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ARTICLE INFO ABSTRACT
Handling Editor: Jun Huang A common strategy for removing highly toxic organic compounds, such as chlorinated organic compounds, is
their adsorption on granular activated carbon. Spent granular activated carbon results in a toxic residue to
Keywords: manage; therefore, the regeneration and reuse of granular activated carbon on the site would be advisable. This
Hetemg?“eous fenton work studies the regeneration of a granular activated carbon saturated in 1,2,4-trichlorobenzene, chosen as the
QS;ZI?Z!:’Z?OH model chlorinated organic compounds, by heterogeneous Fenton, where iron was previously immobilised on the

granular activated carbon surface. This methodology avoids the addition of iron to the aqueous phase at con-
centrations above the allowable limits and the need for acidification. Three successive cycles of adsorption-
regeneration were carried out batchwise (5 ggac-L 1) with a granular activated carbon saturated with 300
mg124_TCB-g6},C. The recovery of the adsorption capacity after regeneration was studied with HoO3 (166 mM, 1.5
the stoichiometric dosage), at different concentrations adsorbed with iron adsorbed concentrations (0-12
mgFe~g(;,1§C) and temperatures (20-80 °C). Stable recovery of the adsorption capacity values of 65% were obtained
at 180 min with 12 mggpe-ggAc and 60 °C. The porosity and surface chemistry of the adsorbent remained very
similar after different adsorption-regeneration cycles without iron leaching into the aqueous phase. The oxidant
consumption was close to the stoichiometric value for the mineralization of 1,2, 4 — trichlorobenzene, with a low
unproductive consumption of HyO with granular activated carbon. In addition, no aromatic or chlorinated by-
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products were detected in the aqueous solution obtained in the regeneration process. The negligible toxicity of
the aqueous phase with the Microtox bioassay confirmed the absence of toxic oxidation by-products.

1. Introduction

The presence of persistent organic pollutants (POPs), particularly
chlorinated organic compounds (COCs), in wastewater, surface waters,
and groundwater is a significant environmental problem to solve (Rodan
et al., 1999; Klecka et al., 2000; Gramatica et al., 2002; Gramatica and
Papa, 2007; Lougheed, 2007). Adsorption on granular activated carbon
(GACQ) is a common treatment to remove these compounds from the
aqueous phase (Weber and Vanvliet, 1981; Alben et al., 1983; Marsh and
Rodriguez-Reinoso, 2006a, 2006b; Zhang et al., 2021). The main
drawback of POPs adsorption on GAC is that large amounts of
contaminated carbon are generated. Spent GAC has often been regen-
erated by off-site thermal treatments at 800-1000 °C (San Miguel et al.,
2002; Salvador et al., 2015; Baghirzade et al., 2021), with remarkable
costs and losses of GAC mass. Furthermore, if the POPs adsorbed on the
spent GAC are COCs (Urano et al., 1991; Bembnowska et al., 2003;
Sanchez-Yepes et al., 2022), the GAC requires particular management.

Recently, advanced oxidation processes (AOP) have been studied to
regenerate spent GAC, removing the pollutant adsorbed on the carbon
surface (Huling et al., 2000, 2005, 2011; Toledo et al., 2003; Horng and
Tseng, 2008; Huling and Hwang, 2010; Anfruns et al., 2013; Li et al.,
2013; Cabrera-Codony et al., 2015; Plakas and Karabelas, 2016; Chen
etal., 2017; Jatta et al., 2019; Peng et al., 2019; Cai et al., 2020; Crincoli
et al.,, 2020; Ma et al., 2020; Santos et al., 2020; Xiao et al., 2020;
Sanchez-Yepes et al., 2022). Persulfate (PS) (Huling et al., 2011; Jatta
et al., 2019; Peng et al., 2019; Xiao et al., 2020; Sanchez-Yepes et al.,
2022) or hydrogen peroxide (Huling et al., 2000, 2005; Toledo et al.,
2003; Horng and Tseng, 2008; Huling and Hwang, 2010; Anfruns et al.,
2013; Li et al., 2013; Cabrera-Codony et al., 2015; Plakas and Karabelas,
2016; Chen et al., 2017; Cai et al., 2020; Crincoli et al., 2020; Ma et al.,
2020; Santos et al., 2020) have been used as oxidants.

GAC regeneration has also been studied using hydrogen peroxide
catalysed by iron cation (Fenton reagent) to produce hydroxyl radicals
OH- (Huling et al., 2000, 2005; Toledo et al., 2003; Horng and Tseng,
2008; Huling and Hwang, 2010; Anfruns et al., 2013; Li et al., 2013;
Cabrera-Codony et al., 2015; Plakas and Karabelas, 2016; Chen et al.,
2017; Cai et al., 2020; Crincoli et al., 2020; Ma et al., 2020; Santos et al.,
2020).-Hydrogen peroxide and iron can be added simultaneously in the
aqueous solution (Toledo et al., 2003; Huling et al., 2005; Horng and
Tseng, 2008; Anfruns et al., 2013; Li et al., 2013; Chen et al., 2017; Cai
et al., 2020; Crincoli et al., 2020; Ma et al., 2020; Santos et al., 2020), or
iron can be previously adsorbed on the GAC (Huling et al., 2000; Huling
and Hwang, 2010; Cabrera-Codony et al., 2015; Plakas and Karabelas,
2016).

Fenton Reagent (aqueous solution containing Fe cation and H303)
has been used to regenerate spent GAC (Huling et al., 2000, 2005;
Toledo et al., 2003; Horng and Tseng, 2008; Huling and Hwang, 2010;
Anfruns et al., 2013; Li et al., 2013; Cabrera-Codony et al., 2015; Plakas
and Karabelas, 2016; Chen et al., 2017; Cai et al., 2020; Crincoli et al.,
2020; Ma et al., 2020; Santos et al., 2020) with adsorbed toluene (Ma
et al.,, 2020), methyl tert-butyl ether (Huling et al., 2005), limonene
(Anfruns et al., 2013), methylene blue (Santos et al., 2020), dyeing
wastewater (Chen et al., 2017), etc. A representative work is that of Ma
et al. (2020) regenerating a spent activated carbon (AC) with adsorbed
toluene (512.25 mgml-g;(l;) using a toluene/oxidant/Fe molar ratio of
1/20/1. A recovery of adsorption capacity between 85.6 and 84.9% was
obtained after 6 cycles of adsorption-regeneration (regeneration time of
each cycle of 3 h). Chen et al. (2017) treated a spent AC for tertiary
treatment of dyeing wastewater (240 mg g~ ') with a molar ratio oxi-
dant/Fe of 20/1. They achieved less than 50% of the recovery of the
adsorption capacity after 7 regeneration cycles. The main drawback is

that the use of Fenton reagent required acidic pH and a relatively high
ratio of Fe to peroxide (Fe: HoO; about 1:20), resulting in an iron con-
centration in the aqueous phase over the allowed discharged values.

