadays, the reuse of
drinking water treatment sludge has become an increas-
ingly important issue (Babatunde & Zhao, 2007). There-
fore, GWTW is extensively studied as a suitable adsorbent
for nickel, cadmium, and CO, (Wolowiec et al., 2019; Ong
et al., 2017; Siswoyo et al., 2014; Novoselova, 2013) and as
a coagulant to remove natural organics from river water
(Albrektiené et al., 2019).
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Since Fe,O; predominates in the groundwater treat-
ment waste (GWTW), it could be a cheap and easily ac-
cessible adsorbent/Fenton-like catalyst for the removal of
dyes. In the literature, we have not yet been able to find
the results of such studies. Therefore, the purpose of our
work was to assess the performance of GWTW as natural
bifunctional material in the decoloration of the anodized
aluminum dye Sanodure Green LWN (SG) solution. The
choice of low-cost, efficient, and environmentally friendly
catalysts is particularly relevant for small businesses in-
volved in the small-scale production of colored aluminum
parts. The synergetic effect of GWTW and H,0, in the
adsorption and oxidation of the dye was evaluated under
different solution pH and temperature conditions. The
SG dye removal experiments in the absence of H,O, or
GWTW were also carried out to assess the advantage of
the combined process of adsorption and catalytic oxida-
tion.

1. Materials and methods

Groundwater treatment waste (GWTW) was obtained
from the Antaviliai drinking water supply station in Vilni-
us, Lithuania. Raw GWTW was air-dried in the laboratory
at room temperature for 4 weeks. After that, it was finely
crushed in a pestle and stored in a desiccator. Before X-
ray diffraction analysis and the experiments with calcined
GWTW, the samples were preheated at 800 °C in a muffle
furnace for 5 h in an air atmosphere.

Commercial adsorbents, including activated carbon
NORIT PK 1-3 (Cabot Norit), macroporous resins (weak
base Macronet MN 150, non-ionic Macronet MN 200,
strong acid Macronet MN 500 (Purolite Company)), and
mixed bed resin PMB 101 (Pure Resin Co., Ltd) were used
to compare their adsorption capacity for SG dye.

The Sanodure Green LWN (SG) dye for anodized
aluminum was obtained from Clariant International Ltd.
Switzerland. It belongs to the azo dyestuff/chromium
complex anionic dye family (Figure 1).
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Figure 1. Structure of the chromium complex anionic dye
suitable for anodized aluminum dyeing (Heber, 2015)

A scanning electron microscope EVO 50EP (Carl Zeiss
SMT AG) with a secondary electron detector (low vacuum
mode, 10 kV, 50 Pa, working distance 10 mm) was used to
investigate of GWTW surface morphology.

FTIR spectra of GWTW and SG dye were recorded
from 100 scans in the range of 650-4000 cm™! by spec-
trometer ALPHA (Bruker, Germany).

X-ray powder diftraction (XRD) data for the preheated
GWTW were obtained with an X-ray diffractometer Smart-
Lab (Rigaku, Japan), equipped with a 9 kW rotating Cu an-
ode X-ray tube. The measurements were done in the range
20 = 15-60°. Phases of GWTW were identified using the
software package PDXL (Rigaku) and ICDD powder dif-
fraction database PDF-4+ (2013). X-ray fluorescence spec-
trometer AxiosmAX (PANalytical, Netherlands) with wave
dispersion (XRF-WD) and 4 kW Rh anode was used to
ascertain the elemental composition of dry GWTW speci-
mens. For testing, the samples were primed up to micron
particle size (rotary mill 550 rpm for 5 min), and 37 mm
diameter tablets were compressed by a hydraulic press at
150 KN ¢cm™2. Omnian (PANalytical) software was applied
for the quantification of elements in the standardless analy-
sis. Chemical composition was adjusted using benchmarks
ESK, IMZ-267, PI 3.13, NCSDC18013, and NCSD60105.
XPS analysis was performed using ESCALAB MKII spec-
trometer fitted with an XR4 twin anode.

The combined adsorption and catalytic degradation
experiments were conducted as follows: into a 10 mL of
aqueous SG dye solution (100 mg/L) at a temperature of
20 °C, 50 °C, or 60 °C 5 mg of GWTW was poured. After
that pH of the system was adjusted with 5 M HCI, and
the pre-determined optimal amount of 1 mL of hydrogen
peroxide H,0, (35 wt.%) was immediately added. During
the reaction time, the mixture was constantly stirred. The
solution color faded when the reaction proceeded. After
some scheduled time, 5 ml of centrifuged supernatant was
carefully transferred into a quartz cuvette for UV-visible
spectral measurement. After that, the solution and sludge
were transferred back to the adsorption/catalytic reac-
tion vessel. The procedure was repeated to follow the dye
removal progress, and UV-visible spectra were recorded
at the pre-determined time. For comparison, at the same
conditions, adsorption tests were performed with GWTW
and without H,O, or non-catalytic oxidation with H,O,
and without a solid phase. A series of catalytic experi-
ments were also conducted with an introductory adsorp-
tion step during which the flasks with SG dye solutions
and GWTW were stirred for 30 min in the dark without
the addition of H,0, (Xiao et al., 2018).

