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Abstract: Combining photo-Fenton and granular activated carbon (GAC) is an alternative to increase
the feasibility of using photo-Fenton in full scale. This work is a preliminary study of its viability at
natural pH. Both technologies were applied separately and compared with their combination, GAC
filtration instead of batch mode, to achieve an approach close to full scale. The target compound
considered in this investigation was indigo carmine as a hydroxyl radicals’ probe. The results show
that 80% removal of the target compound could be achieved when 20 min of the photo-Fenton
treatment time was applied with the optimal dosing of the reagents (5 mg L~! of iron and 40 mg L~!
of H20,) working at natural conditions and using ethylenediamine-N,N-disuccinic acid as a chelating
agent. Two GAC types, fresh GAC and regenerated, were evaluated on Rapid Small-Scale Columns
showing similar breakthroughs and close capacity to adsorb the target compound per gram of
GAC. Combining the technologies, with photo-Fenton as the first step and GAC as the second, was
performed with 5 min of photo-Fenton treatment time. The 80% removal was maintained during 340
and 170 bed volumes for fresh and regenerated GAC, respectively. Aiming to achieve the maximum
reduction of irradiation, 75% of the energy consumption was saved compared to the standalone
photo-Fenton process, and the GAC life was extended to a maximum of 7 times.

Keywords: advance oxidation processes; micropollutants; process combination; tertiary treatment;
water remediation

1. Introduction

In recent years, the presence of contaminants of emerging concern (CECs) from mu-
nicipal wastewater effluents in the receiving water bodies has increased [1]. These anthro-
pogenic organic substances are present at trace levels; however, they can represent a severe
risk to the environment and human health [2]. As conventional wastewater treatment
plants (WWTPs) are not designed to degrade them [3,4], upgrading them with further steps
is necessary to avoid widespread CECs.

In response to this concern, the European Commission (EC) established a watchlist of
those CECs that are suspected to pose a hazard to the environment (Directives 2000/60/EC,
2008/105/EC and 2013/39/EU). This regulation is updated periodically, setting progres-
sively more restrictive limits for their discharge. Like in other EU Member States, the Water
Management Authority of Luxembourg (Administration de la Gestion de I'Eau) is adopting
in its own regulation based on those European Directives, applying more severe regulations
regarding the mitigation of CEC emissions with the attempt to achieve a better status of
surface water bodies. The Luxemburgish guidelines to implement a post-treatment step
were released in June 2020. They state the need to achieve 80% elimination of four selected
CECs between the inlet of the WWTP and the outlet.
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Advanced Oxidation Processes (AOPs) are powerful technologies for the purification
of secondary treatment effluents, which are based on the generation of hydroxyl radicals
(*OH). They have a very short lifetime (10~? s [5]) but are highly reactive in a non-selective
way with organic molecules; thus, they can degrade recalcitrant and persistent compounds
and even mineralise them.

Among all the AOPs, photo-Fenton has shown promising results due to its efficiency
in removing CECs [6]. It is based on an upgrade of the Fenton reaction (Equation (1)), using
photons to regenerate the Fe3* to Fe*, simultaneously producing a higher amount of *OH
(Equation (2)).

Fe?* 4+ H,0, — Fe3* 4+ OH™ + *OH 1)

Fe3* + H,O + hv — Fe?™ +°*OH + H* 2)

The main drawback of this technology is the low pH required to keep iron in the
solution (optimal pH 2.8) and avoid slurry generation. As a consequence, the research
focused on working at a neutral pH. The main advantages are avoiding the costs of
acidification and later neutralisation and the increase in the effluent’s salinity [7]. As
a downside, a neutral pH requires chelating agents [8] to maintain the iron dissolved.
Ethylenediamine-N,N-disuccinic acid (EDDS) offers a suitable solution in terms of chelate
stability and treatment time, it allows achieving more than 80% removal in a short treatment
time at low iron doses [9]. Its optimal pH range is between 3 and 7, but even in a weak basic
medium, it is possible to reach high removal rates, e.g., almost 80% of cyclophosphamide
and up to 90% of 5-fluorouracil [10], both cytostatics with high ecotoxicological potential.

Recently, nitrilotriacetic acid (NTA) has also been proposed as a chelating agent. Via
using NTA, the removal rate for carbamazepine, ibuprofen, or crotamiton reaches more
than 92% when illuminated with a UVA lamp [11]. The removal rate when using NTA
compared with the use of EDDS at a continuous flow and medium scale (around 100 L) is
demonstrated to be lower, despite the fact that at a small scale (until 20 L), similar behaviour
is reported. This drawback is, however, compensated by the NTA’s remarkably lower price.