The immobilisation of iron on the GAC surface has been proposed to
avoid the presence of iron in the aqueous phase and the acidification of
the reaction media (Huling et al., 2000; Huling and Hwang, 2010;
Cabrera-Codony et al., 2015; Plakas and Karabelas, 2016). Huling et al.
(2000) treated a spent GAC saturated in 2-chlorophenol (2-CP) (119
mgz_cpga}\c), using GAC with adsorbed iron (9.8 mgFe~g6}\C) and an
aqueous solution of HoO3 (2.1 M) at pH 4.6 and molar ratio pollutant:
oxidant: Fe of 1:64:0.2. A recovery of the GAC adsorption capacity of
76% was obtained after three successive cycles of 24 h (Huling et al.,
2000). Huling and Hwang (2010) also treated a spent AC with methyl
tert-butyl ether (MTBE) (60 mgMTBEgé}\c) using adsorbed iron on GAC
(8.75 mgpe'ga}\c) and an aqueous solution of Hy03 (0.49 mM). Recovery
of adsorption capacity up to 70% was obtained at 24 h, using a pollutant:
oxidant: Fe molar ratio of 1:17:0.2 (pH was kept between 2 and 4).
Cabrera-Codony et al. (2015) studied the regeneration of a spent GAC
with adsorbed octamethylcyclotetrasiloxane (1732 mgOMCTxg@AC)
using adsorbed iron (11.5 mgFe‘ga}\c) and an aqueous solution of HyO4
(29 mM) for 24 h (without pH control). A decrease in adsorption ca-
pacity from 92.1% to 46.3% was reported after three cycles of
adsorption-regeneration, using a molar ratio pollutant:oxidant:Fe of
1:20:0.04,. This decrease was associated with the loss of adsorbed iron in
successive cycles. Plakas and Karabelas (2016) studied the regeneration
of a spent AC saturated in diclofenac (DCF) (203 ngFC-gEAC) using iron
adsorbed on GAC (40.7 mgFe-ga}\c) as the catalyst and an aqueous so-
lution of HyO5 3.5 mM as the oxidant, at neutral pH. A recovery of the
adsorption capacity was obtained at 24 h of oxidation treatment (only
one cycle was studied), using a pollutant: oxidant molar ratio: Fe of
1:73:1. These works have only studied the regeneration process at room
temperature, and the effect of temperature on the process was not
considered. Moreover, the oxidant consumption, changes in the physi-
cochemical carbon properties, and presence of by-products throughout
the regeneration process were scarcely considered. Furthermore, the
regeneration of GAC saturated in organochlorine compounds has been
barely analysed in the literature.

Among these organochlorine compounds, 124-TCB is used in many
industrial processes, including the production of various pesticides
(Blus, 2003; Jayaraj et al., 2016), POPs commonly found in the envi-
ronment. The reduction of this compound has been studied using
different oxidants. Barbash et al. (2006) indicated that persulfate could
be an effective oxidiser of 1-24-TCB. In a previous work, thermally
activated persulfate (TAP) was successfully applied to regenerate a spent
GAC saturated in 124-TCB (Sanchez-Yepes et al., 2022). Also, the Fenton
reaction has been successfully applied to treat 124-TCB. In this sense,
Lorenzo et al. (2019) studied the removal of chlorobenzenes using hy-
droxylamine, goethite, and hydrogen peroxide to remove 124-TBC from
polluted groundwater. In the same way, the abatement of 124-TCB using
hydrogen peroxide and monochromatic light to activate (Lorenzo et al.,
2021) or an iron complex (Conte et al., 2022) was effectively applied.

In the present work, the regeneration of GAC saturated with 124-TCB
was studied by using HoO» as oxidant and immobilised iron as catalyst.
The influence of iron adsorbed and temperature on the regeneration of
spent GAC with 124-TCB using H2O5 as the oxidant will be studied. The
stability of GAC in the different adsorption-regeneration cycles and the
unproductive consumption of the oxidant will be analysed, and the ef-
fect of the treatment on the chemical and physical properties of GAC will
be fully examined. To our knowledge, this is the first study of the
regeneration of GAC saturated in chlorobenzenes with adsorbed iron
and hydrogen peroxide. Moreover, the effect of temperature on GAC
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regeneration and the unproductive oxidant with this treatment is ana-
lysed for the first time.

2. Material and methods
2.1. Materials

The COC selected as the model pollutant, 124-TCB, is a semivolatile
compound with moderate water solubility (28 mg L™1) at room tem-
perature (Schroll et al., 2004; Lorenzo et al., 2019, 2021). Analytical
grade 124-TCB was purchased from Sigma-Aldrich. The calibration
curves were prepared by dissolving pure 124-TCB in n-hexane. Bicy-
clohexyl was used as an internal standard (ISTD). A 35% v/v hydrogen
peroxide solution was used as the oxidizing agent, iron (II) sulphate,
FeSO4-7H20, was used as catalyst and titanium (IV) oxysulphate was
used to quantify HoOy concentration. Sodium carbonate, sodium bicar-
bonate, sulfuric acid, and acetone were used to determine the concen-
trations of chloride and short-chain organic acids by ion
chromatography. The above compounds were analytical reagent grade
and supplied by Sigma-Aldrich. Commercial GAC before pre-treatment
(GAC-0) presented a surface area of 905 m? ¢! and a total pore vol-
ume of 0.42 cm® g’1 (Sanchez-Yepes et al., 2022).