The degradation rate of the SG dye (color removal effi-
ciency, RE) was assessed by measuring UV-visible spectra
with a Varian Cary 50 spectrometer (Agilent Technolo-
gies, USA). Based on the UV-vis absorbance data at the
wavelength of 630 nm, the removal efficiency was calcu-
lated according to Eq. (1):

(49-4,)

0

Removal efficiency, % = x100 % , (1)
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where A, is the dye solution absorbance at t = 0; A, is the
absorbance at a time t.

The sorption capacity of the GWTW ¢ (mg/g) was cal-
culated according to Eq. (2):

C—C)xV
q, mg/g = % )

where C, and C, are the concentrations (mg/L) of the
SG dye in the solution before and after sorption deter-
mined from the calibration curve A = f{C), respectively.
V is the volume of the dye solution (L), and m is the dry
GWTW (g) mass.

2. Results and discussion
2.1. Characterization of the GWTW

The scanning electron microscopy image of the raw
GWTW dried at room temperature is shown in Figure 2a.
It shows that the powder consists of 50-200 nm spherical
particles adhering to each other into agglomerates.
Groundwater supplied to Lithuanian consumers is
of calcium-magnesium-bicarbonate type (Dilitinas et al.,
2006). X-ray diffraction analysis of raw GWTW has shown
that this material at room temperature was of amorphous
character. The chemical composition and physical prop-
erties of iron(III) hydroxide differ from the initial state
before heating (Kan et al., 2016). From the X-ray diffracto-
gram presented in Figure 2b, we can conclude a crystalline
cubic phase of maghemite (y-Fe,O3; ICDD 00-039-1346)
and hexagonal phase of SiO, (ICCD 00-046-1045) was
formed after the heating of a GWTW sample at 800 °C in
an air atmosphere. The presence of SiO, in GWTW is a
result of a groundwater flow through a sand filter. The X-
ray fluorescence spectroscopy confirmed that the GWTW
is eco-friendly material rich in iron compounds. In the
air-dried sediment, the percentage of iron and oxygen was
43.5 wt% and 44.9 wt%, respectively. The composition of
GWTW expressed in the form of oxides is as follows:
77.99% Fe,05 5.23% SiO,, 7.37% Ca0, 7.42% P,0s, 0.48%
MnO, 0.57% SO;, and 0.32% MgO. The data of X-ray

fluorescence spectroscopy showed that the content of Al,
Ba, Sr, K, Ti, As, and Cl do not exceed 0.1 wt%. The de-
tected chemical elements are transferred to GWTW from
the groundwater in the form of insoluble compounds to-
gether with iron hydroxides and oxides.

The chemical state of Fe and O elements in raw
GWTW was determined by XPS analysis (Figure 3). In the
Fe 2p spectrum, Fe 2p,,, peak at 725 eV and Fe 2p;,, peak
at 712.3 eV can be related to the Fe-OH binding energy
in the hydrous ferric oxides and oxyhydroxides (goethite,
lepidocrocite). Meanwhile, the Fe 2p;;, peak at 710.5 eV
corresponds to the Fe-O binding energy in hematite
(a-Fe,O3) (Mclntyre & Zetaruk, 1977; Grosvenor et al.,
2004). In the O 1s spectrum, peaks at 529.5 eV, 530.54 eV,
531.6 eV correspond to oxygen binding with Fe (Fe-O) and
hydroxyl binding with Fe (Fe-OH). The peak at 532.9 eV
can be assigned to molecular water (McIntyre & Zetaruk,
1977; Grosvenor et al., 2004; Leiviska et al., 2019). As the
major components of GWTW are hydrous ferric oxides
(Fe,O3-nH,0), iron oxyhydroxides (FeOOH), and oxides
(Fe,03), it can activate the decomposition of hydrogen
peroxide to its radicals.

O 1s
E]
N
2
‘B
=
3
5 | . |
520 530 540

El
=
z
=
2
=
1 L 1 L )
700 720 740
Binding energy (eV)

Figure 3. The high-resolution XPS spectra of O 1s and Fe 2p of
raw GWTW
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Figure 2. SEM image of the raw GWTW dried at room temperature (a) and XRD spectrum
of the GWTW surface after 5 h heating at 800 °C in an air atmosphere (b)
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The adsorption capacity and catalytic activity are
strongly related to the specific surface area of iron-oxide
minerals (Garrido-Ramirez et al., 2010). The BET-specific
surface area of raw GWTW dried at room temperature
and used in this work for the SG dye adsorption and de-
struction was 34.76 m? g~! (Sodaitiené et al., 2021).

FTIR analysis of GWTW and SG dye was carried out
to identify the functional groups and chemical bonds. The
FTIR spectra are presented in Figure 4.