Despite the successful results with photo-Fenton, it still has high costs in terms of
reagents and energy consumption. In this context, combining the photo-Fenton process
with other technologies is currently considered [12]. This work proposes the combination
of photo-Fenton with activated carbon filtration to reduce the dosage of reagents and the
hydraulic retention time (HRT).

Technologies based on separation are also very effective for water treatment. Granular
activated carbon (GAC) filtration has been deeply investigated since it does not generate
toxic by-products and is easy to implement, operate and maintain [13]. The adsorption of
CECs depends on the dissolved organic matter, the physical-chemical properties of each
CEC, the contact time and the physical-chemical properties of the influent [14,15]. Nonethe-
less, the use of GAC revealed two main disadvantages: the high cost of its replacement and
the environmental impact produced in terms of carbon footprint [16].

To minimise both GAC drawbacks, regenerated GAC is considered as a replacement
when the fresh material is depleted [17]. Different regeneration methods have been in-
vestigated but, in all cases, the initial GAC’s properties changed, reducing its efficiency.
Larasati et al. (2022) [18] reported that a 21% reduction in efficiency was obtained in the
first regeneration cycle and 64% in the fourth cycle. However, this efficiency reduction is
compensated by the cost and environmental impact reductions [19].

Commonly, adsorption experiments testing GAC require a long operation time for
their correct evaluation, since a fixed bed column usually contains a large amount of
material with a high adsorption capacity, even at the laboratory scale. Some CECs, such as
metaldehyde and isoproturon, achieve the breakthrough after between 50,000 and 100,000
bed volumes (BV) with fresh GAC [18]. Aiming at reducing experiment duration but still
providing reliable data, Crittenden et al. (1986) [19] designed a “Rapid Small-Scale Column
(RSSC)” concept, minimising the volume of GAC and water used in every experiment,
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which allows the process to reach the breakthrough within days of operation rather than
months. The obtained results can be transferred to scale up accurately and reliably.

The combination of photo-Fenton and GAC could be an attractive option for CEC
depuration since it would allow reducing the treatment time and reagent dosage of the
photo-Fenton process, and it could extend the lifetime of the subsequent GAC step while
still providing a high removal rate.

The combination of the two processes has been rarely studied. In the few studies
available, photo-Fenton was operated at an acidic pH and at a laboratory scale [20,21],
far away from the conditions and needs of a WWTP. Further, in those studies [20,21],
GAC adsorption was studied in batch mode in contrast to the filtration performed in this
work, which is the usual operation in bigger scales. The results showed the removal of
up to 95% [20] and 90% [21] for antibiotics and cytostatics (i.e., Flutamide), respectively.
Therefore, the combined treatment could be a suitable alternative when tested under
realistic conditions: operating at a natural pH and real matrix, using both fresh and
regenerated GAC sources as the scope of this work. The objective is to implement it as a
post-treatment step in the WWTP of Heiderscheidergrund (12,000 population equivalent,
Esch-sur-Stire, North of Luxembourg).

Considering the complexity of the individual technology, the combination of both
processes was calibrated with indigo carmine as a model compound for organic pollu-
tants [22,23], known to be a suitable dye and an *OH probe in photocatalysis [24]. Its use
to compare the adsorption capacity of different GAC types has been widely reported [25].
Indigo carmine is one of the most used dyes, from the textile industry to the food industry;
up to 40 thousand tons of indigo carmine are produced annually [26]. It is a toxic dye that
can affect human health; it can cause various pathologies such as hypertension, respiratory
tract diseases and skin irritations [27]. The management of wastewater containing indigo
carmine poses a challenge due to the intricate aromatic molecular structures.

Thus, this work aimed to study the viability of the removal of textile dyes from a
treatment plant using the combination of photo-Fenton and GAC filtration processes. The
specific objectives of this study were: (i) to determine the best working conditions of
photo-Fenton and GAC technologies and (ii) to compare the efficiency of the technologies
separately and combined. Several reagents’ concentrations, chelating agents, and types
of lamps were studied for the photo-Fenton. Fresh and regenerated GAC were compared
in terms of efficiency in indigo carmine removal. Last, the effect of the presence of photo-
Fenton residual reagents on the efficiency of activated carbon filtration was also evaluated.