2.2. Experimental procedure

2.2.1. GAC pre-treatment: acidic washing and iron adsorption

10 g of GAC-O was washed in 1 L of an acid water solution (pH = 3,
adjusted with HySO4) for 2 h (GAC-W). Subsequently, GAC-W was
filtered and rinsed with H,O milliQ and dried in an oven at 50 °C for 24
h.

1 g of GAC-W was put in contact with 5 g of an aqueous solution of
cation Fe (II) at different concentrations from 7.16 to 89.52 mM,
adjusted at pH,, = 2.5. The biphasic mixture was agitated for 72 h, and
the GAC with iron (GAC-Fe) was recovered by filtration and dried at 50
°C for 24 h. The remaining Fe (II) in the aqueous solution was quantified,
and the iron adsorbed on the GAC was determined by the mass iron
balance.

2.2.2. 124-TCB adsorption

5 g of GAC-W or GAC-Fe was placed in a stainless-steel mesh and
immersed in a 1 L closed flask with 800 mL H»0 Milli-Q. A mass of 3 g of
124-TCB was added as organic liquid phase and the flask was closed and
shaken at 300 rpm for 72 h at room temperature (22 + 2 °C). After that,
the stainless steel was removed, rinsed with H,O Milli-Q , and dried at
50 °C for 24 h. The remaining 124-TCB in the flask was extracted with
200 mL of n-hexane and quantified by GC-MS. The mass of 124-TCB
adsorbed on GAC was calculated by mass balance. This procedure pro-
vided GAC saturated in 124-TCB without iron (GAC-S) and GAC satu-
rated in 124-TCB with immobilised iron (GAC-Fe-S).

2.2.3. Oxidation experiments

GAC (GAC-W, GAC-Fe, GAC-S, and GAC-Fe-S) reacted with hydrogen
peroxide in well-mixed batch reactors. A 50 mL Milli-Q water volume
was put in contact with 250 mg of GAC confined in a stainless-steel mesh
basket. The reaction temperature was controlled using an agitation and
heating plate coupled with a temperature-PID controller (IKA C-MAG HS
7). Once the temperature was reached, the specific amount of HyO4
needed was added (zero reaction time).

Two sets of experiments were carried out. In the first set, the reaction
between GAC-W and GAC-Fe with H,0, was studied at HyO5 and GAC
concentrations of 166 mM and 5 g L' respectively, at two different
temperatures (20-60 °C), for 180 min. The experimental conditions are
described in Table SM1. Experiments B1 and B2 were carried out using
GAC-W, while runs B3-B4 were performed using GAC-Fe-12 (12
mgre-gGac). To check the catalytic role of adsorbed iron, GAC-Fe was
filtered after run B4 and the solid was put in contact with a new Hy04
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aqueous solution. This procedure was repeated three times.

The second set of experiments used GAC-S and GAC-Fe-S. The
operation conditions are summarised in Table SM2. This set of experi-
ments was designed to modify only one variable in each run to deter-
mine the effect of the studied variable avoiding the coupling effect of the
variables. Runs R1 and R2 were carried out in the absence of adsorbed Fe
and runs R3 to R7 were carried out at different concentrations of iron
adsorbed (2-12 mgFe-gaAC) and 20 °C. Runs 7 to 10 were carried out at
different temperatures (20-80 °C) but using the same adsorbed iron (12
mgFe~ga}\c). The initial pH was 7. All runs were carried out at Cgac =5 g
L7! and Cr202,0 = 166 mM for 180 min (molar ratio Hy0,:124-TCB of
20:1). The experiments were performed in triplicate. The data are
expressed as the mean =+ standard deviation.

The stoichiometry of the mineralization of 124-TCB with hydrogen
peroxide is given by Eq. (1).

CgH3Cl3 + 12-H,0, — 6-CO;, + 12-H,0 + 3-HCI (€D)]

60% excess with respect to the stoichiometric molar ratio Ho0:124-
TCB required for complete 124-TCB mineralization (according to Eq (1))
was used in the experiments summarised in Table S2. The recovery of
the adsorption capacity (RAC) was calculated according to Eq. (2).

W124—TCBugeorbea

RAC = fwonc -100 2

9124-1CB,

Being W124.-1cB,adsorbed the mass of 124-TCB adsorbed after GAC
regeneration, wgac the mass of GAC regenerated and qi24-rcpo the
adsorbed 124-TCB on GAC before the first GAC regeneration treatment.
Furthermore, three consecutive cycles of adsorption-regeneration were
carried out under the experimental conditions of R9. The experiments
were performed in triplicate. The data are expressed as the mean +
standard deviation.

2.3. Analytical methods

124 — TBC in hexane was quantified by gas chromatography (Agilent
6890 N) with a Mass Spectrometry Detector (GC-MS). A HP-5MS chro-
matography column (30 m x 0.25 mm ID x 0.25 pm) was used as sta-
tionary phase and a constant flow rate of 1.7 mL-min~! of helium as a
mobile phase. 1 pL of the liquid sample was injected at a port temper-
ature of 250 °C. The chromatographic oven worked under a
programmed-temperature gradient, starting at 80 °C and increasing the
temperature at a rate of 18 °C-min~! up to 180 °C, then keeping it
constant for 15 min. The H,0, concentration was determined by col-
ourimetry, reacting each sample with titanium (IV) oxysulphate and
measuring the colour change by using a 410 nm spectrophotometer
(BOECO S-20 VIS). Chloride and short-chain organic acids were deter-
mined by ion chromatography (Metrohm 761 Compact IC) with anionic
chemical suppression and a conductivity detector. The pH was measured
with a Basic 20-CRISON pH electrode. The iron content in the aqueous
solutions was measured by spectroscopy of atomic emission (AES MP-
4100 Agilent Technology) at a wavelength of 259.94 nm and a nebu-
lizer pressure of 100 kPa. The total organic carbon (TOC) was measured
using a Shimadzu TOC-V CSH analyser by oxidative combustion at 714
°C accomplished with a CO; infrared detector.