GWTW

Intensity (a.u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm_l)

Figure 4. FTIR spectra of metal-complex SG dye and
groundwater treatment waste

FTIR spectrum of SG dye shows peaks characteris-
tic to azo dyes (Prati et al., 2016). The peaks located at
1472 cm™! can be ascribed to azo bond (N = N) vibra-
tions (Prati et al., 2016). The peaks between 1000 and 1200
correspond to the SO; group: symmetric stretching vibra-
tions of S = O bonds at 1025 cm™! and 1121 cm™! (Sun
et al,, 2021) and asymmetric vibrations at 1147 cm™!. The
peaks in the region of 1391 cm™! can be attributed to the
symmetrical and asymmetrical bending vibrations of the
CHj; functional groups (Barto$ova et al., 2017). The peak
located at 1273 cm™! can be ascribed to the C-N aromatic
stretching vibrations (Katsoukis et al., 2019). The peaks
observed at 1541 cm™!, 1577 cm™!, and 1610 cm™! are as-
signed to the aromatic C = C vibrations of the dye (Prati
et al., 2016). The spectrum exhibits the out-of-plane C-H
bending vibrations of aromatic rings at 825 cm! and
739 cm™! (Paredes-Laverde et al., 2021). The broad band
in the region of 3000-3600 cm™! can be attributed to the
stretching vibrations of O-H and N-H (Prati et al., 2016).

The broad band at 3000-3600 cm™! is characteristic of
the stretching vibrations of O-H bonds in adsorbed water
molecules. The peak located at 1635 cm™! corresponds to
the bending vibration of O-H of adsorbed water (Tang
et al,, 2019). The peak at 1391 cm™! shows the C-O bonds
in the adsorbed carbonates (Ocinski et al., 2016). Bending
vibration of Fe-O bonds is observed at 954 cm™!. A band
in the region of 670 cm~! comes from the Fe-O stretching
vibration (Zhang et al., 2017).

2.2. Decoloration of SG dye solutions using three
different approaches

The SG dye removal experiments have been carried out
using three different approaches to elucidate the catalytic
activity of GWTW in a Fenton-like reaction. The solu-
tion decoloration efficiency using the catalytic degrada-
tion approach was evaluated for the systems containing
GWTW as a potential catalyst and hydrogen peroxide as
an oxidant. For comparison, a simple adsorption process
without the presence of H,0, was applied for the re-
moval of color under the same experimental conditions
(pH, temperature, solution volume to GWTW mass ra-
tio). The analogous control tests were also performed to
ascertain the ability of H,O, alone to degrade the SG dye
molecules. The process of SG dye solution decoloration
was monitored by UV-visible spectral measurements (Fig-
ure 5). The pathway of SG dye oxidation with H,O, in
the presence of GWTW can be considered by examining
the UV-vis spectra presented in Figure 5a. The immediate

a) - omin
- — 5 min

11 / g \ ~ — 10min
\ 2N — 20 min

1 \ ) \ —30min
09 \ 7 \ —60min
\ y \ 90 min
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0
400 450 500 550 600 650 700 750
Wavelength [nm]

b)

Absorbance

400 450 500 550 600 650 700 750
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<)

Absorbance

400 450 500 550 600 650 700 750
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Figure 5. Time-dependent absorption spectra of the SG dye
solution before and during: (a) degradation reaction with H,O,
and GWTW catalyst; (b) adsorption on GWTW in the absence

of H,0,; (c) non-catalytic degradation with H,O, in the

absence of GWTW. Conditions: concentration of SG dye

100 mg/L, volume of dye solution 10 mL, 5 mg GWTW,
1 mL H,0,, pH 3, T = 50 °C
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fast decoloration of SG dye solution was observed at the
beginning of the catalytic reaction.

More than 70% decoloration was achieved during the
first 5 min, and the main peaks disappeared after 10 min
of the reaction. In comparison, 32% and 63% decolor-
ation was attained in the SG dye adsorption process af-
ter the same periods of time (Figure 5b). In the case of
non-catalytic peroxidation of the SG dye molecules, both
characteristic peaks gradually decreased over the reaction
time during the degradation reaction (Figure 5¢). By com-
paring the spectra presented in Figure 5a-c, it is clear that
the addition of H,O, to the system containing GWTW
improved the SG dye removal process. The combination
of GWTW as adsorbent and heterogeneous catalyst with
H,0, as oxidant reveals the synergistic effect and the in-
creased potential of the used solid amorphous material in
the removal of SG dye. As can be observed from Figure
5¢, the peroxidation without the presence of GWTW was
the least effective, and the absorbance of the SG dye solu-
tion decreased slowly and gradually. In this case, the color
intensity of the SG dye solution was lost because of the
direct attack of H,0, on SG dye molecules (Santos et al.,
2009).

As we can see from the photograph in Figure 6, the
visual appearance of GWTW during the Fenton-like
catalytic degradation of the dye differs from that in the
case of the SG dye adsorption without the addition of
the H,O, oxidant. When the catalytic degradation pro-
ceeds, the GWTW particles regain their original color.
In contrast, the GWTW surface acquires the dark green
color after the coverage with SG dye molecules during
the adsorption process. It is evident that the removal
of the SG dye using the catalytic oxidation approach
leads to the destruction of the dye molecule structure.
Our future investigations aim is to determine the COD
and TOC parameters for the SG dye solution before and
after the treatment with GWTW and H,0,. It is es-
sential to ascertain the ability of GWTW to adsorb the
dye degradation products, including chromium. As it
was mentioned earlier, the specific surface area of the
GWTW measured by the BET method was relatively
large, up to 35 m? g~!. The value of this parameter

ation Adsorption

Figure 6. A photograph of the GWTW: (in the left) in the case
of the catalytic degradation of SG dye with H,O,; (in the right)
in the case of the adsorption of SG dye without H,O,

significantly affects the pollutant removal efficiency by
applying adsorption as a single independent method.
However, the BET surface area of the material also de-
termines its catalytic performance because the degrada-
tion process is related to the adsorption of pollutants
and oxidizing agents on the surface of the catalyst. A
higher number of active centers can be expected in a
larger specific surface area of heterogenous catalyst
(Zheng et al., 2015).