2. Materials and Methods
2.1. Chemicals

Indigo carmine (80% purity) from Carl Roth GmbH (Karlsruhe, Germany) was used
as model compound. Ferric sulfate heptahydrate (97%), ammonium acetate (98%), ortho-
phenanthroline (99%), ascorbic acid (99%), EDDS 35%), NTA (>99%), titanium(IV)oxysulfate
(15%), sodium thiosulfate (98%) and liver bovine catalase were acquired from Sigma-Aldrich
(Steinheim, Germany). Hydrogen peroxide (35%), sodium hydroxide (99%), sulfuric acid
(96%) and glacial acetic acid were supplied by Carl Roth GmbH (Karlsruhe, Germany).

2.2. Analytical Determinations

Indigo carmine concentration was measured with a DR3900 spectrophotometer from
Hach-Lange at 608 nm. Iron concentration was determined by the spectrometric method
using 1,10-phenanthroline (ISO 6332 method) at 510 nm, while hydrogen peroxide was
quantified by a colorimetric method using titanium(IV)oxysulphate (DIN 38 402 H15) at
410 nm. pH was monitored with pHmeter pH 7 Vio from DOSTMANN electronics GmbH
(Wertheim-Reich olzheim).
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2.3. Matrix Characterisation

The experiments tested the removal of a solution of 25 mg L' of indigo carmine in two
water matrices. The concentration was selected based on the literature, i.e., concentrations
between 7 and 60 mg for AOP [28,29] and 30 and 60 mg L~ for adsorption processes [30,31].
In the first investigation phase, the target compound was dissolved in deionised water. In
the second phase, the matrix water was the effluent from the Heiderscheidergrund WWTP
(Esch-sur-Stire, Luxembourg) collected after the second clarifier. The main characteristics of
the real wastewater were pH 7-7.2, 500-550 uS cm ! of conductivity, 41-42 mg CaCO5; L™},
9-14 mg L~! of Chemical Oxygen Demand (COD), 10 mg L~! of Total Nitrogen (TN),
<0.02mg L~! of NHs*-N, 8 mg L~! of NO3~-N and 0.82 mg L~! of total phosphorus.

2.4. Experimental Setup
2.4.1. Photo-Fenton System

The photo-Fenton system (Figure 1a,b) was designed and developed in collaboration
with Enviolet GmbH (Germany). It consists of three borosilicate reactors connected in serial,
each containing a different UV lamp. The lamps installed are two medium-pressure (MP)
lamps of 500 W (marked with D in 1a) and 150 W (marked with C in Figure 1a, C) and a
low-pressure (LP) lamp of 40 W (marked with B in Figure 1a, B). Irradiation profiles are
provided in the Supplementary Information (SI) (Table S1). Each reactor has an irradiated
volume of 1.2 L and an external surface of 0.1 m?. The reactors are fed from a polyethylene
tank (75 L capacity) connected to a Schmitt MPN115 (0.25 kW) centrifugal pump at a flow
rate of 800 L min~!, ensuring a turbulent regime inside the reactors. The temperature was
maintained between 18 and 23 °C through two cooling coils to avoid lamps overheating.

The system was operated in batch mode, treating 60 L of solution each time. For the
experiments, different lamps were used in single lamp configuration; besides that, the
simultaneous use of MP and LP lamps was tested. The reactor was filled with the water
matrix, adding 25 mg L~! of indigo carmine, and recirculated for 15 min until homogeneity
was reached. Afterwards, the iron complex was added, and the pH was then adjusted to
simulate the natural pH of the wastewater. The time zero of the experiment was taken
when the hydrogen peroxide was added and the lamps were switched on.

The iron complex was prepared by dissolving iron in acidic water until complete
dissolution. Then, the chelating agent was added (molar concentration 1:1) to the iron
solution and stirred until the complete complex formation, being EDDS or NTA.

The treatment time was established to be 20 min in batch mode, resulting in 0.4 min
of “relative contact time” (meaning the time that the effluent has been inside the lamp, or
rather the irradiation time) inside the borosilicate reactor. This setup intended to simulate
the real operational time ranges of HRT in a continuous process at full scale, which usually
isin the order of seconds [32,33]. The residual H,O, of each sample was quenched with a
solution of 1 g L~! of bovine catalase to stop the Fenton reaction.

2.4.2. Granular Activated Carbon Behaviour (Adsorption Determination)

The first phase of the GAC tests was designed to characterise their (regenerated and
fresh GAC) behaviour. Concentrations between 0.1 and 1 g L~! of both GACs were in
contact with a 25 mg L~! indigo carmine solution in 250 mL amber glass bottles in constant
stir. The GAC was not previously washed and no other pre-treatment was performed, to
simulate its use on a real scale.