The toxicity of aqueous phase samples after regeneration/adsorption
cycles was determined using the Microtox M500 analyser (Azur Envi-
ronmental) using standard bioassays following the Microtox test pro-
tocol (ISO 11348-3, 2009). The test was conducted based on the
bioluminescence inhibition of Vibrio Fischeri bacteria when exposed to
toxic substances. The method was tested at 15 °C and 15 min exposure.
The pH of the samples was fixed at 6-7, and the oxidant was neutralised
with sodium thiosulfate to conduct the measures. The toxicity was
expressed as toxicity units of the aqueous phase (TUs) calculated with
Eq. (3) (Santos et al., 2004) where ICsy was the sample dilution ratio that
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yields a 50% reduction of bacteria light emission calculated by Eq. (4).

100
TUs =
T 1Cs (%)

3

me e
ICs0(%) =220 100 (4)

total

Where Vgample is the volume of the polluted sample and Vi) the volume
sum of the sample volume and the added volume of the diluent and the
bacteria.

The porous texture of the GAC was characterised by N, adsorption-
desorption at —196 °C. The samples were outgassed at 150 °C for at
least 8 h. From the N, isotherm, the apparent surface area (Aggr) was
determined by applying the BET equation. The t-method allows
obtaining the values of the external surface area (A,) and the micropore
volume (V,). The mesopore volume (Vy,es) was determined as the dif-
ference between the adsorbed volume of N, at a relative pressure of 0.99
(Viot) and the micropore volume V,. The surface chemistry of the sample
was analysed by X-ray photoelectron spectroscopy (5700C model
Physical Electronics) with Mg ka radiation (1253.6 eV). The maximum
of the C1s peak was set to 284.5 eV and was used as a reference to shift
the whole spectrum. Temperature-programmed desorption (TPD) was
used to characterize the oxygen functional groups on the GAC surface
formed during the different treatments. TPD analyses were obtained in a
customised quartz fixed-bed reactor placed inside an electrical furnace
and coupled to both a mass spectrometer (Pfeiffer Omnistar GSD-301)
and to a non-dispersive infrared (NDIR) gas analyser (Siemens ULTRA-
MAT 22), to quantify CO and CO; evolution (calibration error <1%). In
these experiments, c. a. 50 mg of the GAC was heated from room tem-
perature to 930 °C at a heating rate of 10 °C-min”}, in nitrogen (purity
99.999%, Air Liquide) flow (200 cm®-STP-min1).

3. Results and discussions
3.1. Iron adsorption

The adsorption of Fe (II) on the GAC-W surface was studied using
different iron cation concentrations in the aqueous phase (Cpe 1y =
7.16 to 89.52 mM) at a controlled temperature (22 + 2 °C) for 72 h to
ensure the equilibrium was reached, according to the procedure
explained in the experimental section. The Fe (II) adsorbed on GAC was
calculated from the iron mass balance of Fe (II) in the aqueous phase
before and after Fe (II) adsorption. The obtained adsorption isotherm of
Fe (II) on the GAC-W surface is shown in Figure SM1, which exhibits a
typical Langmuir isotherm. The corresponding Langmuir parameters are
summarised in Eq. (5), and the statistical parameters are inserted in
Figure SM1. From the asymptotic value of the Langmuir isotherm, the
saturation amount of Fe (II) adsorbed on the GAC surface was 12.56
mgre-8GAc. The GAC samples with iron adsorbed have been named GAC-
xFe (x the iron content in mgpe~g§}\c).

12.56:0.0053-Cp,

P e — 5
9Fe =170.0053-Cr, Q)

3.2. Effect of adsorbed Fe on 124-TCB adsorption

Incorporation of iron onto the GAC surface can affect the adsorption
of pollutant (Huling and Hwang, 2010). The amount of 124-TCB
adsorbed on GAC-W was 350 mg124_TCB-g§}\C when the aqueous con-
centration of 124-TCB was 28 mg L™! (solubility of 124-TCB in the
aqueous phase at 28 °C) (Sanchez-Yepes et al., 2022). The effect of
adsorbed Fe on 124-TCB adsorption has been investigated, and the re-
sults are presented in Figure SM2. As shown, the highest the amount of
Fe adsorbed, the lower the 124-TCB adsorption. The adsorption of
124-TCB was reduced by 14% (300 mg124,TCB~ga}§c) when the GAC
surface was saturated with 12 mgge- gé}gc. This fact agreed to reported by
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Huling and Hwang (2010). They observed that iron adsorbed on the
GAC surface reduced the adsorption of methyl tert-butyl ether (MTBE),
due to steric impediments.

3.3. Reactivity of GAC with H202

The reactivity of GAC-W with HyO5 with and without iron adsorbed
was studied in runs B1-B4 (20 and 60 °C) (experimental conditions
summarised in Table SM1). The conversion of H,O, was calculated
using equation (6).

Xisoy =1 — 10 ©

T CHZOZ.O

being Cr202,0 and Cuzo2 the concentration of HyO; at zero time and
the corresponding reaction time, respectively. Oxidant conversion
values are shown in Fig. 1.

As can be seen, HyoOy reacted with the GAC promoting the con-
sumption of the oxidant (HoOy conversion in the absence of GAC was
less than 10% in the time interval studied, 3 h, at temperatures of 20 and
6 °C, data not shown). Furthermore, both the temperature and the sur-
face of the presence of iron on the GAC increased the conversion of
H303. A H05 conversion of 0.27 and 0.38 was obtained at 180 min and
20 °C, in the absence and presence of adsorbed iron, respectively. The
corresponding oxidant conversion values at 60 °C were 0.6 and 0.8. As
can be seen, the reaction rate of the hydrogen peroxide consumption
decreased after 150 min. For this reason, 180 min was selected as the
reaction time.

These results suggested that the presence of adsorbed iron on the
surface of the GAC increased the reactivity of HyOs, as previously re-
ported in literature (Moreno et al., 2007; Cabrera-Codony et al., 2015).

The GAC-12Fe after 180 min of reaction under the experimental
conditions of run B4 (Table SM1), named GAC-12Fe-C1, was filtered
and put in contact with an HyO» aqueous solution (166 mM) at 60 °C for
180 min. This procedure was repeated two times, GAC-12Fe-C2 and
GAC-12Fe—-C3. The consumption of the HyO, at each cycle is shown in
SM4.