The improved action of GWTW in the presence of
H,0, can be seen from the kinetic curves of SG dye
removal (Figure 7). It is obvious that the higher color
removal rate may be achieved by the combined process
of adsorption and catalytic degradation rather than by
adsorption alone. By comparing the curves presented
in Figure 7, we can see that the addition of H,0, to the
system containing GWTW accelerated the SG dye re-
moval process. The processes of combined adsorption/
Fenton-like oxidation (degradation), adsorption alone,
and non-catalytic oxidation with H,0, (peroxidation)
were modeled by a double exponential model (Guz
et al., 2014). Experimental data for the three different
systems were fitted with a double exponential equation:

£=a><e’klt +bhxe kot (3)
0

where C is the SG dye concentration at time t, C;, - initial
concentration; k; and k, — reaction rate constants.

1.2
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Figure 7. Experimental (E) kinetic data (symbols) and double
exponential model (M) fits (lines) for the SG dye removal
in different systems: SG+GWTW+H,0, (Degradation (D)),
SG+GWTW (Adsorption (A)), SG+H,0, (Peroxidation (P)).
Conditions: concentration of SG dye 100 mg/L, volume of dye
solution 10 mL, 5 mg GWTW, 1 mL H,0,, pH 3, T =50 °C

As we can see from Figure 7, the experimental data fit
well in the double exponential model with the R? values
>0.98. Correlation coeflicients and the kinetic parameters
data are presented in Table 1. The dye removal rate con-
stants listed in Table 1 showed that k; > k, for all the ex-
amined processes except for homogeneous peroxidation
at 20 °C. In the case of non-catalytic peroxidation, initial
color removal rate constants k; are relatively low, espe-
cially at 20 °C temperature (Table 1).
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Table 1. Kinetic parameters based on the double exponential model for the removal of SG dye using degradation, adsorption, and
peroxidation approaches

System R2 a k; (min71) b k, (min~!)
%fgﬁ}ﬁggﬁ;‘ga‘gz 0.9958 0.7603 0.3175 0.2384 0.0076
iﬁ:ﬁ;ﬁmo oC 0.9981 0.7209 0.2620 0.2777 0.0066
%Srzgﬁca)éon 20°C 0.9980 0.8491 0.0026 0.1507 0.3979
%E;EZZEXXJ;IJ%% 0.9993 0.9020 0.2926 0.0977 0.0012
iﬁ:ﬁ;ﬁg\] 50°C 0.9988 0.8781 0.1650 0.1222 0.0028
if;,ﬁa‘:gon 50°C 0.9811 0.8351 0.0135 0.1075 0.0075

2.3. pH effect on SG dye degradation efficiency

The effect of solution pH on the systems of combined
adsorption and heterogeneous catalysis was studied at
a pH range of 2.0-5.5 (acidic and slightly acidic condi-
tions). The importance of solution pH for the SG dye
removal efficiency can be seen in Figure 8. It shows
the results of the SG dye removal study performed in-
volving an initial step called pre-adsorption. During
this pre-adsorption period, the color intensity of the
SG dye solution decreased due to the interaction of SG
dye with GWTW in the dark in the absence of H,O,.
The data presented in Figure 8 show that the SG dye
uptake by adsorption in the dark during the first 30
min is highly dependent on the solution pH. The dye
removal efficiency (RE) increases from 16.8 to 51% as
the pH of the solution decreases from 3.3 to 2.0. This
is because the adsorption capacity of GWTW changes
from 28.9 mg/g to 95.5 mg/g after acidification of the
solution from pH 3.3 to pH 2.0. When the pH of the
dye solution was not adjusted before the addition of

—A—pH 2.0

—e—pH33 —@-pH5.0

100

-30 20 . 70 120
t, min

Figure 8. Effect of pH on the SG dye removal during the two-
stage process: the first stage (-30 min-0 min) - adsorption
in the dark, the second stage (0 min-120 min) - combined
adsorption/catalytic oxidation. Conditions: SG dye solution
concentration 100 mg/L, dye solution volume 10 mL, 1 mL

H,0,, 5 mg GWTW catalyst, T 20 °C

H,0, (pH, 5.0), the adsorption of SG dye molecules
was very negligible (Figure 8). However, the color fad-
ing was initiated when the H,O, oxidant entered the
adsorption system, and up to 30% of the dye was re-
moved within 120 min. As we can see from Figure 8,
the acidic medium (pH 2.0-3.3) is more favorable for
the dye’s adsorption and for oxidative dye molecule
degradation. In the presence of H,O,, the rate of de-
coloration increases with decreasing pH. At pH 2.0, the
high removal efficiency of 73% can be achieved as early
as 5 min after the start of the reaction (Figure 8).