The influence of the residual reagents of photo-Fenton was studied in a solution of
25 mg L~! of indigo carmine with 1 g L~! GAC. Ten tests were carried out with hydrogen
peroxide between 0 and 50 mg L~! and iron between 0 and 5.5 mg L~! (Table S2). Indigo
carmine, iron and H,O, concentrations were measured for 24 h.

The two GACs tested were CarboTech DGF 8x30 GL (Carbo Tech AC GmbH (Essen,
Germany)) as fresh source and reference material and NRS Carbon GA 0.5-2.5 GAC (Cabot
Norit Netherlands BV) as regenerated one (Figure S1). The main physicochemical properties
of both are shown in Table S3.
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Figure 1. Equipment schemes and pictures. Photo-Fenton equipment (a) scheme, (b) picture. RSSC
equipment, (c) scheme, (d) picture. Symbols of (a,b) arrows show the flux. A: tank, B: 40 W LP Lamp,
C: 150 W MP Lamp, D: 500 W MP lamp.

2.4.3. Granular Activated Carbon Rapid Small-Scale Columns Test

The second phase addressed the indigo carmine removal capacity by GAC using RSSC
to obtain the breakthrough in a short period of time. The design of the RSSC (Figure 1c,d)
was based on the study of Zietzschmann et al. [34]. It consisted of two glass columns with
a BV in 1 mL of GAC. The columns were fed with a diaphragm pump (KNF Simdos 02,
KNF DAC GmbH (Hamburg, Germany)) with a 10 mL min~! flow, meaning a contact time
of 6 s. The treated water samples were taken at defined times by an autosampler (AutoSam
2.3, HiTec Zang GmbH (Herzogenrath, Germany)). GAC was crushed and sieved to obtain
uniform size between 100 and 500 um. Crushed GAC was rinsed with deionised water and
dried; then, it was placed in the columns using glass wool at the ends to hold GAC in place.
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A 50 L tank fed the system with the water matrix, deionised or real effluent, in each
case containing 25 mg L~! of indigo carmine.

2.4.4. Combination of Photo-Fenton Process and Granular Activated Carbon

The combination of treatments was performed with real wastewater. The polluted
solution was treated by photo-Fenton and, straight after, by GAC in RSSC. The photo-
Fenton test was performed under the best conditions obtained previously. The treatment
time was selected based on the removal ratios reached in the previous test. Lamps were
switched off after the reaction time, and sodium thiosulfate was added in excess to stop
the reaction. Then, the water was transferred to the columns’ feeding tank, and the same
procedure as previously was carried out.

2.5. Methods
2.5.1. Optimization by Response Surface Methodology

Response Surface Methodology (RSM) was applied to investigate the influence of the
variation of the inputs of the system, mainly reagent dosages, in the contaminants removal
response, aiming to establish the optimal operational conditions. A two-factor central
composite design was carried out, with an alpha of 1.19 (Table 54).

The design of experiments proposed 10 runs, in which different iron and peroxide
concentrations were tested and selected according to common values reported in the
literature [35]. The iron and H,O, concentrations were established by RSM, being the
low and high iron concentrations in 3 and 10 mg L™}, respectively, and H,O, in 10 and
50 mg L~!. Detailed RSM factor values are indicated in Table S4. Table S5 includes the
experimental design and the indigo carmine removal.

The experimental design was performed with two different lamps, 500 W MP and
40 W LP, to compare the possible differences in the system’s behaviour according to the
two irradiation profiles.

2.5.2. Curve Fitting of the Adsorption Breakthrough

The breakthrough obtained with the RSSCs for every GAC profile as function of the
BV was modelled via curve fitting. The breakthrough was defined following Wroch [36]
definition, as the time between C/Cy equals to 0.05 and 0.95. The BV is a dimensionless
parameter defined as in Equation (3) [36]. The modelling was performed according to two
different approaches: under the hypothesis that the adsorption of the model compound
follows a first-order kinetic [37] and under the hypothesis of a second-order kinetic [38].
The best-fitting model will allow a proper comparison between the materials.

VFeed _ t
Vi EBCT

BV = (3)
where Vgeeq is the volume fed (mL), Vg is the adsorbed volume (mL), t is time (min) and
EBCT is the empty bed contact time (min).
The fitting with a first-order kinetic was carried out by the model described in Equa-
tion (4):
qKBV

G = 1+ KBV @)

where G is the amount of the model compound per gram of GAC, q and K are adsorption
parameters and BV is the BV at which the effluent concentration is measured.
For the second-order kinetics, the proposed model is stated in Equation (5):

C 1
Ch 1L aA-BO )
Co 1+ elA-BY)
where C is the concentration at time t, Cy is the initial concentration, A and B are adsorption
parameters and t is time.
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The viability of the model is evaluated by the regression coefficient (square of the
Pearson Product-Moment Correlation Coefficient) R2. Values closer to 1 mean more repre-
sentative data.