The results in Figure SM3 showed similar HoO5 conversions in the
three cycles carried out under the conditions of run B4 (Table SM1),
suggesting a catalytic behaviour of GAC-12Fe, which allows its use in
successive runs. Furthermore, iron leaching in the aqueous phase was
studied during the cycles shown in Figure SM3. The iron leached at each
cycle was less than 0.5% of the initial iron adsorbed on GAC-12Fe. This
result indicates that the prepared material is stable during successive
cycles, and a homogeneous Fenton reaction does not occur.

3.4. Regeneration of GAC saturated in 124-TCB

The oxidation of adsorbed 124-TCB and the recovery of GAC
adsorption capacity (RAC) has been studied at different temperatures
(20-60 °C) and iron contents adsorbed on GAC. (0-12 mgFega}\C). The
oxidant yield (Yoy) is defined as the mol of 124-TCB removed from the
GAC surface per mol of HyO, consumed. The removed 124-TCB is
calculated as the readsorbed amount of 124-TCB after the spent GAC
regeneration, using Eq. (7).

m01124—TCB readsorbed
YOX = (7)

m01H302 consumed
The moly202 consumed cOrresponds to the moles of HoO5 consumed in
the GAC regeneration run and the moly24.TcB readsorbed are the moles of
124-TCB adsorbed after the regeneration with HoO,.
The recovery of adsorption capacity (RAC), oxidant conversion
(Xn202) and oxidant yield (Yoy) after 180 min of reaction time have been
calculated with Egs. (2)-(4), respectively.

3.4.1. Effect of iron content adsorbed on the GAC
The effect of the adsorbed iron concentration on RAC, Xy202 and Yox
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Fig. 1. H,0, conversion by reaction with GAC-12Fe (runs B3 and B4) and GAC-W (runs B1 and B2) a) 20 °C and b) 60 °C, using Cy202,0 = 166 mM, Cgac =5 g Lt

and pHy = 7. Reaction conditions for runs Bl to B4 in Table SM1.

has been investigated at 20 °C in runs R1 and R3-R7 (Table SM2). RAC,
YOx, and H20; conversion values are shown in Fig. 2. The effect of the
adsorbed iron concentration on RAC, Xys02 and Yoy has been investi-
gated at 20 °C in runs R1 and R3-R7 (Table SM2). RAC, Yox and Hy02
conversion values are shown in Fig. 2. The adsorbed iron concentrations
(qre values in Fig. 2) were obtained by placing contact solutions with
different iron sulphate concentrations and GAC-W to reach equilibrium
adsorption conditions. The amount of Fe adsorbed agreed with the Fe
adsorption isotherm plotted in Figure SM1.

The higher the iron adsorbed, the higher the RAC value (Fig. 2a),
which means that the oxidation of 124-TCB from GAC surface was
improved. Oxidant consumption also increased with increased iron
concentration adsorbed. On the other hand, the highest Yo value (0.086
mmoli24.TcB ehminated-mmolﬁ%oz, reacted 1S Obtained at the highest amount
of Fe adsorbed (12 mgpe~g§,l\c). High Yo values mean lower unproduc-
tive consumption of the oxidant and better efficiency of the oxidant in
destroying the pollutant. Therefore, the best regeneration conditions
correspond to12 mgFe-ga}\c. Moreover, the Yoy value of 0.083 mmol;o4.
TCB ehminated-mmolﬁ%oz, reacted corresponds to the stoichiometric value
for the total mineralization of 124-TCB (Eq. (1)).

Iron leaching was measured in the aqueous phases obtained in the
regeneration runs shown in Fig. 2. In all cases, the iron leached was
negligible (<1% of the initial amount of iron adsorbed), ensuring that
the Fenton reaction took place heterogeneously on the GAC surface. The
initial pH was 7, and the final pH of the reaction medium decreased and
a value between 4 and 3.5. This pH reduction was in agreement with the
formation of short acids in the reaction pathway. The lower iron con-
centration measured in solution (<0.2 mgge-L 1) avoids the iron sludges
produced in homogeneous Fenton Reagent, carried out at higher iron
concentrations in the aqueous phase (usually much higher than the
values allowed for Fe discharge). The initial pH of the oxidant aqueous
solution does not need acidification when the iron is previously adsor-
bed on GAC, and the final pH is less acidic than that obtained after
applying the Fenton Reagent with both iron and hydrogen peroxide in
the solution.

The molar ratio of pollutant: oxidant: iron used in this work is
1:17:0.11. This ratio is similar to that employed by Huling and Hwang
(2010) in the elimination of MTBE in GAC by iron amendment and
Fenton oxidation (ratio 1:16.5:0.23) and Cabrera-Codony et al. (2015)
studying the regeneration of AC saturated in octamethylcyclote-
trasiloxane (1:20:0.023). On the contrary, Plakas and Karabelas (2016)
applied a higher oxidant ratio to abate diclofenac adsorbed on Powered
AC impregnated with iron oxide nanoparticles and HoO,. Regeneration
of AC saturated in 2-chlorophenol by Huling et al. (2000) was also
achieved using higher amounts (molar ratio pollutant:oxidant: iron 1:
63.7: 0.19).

3.4.2. Effect of the reaction temperature

The effect of reaction temperature on GAC regeneration was studied
with GAC-12Fe-S in the range of 20-80 °C, using an oxidant concen-
tration of 166 mM, neutral pH, and a GAC loading of 5 g-L'1. The RAC,
oxidant consumption and Yo values obtained for each temperature (R7-
R10 in Table S2) after 180 min of reaction are summarised in Fig. 3.

As shown in Fig. 3a and b, the higher the temperature, the higher the
oxidant consumption, reaching values of 0.58 at 80 °C after 180 min of
reaction time. The RAC values increased from 42% at 20 °C to 63% at 60
°C but did not increase further from 60 to 80 °C. The Yox value shows a
slight decrease from 20 to 60 °C (from 0.1 to 0.086 mmol;24.7cB elimi-
natedmmolﬁ%og, reacted), DUt it presents a remarkable drop from 60 to 80
°C (from 0.086 to 0.064 mmol;24.1cB eliminated'mmOIﬁ%OZ, reacted)-
Therefore, increasing the temperature to 60 °C increases the pollutant
oxidation on the GAC surface, but the highest temperatures produce
remarkably unproductive oxidant consumption. Similar findings were
also noticed in the literature on the Fenton reaction enhanced by tem-
perature (Williams, 1928; McLane, 1949). Therefore, 60 °C is selected as
the optimum temperature for the following experiments.