The results of tests of combined adsorption and
heterogeneous catalysis carried out without the initial
stage of simple adsorption are presented in Figure 9.
The dye removal progress demonstrates a similar trend,
and the decoloration of the SG dye solution was more
efficient in a more acidic medium (Figure 9). The color
removal was very fast during the first 5 min when the
solution pH was in the range of pH 2.0-2.5. Decolor-
ation degree was lower in the system with pH 3.7, but
it gradually increased with time. At the same time the

—#—pH20 —e—pH25 —4—pH3.7 pH5.5
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Figure 9. Effect of pH on the SG dye removal by combined
adsorption/catalytic oxidation. Conditions: concentration of SG
dye 100 mg/L, the volume of dye solution 10 mL, 1 mL H,0,,
5 mg GWTW catalyst, T 20 °C
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dye removal efficiency was rather low in slightly acidic
conditions (pH 5-6).

The better performance of the process around pH
2-3 could be explained by the chemical properties and
composition of the used solid material. The point of zero
charge (pH,,.) of GWTW is equal to pH = 8.0 (Zubryté
et al., 2020), thus under experimental conditions used,
the GWTW surface was positively charged (Dzombak
& Morel, 1990). In the acidic medium, the protonation
of GWTW increased, which means that the adsorption
occurred according to the mechanism of the electrostatic
interaction between the positively charged GWTW sur-
face and the dye anion. Additionally, the pH affects the
«OH radical formation rate (Yao et al., 2013; Rubeena
et al., 2018). A homogeneous Fenton reaction can also
be expected in the acidic medium. As has already been
determined in our previous work (Zubryté et al., 2020),
the concentration of Fe(III) in the solution with pH 2 was
about 120 mg/L. Similar results were obtained for burger-
like Fe,O; (Xiao et al., 2018), where the optimal pH range
for the degradation of Acid Red G dye was determined
about 2-3. Homogeneous non-catalytic peroxidation of
SG dye was also dependent on solution pH (data not
shown).

2.4. Effect of dose of the catalyst

The activity of GWTW catalyst in oxidative degradation
of metal complex dye has been investigated depending
on the catalyst loading. The rate of the dye degrada-
tion increased with increasing catalyst dose from 0.5 to
1.0 g/L. When the GWTW concentration of 0.5 g/L was
used, 27.5% of the SG dye decomposed during the first
10 min, whereas by doubling the amount of catalyst, the
degradation efficiency increased up to 62.7% (Figure 10).
After 60 min, about 85% and 67% of the dye color was re-
moved with 1.0 and 0.5 g/L catalyst loading, respectively.
The increased number of active sites on the surface of the
GWTW catalyst can explain the enhancement of the SG
dye degradation efficiency. The more active centers, the
more the «OH radicals causing the destruction of the SG
dye molecules can be formed.
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Figure 10. Effect of the catalyst loading on the SG dye
degradation efficiency. Conditions: pH 3;
C, (SG dye) = 100 mg/L; T = 50 °C

2.5. Effect of temperature on SG dye degradation
efficiency

The effect of temperature on the SG dye solution decol-
oration was studied in the range of 20-60 °C, solution
pH 3, and SG dye concentration 100 mg/L. After 10 min
of reaction, the SG dye removal efficiencies were 27, 67,
and 75% at 20, 50, and 60 °C, respectively. Faster degra-
dation of SG dye with increasing temperature indicates
not only increased mobility of the dye molecules but also
an increased rate of catalytic reaction. The variation in
temperature in the range of 293-323 K changed the rate
of degradation of the SG dye because higher tempera-
tures increased the rate of formation of «OH radicals in
the reaction between H,0, and GWTW (Xu et al., 2009;
Wilkins, 1974). As we can see from the kinetic curves in
Figure 11, the dye decoloration process can be divided
into several kinetic regions (Benetoli et al., 2011): the first
stage with a high reaction rate from the beginning of the
reaction up to 10 min, the middle stage from 10 to 50 min
after which equilibrium is approaching. Analysis of the
experimental data of the first and second stages showed
that they are in a good fit for the pseudo-first-order ki-
netics with high R? values (R? = 0.84-0.98). The catalytic
degradation of organic dyes very often can be described
by pseudo-first-order kinetics (Nasuha et al., 2021; Van
et al,, 2019).