3. Results and Discussion
3.1. Photo-Fenton
3.1.1. Determination of the Optimised Operational Conditions

The results of the RSM are summarised in Table S5. In all the tested scenarios, the
500 W MP lamp reached a high indigo carmine removal, in some cases more than 95%,
achieving even 97.5% when dosing 6.5 mg L~ of iron and 54 mg L~! of H,O,, while the
40 W LP lamp reached only 49.5% with the maximum iron and HyO, dosage. The lower
performance of the 40 W LP lamp may be caused by its lower power and nature. In fact,
the 40 W LP lamp emits only in the UVC spectrum, and the regeneration of Fe*3 to Fe*?
occurs mainly between 314 and 360 nm (UVA). As such, a broad-spectrum lamp would be
more effective [39].

The correlation between the two independent variables (iron and HyO;) and the response
(indigo carmine removal) is modelled in Equations (6) and (7). The 500 W MP lamp followed
a quadratic trend (6), and the 40 W LP lamp followed a linear trend (7). Consequently, the
target compound removal on the 500 W MP lamp did not always increase as the reagent’s
dosage rose, whereas, with the 40 W LP lamp, the target compound removal increased as the
reagent’s dosage rose. Both models were carried out by an analysis of variance (ANOVA),
and the summarised results are in Table 1. The F-value shows that both models are significant,
and the likelihood that these results are due to noise is less than 0.5%.

Table 1. ANOVA values for RSM of 500 W MP and 40 W LP lamps.

Source Sum of Square  Degree of Freedom Mean Square F-Value p-Value

500 W MP Lamp

Quadratic 1581.88 5 316.38 96.68 0.003 Significant
model

A-Iron 870.92 1 870.92 266.14 <0.0001

B-H,0, 333.48 1 333.48 101.91 0.0005

AB 5.64 1 5.64 1.72 0.2595

A2 330.88 1 330.88 101.11 0.0006

B2 97.71 197.71 29.86 0.0055

Residual 13.09 4 3.27 Not significant
Lack of fit 8.94 3 2.98

Pure error 4.15 1 4.15

40 W LP Lamp

Lineal model 944.07 2 472.04 12.54 0.0048 Significant
A-Iron 681.81 1 681.81 18.11 0.0038

B-H,0, 262.26 1 262.26 6.96 0.0335

Residual 2.63.59 7 37.66

Lack of fit 261.55 6 43.59 21.37 0.1641 Not significant
Pure error 2.04 1 2.04

The fitting of the quadratic model (500 W MP lamp) was adequate, with a regression
coefficient (R?) of 0.982. Nonetheless, the fitting of the 40 W LP lamp with the model was
lower, with a R? of 0.72.

Y = 14.0 + 14.5*Fe + 1.3xH,0, — 0.02 FexH,05 — 0.83xFe? — 0.01xH,0,%  (6)

Y= 5.66 + 12.85xFe + 0.31 x H,0, )
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The 3D response surface plots (Figure 2) allow a better analysis of the behaviour of
the treatment when the variables change, making it easy to identify the influence of each
variable on the indigo carmine removal.
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Figure 2. Response-surface plot and experimental values (circles) show the influence of iron and
H,O; dose to remove the pollutant. (a) 500 W MP Lamp, (b) 40 W LP lamp.

Results of the 500 W MP lamp (Figure 2a) showed that a slight variation in iron can
significantly affect the removal of the model compound. 3 mg L~! of iron and 10 mg L~!
of HyO, reached 60% while increasing the iron to 4 mg L™, keeping the same quantity of
H,0,, reached 70%. However, the elimination attained its maximum ratio at a concentration
of 7 mg L~! of iron. Above this value, the removal of indigo carmine reained constant or
even decreased. That can be attributed to a scavenging effect of the *OH caused by a high
photoreduction of Fe3* [40].

A larger increase of HyO, dosing was found necessary to generate a notable increase
in the model compound removal. These results are in concordance with those obtained
by other authors [41]. The removal of alprazolam increased as iron increased, until a
concentration of 7.7 mg L~1, and the same trend was observed with the H,O, concentration
until a concentration of 47.5 mg L~ [35,41]. From the results, 50 mg L~! of H,O, appears
to be the maximum value at which a positive effect can still be appreciated under the tested
conditions with 500 W MP lamps.