The H0; conversion found at 180 min and 60 °C in the absence of
adsorbed 124-TCB (GAC-12FeC1, C2, C3 in Figure SM3) was approxi-
mately 0.80. The H20, conversion at the same operating conditions, but
with 124-TCB adsorbed on GAC (GAC-12Fe-S in Fig. 3) was about 0.47.
Therefore, it can be deduced that remarkably higher unproductive
consumption of Hy02 takes also place in the absence of adsorbed pol-
lutants adsorbed.

3.4.3. Stability of the regenerated GAC

Three cycles of spent GAC regeneration and 124-TCB adsorption was
carried out with CAG-12Fe-S (qp. = 12 mg g’l) at 60 °C with Cpz02,0 =
166 mM, Cgac12Fes =58 L' and pH = 7 (Run R9 in Table S2). After
each regeneration cycle, the RAC, HyO2 consumption and Yox were
determined, and the results are summarised in Fig. 4. As shown, similar
values of the RAC, oxidant consumption and Yoy are obtained in the
three consecutive cycles (differences lower than 5% among them). These
experimental results indicate that GAC with iron adsorbed can be used in
stable cyclic operation with 124-TCB adsorption and adsorbent regen-
eration. In addition, the Yoy was kept in a value close to the stoichio-
metric value required for the 124-TCB mineralization, minimizing the
unproductive consumption of the oxidant. The adsorption/regeneration
mechanism of the GAC previously saturated with Fe can be summarised
in Egs. (8)-(11). In step 1, 124 TC B is adsorbed, after that in step 2, the
H50, reacts with the adsorbed iron to produce the hydroxyl radicals,
and this attacks to the 124-TCB which in several series reactions where
oxidation produces are generated produces the regeneration of the GAC.

Step 1. 124-TCB adsorption
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0.8

e (Mg-g™)

Fig. 2. Effect of adsorbed iron on a) recovered adsorption capacity (RAC), b)
H,0, conversion (Xp202) and c) oxidant yield (Yoy) in mmolios1cp elimi-
nated MMOIF302, reacted at 180 min of reaction time, Cpz02,0 = 166 mM, Cgac xre-
s=5gL™}, T =20 °C, and neutral initial pH. The iron leached at each cycle
was less than 0.5% of the initial iron adsorbed on GAC.

TCB+ GAC — Fe*" 2GAC — Fe*™ — TCB (8)

Step 2. Oxidation 124-TCB and GAC regeneration
GAC — Fe** — TCB + H,0, > GAC — Fe** — TCB+ OH' + OH~ 9

GAC — Fe** — TCB + H,0, — GAC — Fe** — TCB + HO, 10)
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Fig. 3. Effect of temperature on a) recovery of Adsorption Capacity (RAC), b)
H20, conversion (Xpp02) and c) oxidant yield (Yox) in mmoli24-1cp elimi-
nated~mmolﬁ%02, reacted at 180 min of reaction time, Cyz02,0 = 166 mM, Cgac-
12kres =58 L~! and neutral initial pH. The iron leached at each cycle was less
than 0.5% of the initial iron adsorbed on GAC.

GAC — Fe** —TCB+ OH® - — — CO, + H,0 + HCl + GAC — Fe 11

The pH dropped from 7 to values between 4 and 3.5 at 180 min of
regeneration time in the three cycles studied due to the presence of
short-chain organic acids in the aqueous phase. At 180 min, only acetic
acid was detected in the aqueous phase, with a concentration lower than
10 mg L™L. Similar values of acetic acid concentration were found at the
end of each regenerative cycle in the aqueous phase. The toxicity of the
aqueous phase obtained after the regeneration cycle of the GAC was
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Fig. 4. Stability of GAC-12Fe in successive adsorption-regeneration cycles a)
Recovery of Adsorption Capacity (RAC), b) H,O, conversion (Xu202) and c)
oxidant yield (Yox) in mmolis4cp eliminatedMMOli302, reacted at 180 min,
Ch202,0 = 166 mM, Cgac-12pe—s =5 & L’l, T = 60 °C and neutral initial pH. The
iron leached at each cycle was less than 1% of the initial iron adsorbed on
GAC-12Fe.

measured. The initial TU of the water saturated with 124-TCB (28 mg
L~!) was 8.92, and negligible TU values were found in the aqueous phase
obtained after the regeneration step, which meant the absence of the
toxic by-products generated after regeneration treatment.

TOC was also measured at 180 min in the aqueous phase with values
lower than 4 mg L™, Therefore, TOC in solution corresponds to 1% of
the oxidised 124-TCB. Iron concentration was also measured in the
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aqueous phase at 180 min of each regeneration cycle with values lower
than 0.1 mg L™!. Iron leaching in the successive three regeneration cy-
cles was less than 1% of iron adsorbed on the carbon.

3.5. Change in GAC physicochemical properties during adsorption-
regeneration

The properties of the GAC surface can be modified after the
adsorption-regeneration cycles. The characterisation of GAC after the
different treatments is presented and discussed.

3.5.1. Effect of the acid pre-treatment, Fe and 124-TCB adsorption

The physicochemical properties of the original GAC (GAC-O) and
GAC obtained after washing with acid water at pH = 3 (GAC-W) have
been evaluated. The BET area, pore volume, atomic mass and acid group
concentrations of GAC-O and GAC-W are summarised in Table 1. As
shown, the surface area of GAC-O is 905 m? g1, being this value slightly
reduced to 871 m? g’l (6%) after the acidic pre-treatment (GAC-W). An
equivalent reduction in the pore volume (7%) was observed in GAC-W.
Kan et al. (Kan and Huling, 2009) after pre-treatment with acid water.
Still, these authors also reported that acidic pre-treatment of GAC
enhanced Fe sorption, avoiding the presence of amorphous and Fe
precipitates that would be obtained with untreated GAC. The N
adsorption isotherms obtained for GAC-O and GAC-W are summarised in
Figure SM4a, showing a type I isotherm (Thommes et al., 2015) attrib-
uted to a microporous material.