As a significant excess of H,0O, was used in the SG dye
degradation reaction, it can be considered as a pseudo-
first-order with respect to the dye concentration (Deka
et al,, 2016):

In & or In i =—kt, (4)
Co Ay

where k is the degradation reaction apparent rate constant,
Co Cp Ay and A, are SG dye concentration and absorbance
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Figure 11. Effect of the reaction temperature on the kinetics
of combined adsorption/catalytic degradation of SG dye. In
the insert: Arrhenius plots for the first and second stages of
reaction (from the data fitted to the pseudo-first-order kinetic
model). Conditions: concentration of SG dye 100 mg/L, dye
solution volume 10 mL, 1 mL H,0,, 5 mg GWTW catalyst,
pH3
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Table 2. The rate constants and thermodynamic activation parameters for the first and second stages of the combined process of
adsorption and catalytic oxidation of SG dye

P;?azjs T, °C The rate constant k, min~? K] 51“(’)1_1 k]ArIr;lzl’q KJ m%fff K-! k]An’?;i_l
First 20 0.0322 (R?=0.9179) 30.45 27.86 -0.178 80.01
(0-10 min) 50 0.1120 (R? = 0.8775) 85.35

60 0.1388 (Rz = 0.8454) 87.13
Gosomin) | 50 | omsi(moosam | 8 | 607 0259 973
60 0.0222 (R? = 0.9746) 92.32

before reaction and at time t. The values of apparent rate
constant k were calculated at three temperatures from the
slopes of the linear relationship In(A,/A;) = f(t) and are
listed in Table 2. The rate constants of catalytic oxidation
of the SG dye with H,0, and GWTW nanostructures are
highly dependent on temperature increases. As the tem-
perature rises from 20 °C to 60 °C in a Fenton-like system,
the SG dye degradation reaction rate increased more than
fourfold in the first stage and by a factor of 1.6 in the sec-
ond (Table 2).

Activation energies E, were determined from the
slopes in the plots of linear dependence Ink = f{(1/T) ac-
cording to Eq. (5) (Deka et al., 2016):

Ink=InA-E,/RT, (5)

where k is the degradation reaction rate constant, A is Ar-
rhenius constant, E, is activation energy (J mol™!), T is
the absolute temperature (K), and R is the universal gas
constant (8.314472 ] K-!mol1).

The activation energy of the first stage of the SG dye
degradation reaction is higher than that of the second
stage and equals 30.45 kJ mol~! (Table 2). Lin and Gurol
(1998) studied the reaction of H,0, with iron(III) oxide
surface sites. The activation energy of H,O, decomposi-
tion forming «OH radicals has been determined to be
32.8 kJ mol ™.

The thermodynamic activation parameters of the SG
dye catalytic degradation reaction were calculated us-
ing the linear form of the theoretical Eyring equation
(Wilkins, 1974):

# #
Ky [ Ko AR ast ©
T h RT R

where k is the degradation reaction rate constant, T is
the absolute temperature (K), Kj is Boltzmann’s constant
(1.381-10723 ] K1), h is Plank constant (6.626-107347 s),
AH? is activation enthalpy (J mol™!), AS* is activation en-
tropy (J mol! K71), and R is the universal gas constant
(8.314472 J K-'mol ).

When using the linear plots of relationship In(k/T) =
f(1/T) (Eq. (6)), changes in activation enthalpy (AH?) and
entropy (AS*) were resolved from the slopes and inter-
cepts, respectively. The changes of free energy of activation
(AG*) were determined according to Eq. (7):

AG* = AH* — TAS?. 7)

The values of the AH*, AS?, and AG” for both stages
of SG dye catalytic degradation reaction are presented
in Table 2. The changes in activation enthalpy AH* > 0
reflect the endothermic character of the SG dye degrada-
tion reaction under sunlight in the presence of H,0, and
GWTW. Meanwhile, the low negative value of AS? reflects
a more ordered structure of transition state and a slight
decrease in the dispersal of energy at the interface of ac-
tive centers of GWTW and solution (Saha & Chowdhury,
2011). The values of changes of free energy of activation
(AG?) at three different temperatures range from 80.01 to
92.32 kJ mol~L.

2.6. SG dye removal mechanism

Experimental results obtained using GWTW-SG dye ad-
sorption systems have revealed the fact that dye removal
is a strongly pH-dependent process. The effect of solution
pH on SG dye removal efficiency is related to GWTW
surface protonation degree. The negative molecules of the
anionic SG dye are attracted by positively charged GWTW
surface according to Eq. (8):

= FeOH," + A~ > = FeA + H,0. (8)

In the case of heterogeneous catalytic SG dye degra-
dation, the adsorption of both SG dye and H,0, takes
place on the GWTW surface (Figure 12). The formation
of radicals from H,O, at the surface of GWTW and the
process of catalytic SG dye degradation could be explained
based on several steps (Pinto et al., 2012). After addition
to the GWTW-SG dye system, H,0, molecules adsorb on
the GWTW surface rich in Fe(III):

Fesurface3+ + HZOZ (aq) d
[Fegrface: TH,O, (adsorbed)]. 9)

Adsorbed H,0, molecules reduce Fe(III) to Fe(II)
forming Fe?* and O, radicals:

[Fegyrface” TH,O, (adsorbed)] >

Fe 2+ 0, + 2H". (10)

surface

Generated Fe?* react with the adsorbed H,O, forming
very active «OH radicals (E = 2.38 V at pH 3.0):

FesurfaceZJerOz(adSOI'bed) >

Fe 3* + «OH + "OH. (11)

surface
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+OH radicals attack and degrade SG dye molecules
producing oxidation products:

«OH + SG dye > oxidation products. (12)

It is known that dyes are cleaved when hydroxyl radi-
cals react with organic molecules, mainly by removing
hydrogen from the chemical bonds such as C-H, N-H, or
O-H, or by adding hydrogen to the C = C bonds or the
aromatic rings (Pignatello et al., 2006). However, decol-
ored water can contain a lot of small organic matter (Col-
livignarelli et al., 2019), so in the future, we plan to study
organic matter degradation and determine the COD and
TOC parameters.