Regarding the performance of the 40 W LP lamp (Figure 2b), it was observed that
the removal rates increased when a higher HyO, concentration was applied. The same
trend was observed with the iron concentration. The ANOVA model confirmed that the
40 W LP lamp follows a linear model. The optimised dose with the aim of increasing the
target compound removal and decreasing the reagent’s dosage was 6.5 mg L™! of iron and
30 mg L~! for the 40 W LP lamp.

Once the behaviour of each lamp was known, the optimal conditions were defined as
the ones achieving the highest pollutant elimination (minimum 80%) while using as little
iron and H,O, dosage as possible.

According to that premise, the most favourable irradiation was achieved with the
500 W MP combined with an optimal dosage of iron and H,O,, 6.3 and 24 mg L™, re-
spectively. These results were promising since a reduction of reactants was achieved regarding
previous works [42]. Cuervo Lumbaque et al. [43] obtained similar behaviour despite their
optimal concentrations being significantly higher (iron was 15 mg L~! and H,O, 90 mg L 1)
than the ones obtained in this study. They also worked at circumneutral pH.

The obtained optimal iron dose and its subsequent discharge can be considered
too high for a real application of the technology, since few German regions recommend
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maintaining between 0.7 and 1.8 mg L~! [44] the iron concentration in the receiving water
bodies. Previous works reported a satisfactory *OH yield for the removal of CECs with
55mg L~ of iron [45]. For that reason, the iron was limited to 5.5 mg Lt obtaining an
optimal adapted dosage of 5 mg L~! of iron and 40 mg L~! of H,O,.

An additional experiment was carried out to validate the optimisation. The removal
obtained was close to the model extrapolation, with a difference lower than 5%. In this
assay, both COD and TN were monitored, resulting in the COD content slightly decrease
and TN remaining constant.

3.1.2. Simultaneous Application of MP and LP Lamps

Expecting to improve the previous scenarios, the simultaneous use of both lamps was
tested, searching for synergies between the two systems. The addition of the 40 W LP lamp
was added as a preprocessing stage to increase the treatment efficiency, aiming at better
usage of the reagents.

The simultaneous use of both lamps (500 W MP + 40 W LP lamp) was carried out
under the optimal conditions for the 500 W MP lamp: 5 mg L~! of iron and 40 mg L~!
of HyO,. The time to achieve the target, 80% removal, was reduced to 15 min, meaning
0.3 min of relative contact time (Figure 4a). As the required treatment time was diminished,
a reduction in the dosage of reagents, mainly iron, was also tested to minimise their
discharge into the environment. With 3 mg L~! of iron maintaining the 40 mg L~ of
H,0O,, the time to reach 80% removal increased to 20 min, while, for 5 mg L1 of iron, 80%
removal was achieved in 15 min. The difference in irradiation time between both scenarios
was 0.1 min—this increase is acceptable for the scale-up. Therefore, to find a compromise
between iron dosage and treatment time, 3 mg L~! of iron, maintaining the 40 mg L~! of
H,0,, was selected as the most suitable.

3.1.3. Comparison of the Photo-Fenton Process: LP lamp, MP Lamp and Simultaneous
Application of MP and LP Lamps

The removal of the model compound by photo-Fenton was compared across the three
different lamp alternatives (Figure 4b) to select the most suitable scenario. The optimised
working condition for each lamp was selected from the previous test as follows: 5 mg L1
of iron and 40 mg L~! for the 500 W MP lamp; 6.5 mg L~! of iron and 30 mg L~ for the
40 W LP lamp; and 3 mg L~! of iron and 50 mg L~ for the combination of both lamps.

1.0 ——Iron 5 mg/L H,0, 40 mg/L
1 —e—Iron 3 mg/L H O, 40 mg/L

S
=]
1

—=—Iron 3 mg/L H O, 50 mg/L

5
=)
1

C/Cy Model Compound
= =
(5] =

e
=
I

0 15 30 45 60
Time (min)
(a)

Figure 3. Cont.
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Figure 4. Indigo carmine removal trend during photo-Fenton process. [indigo carmine]y = 25 mg L1,
pHo =7.1-7.2, ty = 19-20 °C. (a) Combination LP and MP lamps for the different initial HyO, and
iron concentrations. (b) Comparison of different lamp possibilities: 500 W MP lamp, iron = 5 mg L™},
H,O, =40 mg L L LP lamp, iron = 6.5 mg L-1, H,O, = 30 mg L~1; simultaneous use of lamps,
iron =3 mg L™!, H,O, = 50 mg L' (c) Comparison of two different chelating agents: 500 W MP
lamp, iron =5 mg L1, H,0, =40 mg L1,

Figure 4b shows that the simultaneous application of the lamps and the 500 W MP
lamp as a stand-alone had similar yields despite the treatment with both lamps being
slightly quicker. On the contrary, the 40 W LP lamp alone shows remarkably slower
removal rates; due to its lower power, it has a lower energy consumption.