The effect of Fe adsorbed on the GAC surface has been studied with
samples GAC-5Fe and GAC-12Fe. The results are also shown in Table 1
and Figure SM4a. As can be seen, GAC-5Fe and GAC-W have similar
surface areas. The surface area of GAC-12Fe was about 7% lower than
that of GAC-W. The N3 adsorption isotherms of GAC-xFe show the same
type I isotherm found for GAC-W, as shown in Figure SM4a. (Thommes
et al., 2015), keeping the microporous structure.

Regarding the surface chemistry of GAC (Table 1), it was found that
the atomic mass concentration of the GAC-O was mainly composed of
oxygen (around 10%) and traces of N and S. In addition, TPD profiles
were represented in Fig. 5 and the amount of CO and CO; obtained by
TPD are given in Table 1. The CO and CO2 amounts evidenced the low
presence of surface carbon-oxygen groups. As can be seen in Fig. 5, CO;
evolution is quite lower than that of CO for all the samples, evidencing
the low presence of lactone, carboxyl and anhydride groups. As shown in
Table 1 and Fig. 5, the amounts of CO and COj slightly increased after
washing (GAC-W), as evidenced by the significant decomposition of
carbonyl and quinone groups as CO at high temperatures.

However, the adsorption of Fe promoted an increase of CO and CO4
evolution (higher formation of oxygen surface groups). The comparison
between CO profile for the GAC-W and GAC-12Fe samples (Fig. 5a)
showed an increase in the CO desorption rate at high temperatures
(around 870 °C). This increase was associated to the oxidation of the
carbon surface by the sulphur species, which were incorporated into the
carbon as part of the iron salts used in the pre-treatment. As reported in
the literature, an AC containing sulphur species produces a higher C
consumption than other functional groups present in the AC (Lin et al.,
2021), however the extent of the carbon oxidation is not very signifi-
cant, as can be seen in Table 1.

The C1s, O1s and Fe2p XPS spectra were represented in Figure SM5,
and the atomic mass concentration is given in Table 1. The results of XPS
analysis of GAC-5Fe and GAC-12Fe confirms the highest amount of
adsorbed iron in GAC-12Fe. The results of XPS analysis of GAC-5Fe and
GAC-12Fe confirms the highest amount of adsorbed iron in GAC-12Fe.
With regard to Fe XPS spectra in Figure SM5c, amain peak in the
Fe2p3/2 band was observed at 711.5 eV, which was associated to Fe (III)
oxides such as FeOOH or Fe;O3. The S and O atomic content in the GAC
surface increased after Fe adsorption because sulphate iron (II) salt was
used to immobilise Fe on GAC.

The effect of 124-TCB adsorption on the physicochemical properties
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Table 1
Physicochemical properties in the GAC samples tested.
Analytical Adsorption N, adsorption XPS: mass surface concentration TPD
technique
Qre Saturation in 124- Agpr Vp C (%) N o S Fe Cl (¢0] CO,
(mgg~')  TCB(mgg") (m*g™") (m3g™") (%) (%) %) (%) (%)  (pmol-g™") (pmol-g™")
GAC-O 0.00 0.00 908 0.420 88.82 0.25 10.60 0.33 0 0 290 18
GAC-W 0.00 0.00 851 0.380 90.59 0.51 8.75 0.15 0 0 349 41
GAC-5Fe 5.36 0.00 861 0.429 86.07 0.46 8.86 1.01 2.69 0 831 111
GAC-12Fe 12.00 0.00 806 0.408 58.59 0.65 28.05 4.32 8.40 0 1239 302
GAC-S 0.00 350 556 0.305 86.22 0.34 9.28 - 0 4.16 474 69
GAC-5Fe-S 5.36 330 662 0.338 77.67 0.31 14.85 - 4.88 2.29 564 108
GAC-12Fe-S 12.00 300 769 0.365 64.94 0.55 23.69 - 9.94 0.87 691 160
GAC-12Fe-C1 12.00 0.00 813 0.427 73.09 0.55 17.35 1.79 7.22 0 1050 263
GAC-12Fe-C3 12.00 0.00 761 0.411 66.86 0.62 20.66 1.93 9.93 0 1271 301
GAC- 12.00 300 838 0.422 65.29 0.53 22.94 - 8.39 2.86 767 184
12Fe-S-C1-R
GAC- 12.00 300 583 0.283 66.46 0.44 21.25 - 8.48 3.36 760 139
12Fe-S-C1-S
GAC- 12.00 300 629 0.319 46.42 0.70 34.95 - 15.19 2.44 850 240
12Fe-S-C3-R
GAC- 12.00 300 584 0.291 64.78 0.38 21.78 - 9.32 3.75 850 180
12Fe-S-C3-S
1.0
a) cO b) 002 key: GAC sample
_. 0.8 — GAC-W
F'UJ —— GAC-12Fe
- —— GAC-S
'™ 0.6 —— GAC-12Fe-S
s —— GAC-12Fe-S-C3-R
e —— GAC-12Fe-S-C3-S
= 04
()]
o
F 021
0.0 A ; T T
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T(°C)
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Fig. 5. TPD profile of GAC samples. a) CO desorption profile and b) CO2 desorption profile.

has been studied in the absence and presence of adsorbed iron. As shown
in Table 1, the surface area of GAC-S was 35% lower than GAC-W. On
the other hand, the reduction in surface area with GAC-5Fe-S and GAC-
12Fe-S was 22% and 11%, respectively (related to the area of GAC-W).
Therefore, the highest the amount of Fe adsorbed, the lower the
reduction of the surface area after 124-TCB adsorption. This finding can
be explained by considering that the amount of 124-TCB adsorbed on
GAC increases as iron adsorbed decreases. As shown in Figure SM4b, the
N adsorption isotherms obtained after 124-TCB adsorption show a type
I isotherm [46] again, keeping the microporous structure. As shown in
Table 1, the evolution of CO and CO5 during TPD decreases after 124-
TCB. As shown in Fig. 5a, the amount of CO desorbed for GAC-12Fe-S
is much lower than that obtained for GAC-12Fe. These results suggest
that the adsorption of 124-TCB can reduce the sulphur species present
on the carbon, decreasing the formation of carbon-oxygen complexes,
which decompose at high temperatures (i.e. carbonyl, quinone groups
...). On the other hand, a CO evolution was also observed at low tem-
perature (around 200 °C), for saturated samples (GAC-S and GAC-
12Fe-S), which corresponds to the desorption of the adsorbed pollutant
(Berenguer et al., 2010).