0,-

Figure 12. Scheme of the degradation of the SG dye using the
heterogeneous Fenton-like catalyst prepared using sludge waste
from groundwater treatment (GWTW)

2.7. Comparison of the SG dye removal using raw
and calcined GWTW

It is well known that the studied material’s physical prop-
erties and chemical composition influence its adsorption
capacity and catalytic activity. For comparison, SG dye
adsorption and catalytic degradation experiments were
performed using untreated GWTW (W) and GWTW
samples calcined at 800 °C (CW). As shown in Figure 13,
the raw GWTW has a significantly higher potential to be
used to remove SG dye from aqueous solutions compared
to calcined samples. The SG dye removal by degradation
(D) during the first 10 min is approximately four times
higher in a system containing untreated GWTW (W). At
50 °C temperature, the removal efficiency is about 85% and
19% using untreated (W) and calcined (CW) samples of
GWTW, respectively. The percentage of degraded SG dye
at 50 °C temperature after 120 min of reaction increased
up to 91% in the presence of W but only to 54% in the
presence of CW. The adsorption capacity of the calcined
material also decreased, but to a lesser extent compared to
the decrease in catalytic activity in the SG dye degradation
reaction. For both heterogeneous catalysts, untreated and
calcined GWTW), higher degradation rates are observed
at 50 °C temperature instead of lower 20 °C temperature
(Figure 13). In contrast to degradation, the efficiency of
SG dye removal by adsorption decreases with increasing
temperature: only slightly with untreated GWTW, but by
almost a third with calcined GWTW.

100
80 =T 20°C
X 60 5T 50°C
= 40
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W-D W-A CW-D  CW-A
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Figure 13. SG dye removal efficiency (RE) using raw (W) and
calcined (CW) groundwater treatment waste (GWTW) for the
dye degradation (D) or adsorption (A). Conditions: SG dye
solution concentration 100 mg/L, the volume of dye solution
10 mL, 5 mg GWTW, 1 mL H,O, for W-D and CW-D, pH 3,
contact time 10 min

The different actions of untreated and pre-calcined
GWTW could be explained by changes in the solid phase’s
chemical composition and structural properties during
the calcination process. As mentioned above, XPS analysis
showed that the major components of untreated GWTW
are hydrous ferric oxide, a-Fe,O; (hematite), and Fe(OH)
O (goethite, lepidocrocite). While, according to the XRD
analysis, the main phase of the calcined sample containing
iron was maghemite (y-Fe,0;). Calcination of GWTW
not only involves the transformation of iron(III) phases
and a change in GWTW color (from brown to red), but
also the remaining constituents can be converted to an-
other form or removed at all. These changes may affect the
catalytic activity of GWTW. Besides, the specific surface
area of the amorphous GWTW is relatively higher when
compared to its crystalline form leading to a higher ad-
sorption capacity. The catalytic efficiency of the material
is related to its adsorption ability (Xiao et al., 2018; Pinto
et al,, 2012). The larger the area of the GWTW, the richer
it is in the number of active centers suitable for the inter-
action between the catalyst, H,0,, and the dye molecules.

The GWTW catalyst is suitable for reuse in the Fenton
process because the weight loss of GWTW after one cycle
is less than 0.2%. Besides, the catalyst particles do not ag-
glomerate after separation, so that GWTW can be reused
with another portion of the dye solution and peroxide.

2.8. Comparison of adsorption and catalytic
properties of materials used for the dye removal

The adsorbents of various types were tested for the ad-
sorptive removal of metal complex anionic dye Sanodure
Green (Figure 14). Batch experiments were carried out
with the aim to compare the dye removal rate and re-
moval capacity using different adsorbents. As can be seen
from Figure 14, the adsorptive properties of GWTW are
comparable with those of the powdered activated carbon.
More than 96% and 88% of the dye color can be removed
in the first 3 min with the aid of GWTW, and Norit PK
1-3 activated carbon, respectively.
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Figure 14. Comparison of SG dye adsorption capacity in
various adsorbents. Conditions: SG dye solution pH 2,
adsorbent dose 4 g/L, temperature 20 °C

When polymeric materials (macroporous resins MN
500, MN 150, MN 200, and mixed bed resin PMB) are

E. Sodaitiené et al. Combined action of adsorption and catalytic oxidation in aluminum dye removal by...

used as adsorbents, only 14-28% of the color of the dye
solution can be removed at the same time. Over time,
their adsorption capacities toward SG dye increase, but
even after 60 min, they do not equal the adsorption ca-
pacities of GWTW and activated carbon. In addition, the
advantage of the GWTW is that it can be used both as
an adsorbent and as a catalyst. The catalytic activity of
GWTW in the Fenton-like reaction was evaluated consid-
ering the data presented in the literature (Table 3). Despite
the difference in the operating parameters and the variety
of the studied dyes, we can see that the degradation ef-
ficiencies of GWTW and the other iron-rich compounds
are at a similar level. The advantage of the catalyst used
in this study is that specific preparation is not required.
Although the initial concentration of the SG dye solution
was relatively high and reached 100 mg/L, 92% degrada-
tion was achieved within 50 min (Table 3).