Nevertheless, the 40 W LP lamp was the best option if the removal vs. energy con-
sumption (on nominal values) was considered, as the lower power of the LP lamp has
a lower energy consumption. More than 5 times the energy consumption was needed
to achieve the 80% removal of the reference compound by the 500 W MP lamp or the
combination (30 Wh on the 40 W LP lamp and 167 Wh on the 500 W MP lamp) compared to
the 40 W LP lamp. The slight increase of the target compound removal of the combination
of lamps, with respect to the 500 W MP lamp stand-alone, did not justified the use of the
combination of lamps due to the increment of energy consumption.
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Thus, considering that long HRT is required for the 40 W LP lamp, the 500 W MP lamp
was selected.

3.1.4. Chelating Agents’ Assessment

Finding the best chelating agent is currently one of the focuses of the scientific com-
munity researching the photo-Fenton process at circumneutral pH. Recently, the interest in
using NTA to keep iron in the solution has grown since it can form strong ligands with Fe3*,
remaining dissolved at pH 7 and has a lower cost than EDDS [11,46]: the NTA (analytical
compound) cost is 90% less than EDDS. Thus, the comparison between EDDS and NTA
was also addressed.

The 500 W MP lamp with the optimal reagents’ dosages was selected to study them.
The results showed a considerable difference in removal rates between EDDS and NTA.
Using EDDS, the 80% removal of indigo carmine was achieved in 20 min, while, with NTA,
30 min were needed (Figure 4c). It means an increase in relative contact time from 0.4 min-
utes when EDDS was used to 0.6 minutes with NTA. Iron dissolved in both experiments
remained constant until the target removal was achieved. It can be explained by the higher
photoactivity of EDDS, which makes its decomposition faster, generating a higher amount
of Fe?* available to react and generate *OH [47].

3.2. Granular Activated Carbon
3.2.1. GAC Behaviour (Adsorption Determination)

With the lowest concentration of both GACs, 0.1 g L1, 15% of the indigo carmine
was adsorbed after 24 h. The capacity to adsorb the model compound increased as the
GAC concentration increased. In 9 h, adding 1 g L™! of GAC, more than 65% of the indigo
carmine was removed when CarboTech DGF 8x30 GL was used, and almost 60% was
achieved using NRS Carbon 0.5-2.5. Up to 80% was achieved with both GACs in less than
24 h, being attained approximately after 13 h.

The behaviours of the two GACs were similar (Figure 5), and the trend for each
concentration was analogous. A slight difference between the two materials was observed
in favour of fresh GAC; several authors have reported a similar efficiency in fresh and
regenerated GAC in the literature [48].

1.0+

1- (C/C,Model compound)

10 12 14 16 18 20 22 24
Time (h)

=
™~ -
-h—-
o
o0 -

Figure 5. Adsorption of indigo carmine by GAC. Solid symbols: CarboTech DGF 8x30 GL. Open
symbols: NRS Carbon 0.5-2.5. ¥ 0.1 gL~ GAC, ¢ 0.3 gL' GAC, A05g L' GAC,%0.75 g L~!
GAC, % 1 gL~ GAC.
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3.2.2. Rapid Small-Scale Columns

The RSSC test is a confirmed method used to predict the breakthrough on full-scale
GAC columns [49]. The adsorption profile curve was performed for CarboTech DGF
8x30 GL and NRS Carbon 0.5-2.5 (Figure 6). The implementation of the kinetic models was
necessary to compare both GACs properly.

80
o ]
< 70 -
0 4
o 60
-g -
S 50+
g- .
: 40+
O 304
2 2]
§ 1 W CarboTech DGF 8X30 GL
o 10 NRS Carbon 0.5 -2.5
£ 4 First-order kinetics CarboTech DGF 8X30 GL
0- First-order kinetics NRS Carbon 0.5 - 2.5
. ' T r T r r r ' T T
0 5000 10000 15000
Bed Volume

Figure 6. Modelled adsorption of indigo carmine in the RSSC under the first-order kinetics hypothesis.