As can be seen in Figure SM5a, Cls XPS spectra of the different
samples were quite similar, only showing an increase of the intensity
around 288.5 eV in the saturated samples, GAC-12Fe-S and GAC-

12Fe-S-C3-S, which can be associated to the formation of carbonate
groups or even to the interaction of C-Cl (https://xpsdatabase.com/).
The O1s XPS spectra (in Figure SM5b) of both GAC-12Fe and GAC-
12Fe-S showed a reduction of the oxygen surface concentration, prob-
ably due to the competitive adsorption of the contaminant and the sul-
phate species, due to relative Fe concentrations were quite similar.

3.5.2. Effect of H202

The physicochemical properties were characterised after the reaction
of GAC with Hz02 at 60 °C. First, these changes are studied without
adsorbed 124-TCB (samples GAC-12Fe-C1 and GAC-12Fe-C3 in
Figure SM3). The apparent surface area, pore volume, atomic concen-
tration on the GAC surface, and the evolved amounts of CO and CO,
(TPD analysis) of the GAC-12Fe-Cl1 and GAC-12Fe-C3 samples are
summarised in Table 1 and compared to the corresponding values ob-
tained by GAC-12Fe. The N5 adsorption-desorption isotherms are shown
in Figure SM6. The surface area, pore volume and the surface chemistry
of GAC after the reaction with the oxidant in the first (GAC-12Fe-C1)
and third cycles (GAC-12Fe-C3) are very similar to the values deter-
mined for GAC-12Fe (before the reaction with the oxidant). These re-
sults confirm that the reaction between H,O, and the GAC surface can be
considered as a catalytic process with GAC surface not significantly
oxidised or modified after the reaction with HyO5.
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The GAC physicochemical properties have been studied during the
adsorption-regeneration cycles of spent GAC-12Fe-S at 60 °C. The
samples obtained after the first regeneration cycle, GAC12Fe-C1-R
(regeneration of GAC-12Fe-S) and GAC-12-Fe-C1-S (resaturation of
GAC-12Fe—C1-R with 124 TC B) and the samples obtained at the third
regeneration cycle (GAC-12Fe-C3-R and GAC-12Fe-C3-S) have been
analysed. The corresponding N5 adsorption-desorption isotherms are
depicted in Figure SM7, and the surface chemistry is summarised in
Table 1. As shown in Figure SM7, the type of Ny adsorption-desorption
isotherms was unchanged with the adsorption-regeneration cycles,
confirming that the microporous structure of the carbon was slightly
affected by the adsorption-regeneration cycles. As summarised in
Table 1, the surface GAC properties measured by GAC-12Fe-C1-R and
GAC-12Fe-C3-R are similar to those obtained in GAC-12Fe, confirming
the surface stability of the GAC during the regeneration process. Resa-
turation of the regenerated GAC with 124-TCB implies a reduction in the
surface area (similar to the reduction observed between GAC-12Fe and
GAC-12Fe-S). Still, the recovery of the surface area and surface chem-
istry after regeneration indicate that the oxidant reacted selectively with
the 124-TCB, also confirmed by the reduction of chloride mass con-
centration on the GAC surface measured by the XPS technique. In
addition, the regeneration treatment produced an increase of the rela-
tive oxygen surface concentration, which was reduced after the satura-
tion cycle, remaining very stable during the successive cycles as can be
seen in the XPS spectra in Figure SM5b. The type and quantity of oxygen
groups on the surface were maintained. Furthermore, the TPD results
revealed that the concentration of acidic groups on the GAC did not
increase after the different regeneration/adsorption cycles, in agree-
ment with a selective attack of HyO5 to the 124-TCB. As can be also seen
in Fig. 5a, the profile for TPD-CO for GAC-12Fe-S-C3-R and GAC-
12Fe-S-C3-S were quite similar to the one obtained for GAC-12Fe-S,
indicating that the activated carbon remained stable during the
consecutive oxidation and adsorption cycles.

The CO and CO; values measured by TPD for GAC-12Fe-C1R and
GAC-12Fe-C2R were slightly lower than those obtained for GAC-
12Fe-C1 and GAC-12Fe—C3, due to the presence of the remaining 124-
TCB adsorbed on the GAC surface.

All these results evidence the high selectivity of this process to the
pollutant, which maintains the physicochemical properties of the
adsorbent (GAC) almost unchanging, facilitating its reuse in consecutive
cycles of adsorption-regeneration.

4. Conclusions

In this work, the abatement of 124-TCB from polluted water has been
successfully achieved using a two-step method. In the first step, the 124-
TCB is adsorbed onto the GAC surface with Fe previously immobilised.
The spent GAC is, then, regenerated by oxidising the adsorbed pollutant
using hydrogen peroxide at a temperature of 60 °C. The adsorption/
regeneration was carried out during three consecutive cycles, and the
GAC remained stable during these successive cycles, maintaining 65% of
the original adsorption capacity of the pollutant, without significant
changes in the formation of oxygen surface groups, and amount of iron
adsorbed. No aromatic or chlorinated by-products were detected in the
aqueous phase obtained during the regeneration step, showing low TOC
values. No toxic oxidation by-products were detected using the Microtox
® bioassay.

Although more research is required to implement this treatment on a
full scale, this treatment is a promising technology to intensify the
removal and destruction of organic pollutants. The tested method can be
used to treat large volumes of polluted water, and the regeneration of
GAC reduces the generation of highly contaminated solid waste. In
addition, the use of immobilised iron did not require acidification of the
final stream, avoiding the shortcomings of the Fenton reagent applied in
a homogeneous process.
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