Table 3. Comparison of catalytic activity of the GWTW with the other Fe(III) containing catalysts reported in the literature (COD -

chemical oxygen demand; RE - removal efficiency)

Reference

Pollutant

Catalyst

Optimum conditions and operating parameters

Results

Huang et al.,
2011

Dispersed Orange
288

Nano-iron oxides/
goldmine waste-
solid

3.0 g catalyst waste-solid,
100 mL of dye solution,
5 mL of H,0,,
Temperature 30 °C,
pH<1,

Time 2 h

COD removal
efficiency
68.6%

Guz et al., 2014

Crystal Violet
(ev)

Iron modified
montmorillo-nite
(MMT-Fe)

1.5 g/L MMT-Fe,

100 mL 0.060 mM CV,
30% H,0,,
Temperature 25 °C,
Time 2 h,

300 W solar lamp

RE 99.9%

Zheng et al,,
2015

Congo Red (CR),
Eosin Red (ER),
Methylene Blue
(MB)

o-Fe,03

0.2 g a.-Fe, O3,

200 mL dye solutions (10 mg/L),
Room temperature,

Time 50 min,

Visible light irradiation

RE of MB
(57%) < ER
(63%) < CR (93%)

Xiao et al.,
2018

Acid Red G

a-Fe,O4

0.1 g a-Fe, O3,

0.1 L 50 mg/L dye,

0.3 mL of H,0, solution (30 wt%),
pH 2,

Time 90 min,

LED lamp (A = 420 nm) irradiation

RE 98%

Rubeena et al.,,
2018

Acid Red 1 (AR1)

Iron loaded rice
husk biochar
(Fe-RHB) and coir
pith biochar
(Fe-CPB)

5 g/L and 4 g/L for Fe-RHB and Fe-CPB,
respectively,

200 mL dye (50 mg/L),

16 mM H,0,,

The temperature 30 °C,

pH 3,

Time 120 min

RE 97.6%
(Fe-RHB) and
99.1% (Fe-CPB)

Domacena
et al., 2020

Methyl Orange
(MO)

o-Fe,0; powders

30 mg a-Fe,O; powders,
30 ml 2.5 ppm MO,

30 uL H,0,,

Time 2 h,

UVC lamp 10x2 W,

2.5 ppm

RE 76.5%
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End of Table 3
Reference Pollutant Catalyst Optimum conditions and operating parameters Results
Nadeem et al., | Synozol Red ZnFe,0, and 75 mg/L for ZnFe,O, and 50 mg/L for GO- RE 57% and 94%

2020

graphene oxide

ZnFe,0y,

(MB)

50 mL of MB aqueous solution (0.02 mM),
255 pL of H,O, solution (30 wt%),

Room temperature,

pH 2.0,

Time 40 min,

300 W xenon lamp

based ZnFe,0O, H,0, dose = 27 mM,
composite pH =3,
Irradiation time = 60 min
Xu et al,, 2021 | Methylene Blue o-Fe,05 10 mg a-Fe,05 ,, RE 82%

Nasuha et al.,

Methylene Blue

Slag activated

S-EAF dosage 0.04g (AB29) and 0.02g (MB),

RE 95% and 82%

2021 (MB), Acid Blue | by sulfuric acid Cy (dye) =50mg/L,
29 (AB29) (S-EAF) 6mM (AB29) and 8mM (MB) H,0,
concentration,
Temperature 30 °C,
pH =45
This study Sanodure Green | Groundwater 5 mg GWTW catalyst, RE 92%
LWN treatment waste 10 mL SG dye (100 mg/L),
(GWTW) 1 mL H,0, (30 wt%),
Temperature 50 °C,
pH 3,
Time 50 min
Conclusions thyl orange degradation. Applied Water Science, 3, 263-270.

Groundwater treatment waste (GWTW) has been success-
fully utilized for the decoloration of the metal complex dye
Sanodure green LWN solutions due to its unique natural
properties. The raw GWTW was more suitable for dye re-
moval than calcined at 800 °C temperature. The high de-
coloration rate (up to 70 % in the first 5 min) was achieved
by a combined adsorption/degradation process using
GWTW as adsorbent and catalyst, H,0, as oxidant, and
natural sunlight as an energy source. Adsorption or non-
catalytic peroxidation alone was less effective in removing
SG dye. The acidic medium (pH 2-3) was more favorable
not only for the adsorption but also for the degradation of
SG dye. The solution decoloration rate increased with an
increase in temperature. The process of SG dye catalytic
degradation can be divided into several kinetic regions with
different rate constants and activation energy values. The
dye degradation reaction is endothermic in nature and is
controlled by the enthalpy of activation.

This study concludes that the usage of GWTW could
be considered a sustainable way for the pre-treatment of
dye-contaminated wastewater before it enters the waste-
water treatment plant.
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