The curve fitting for the first- and second-order kinetics is presented in Figure S2 for
both GAC types. The coefficient of determination (R?) was also calculated to select the best-
fitting model. In the case of the first-order kinetic model, the R? was 0.992 and 0.999 for
CarboTech DGF 8x30 GL and NRS Carbon 0.5-2.5, respectively. Contrary, the R? of the second-
order kinetics were 0.884 and 0.897 for CarboTech DGF 8x30 GL and NRS Carbon 0.5-2.5,
respectively (Table 2). The significantly higher R? of the first-order kinetics models evidenced
their high accuracy for describing the adsorption process. Thus, the first-order kinetics model
was selected to compare the two GAC types, and the second-order kinetics hypothesis was
discarded. The constant values of the first-order kinetics model are shown in Table 2. They can
be used as adsorption parameters to describe the adsorption process when different materials
are compared. The calculated q shows the maximum amount of model compound adsorbed
per mass of GAC; CarboTech DGF 8x30GL is the one with the higher capacity.

Table 2. Constant values of the first- and second-order kinetic models.

CarboTech DGF 8x30 GL NRS Carbon 0.5-2.5

q 86.38 73.21
First-order kinetic K 5.601 x 10 6.069 x 104

R2 0.992 0.999

A 0.477 0.479

Second-order kinetic B 0.016 0.018

R? 0.884 0.897

Our results are in line with previous ones, which reported that CarboTech DGF 8x30GL
was able to adsorb approximately 80 mg of model compound per gram of GAC, while NRS
Carbon 0.2-2.5 adsorbs around 65 mg g~ !. Better fresh GAC performance was expected, as
regenerated GAC usually has a lower efficiency [50]. However, even with a 15% lower q,
regenerated GAC can be considered a suitable alternative for its lower environmental impact.
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3.3. Real Wastewater
3.3.1. Photo-Fenton

The scavengers present in the water, such as phosphate, carbonates or organic matter,
reduce the removal efficiency of the photo-Fenton process. Han et al. [51] found that
oxytetracycline elimination was inhibited up to 20% by the presence of 10 mM of phosphates
or 10 mM of carbonates, and the tetracycline removal was around 10% lower in their
presence. A similar trend was found by Cuervo Lumbaque et al. [52], who reported
that diazepam, fluoxetine, paracetamol and progesterone removal decreased between 40
and 60%, although other compounds such as furosemide and dipyrone did not show a
significant difference in elimination.

This phenomenon also happened in our investigations, where 5 mg L~! of iron and
40 mg L~ of HyO, with 500 W MP lamps was tested. A total of 72% of the target compound
was removed after 20 min of the photo-Fenton process was applied for real wastewater
at optimum conditions (Figure S3). The 80% removal was achieved in less than 30 min of
the process, meaning less than 36 s of irradiation. Iron remained dissolved in the solution
during the whole experiment, while HyO, was consumed by 10 mg L.

3.3.2. Rapid Small-Scale Columns

As for the photo-Fenton process, the higher complexity of real wastewater hinders
the GAC treatment performance since more species are competing for adsorption. The
breakthrough curves for CarboTech DGF 8x30 GL and NRS Carbon 0.5-2.5 are plotted
in Figure 7. The adsorption capacity was slightly reduced; therefore, the breakthrough
was achieved slightly earlier than expected. For example, for NRS Carbon 0.5-2.5, a 50%
breakthrough was achieved after 180 BV. In the case of the CarboTech DGF 8x30 GL, the 50%
breakthrough was achieved after 280 BV. The 20% breakthrough, that means the maximum
time in which the 80% removal is achieved, is 40 and 30 BV for CarboTech DGF 8x30 GL
and NRS Carbon 0.5 - 2.5, respectively.

The first-order kinetic was also applied to model the adsorption. The model fitted for
both GAC being the R? 0.994 for both. With real wastewater, the CarboTech DGF 8x30 GL
was able to adsorb approximately 70 mg g~ !; for the NRS Carbon 0.5-2.5, it was almost
60 mg g~ !. The effect of a more complex matrix was similar for both GAC types, which
slightly reduced the adsorption capacity by 7 and 12%.

1.0
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©
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1 .

e
N
1
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Figure 7. Modelled adsorption of indigo carmine in the RSSC under the first-order kinetics hypothesis
in real wastewater,3.3.3. Photo-Fenton and GAC Combined Treatment on Real Wastewater.

The combination of technologies was implemented to reduce treatment time and
reagent dosage in the photo-Fenton process and to extend the GAC’s lifetime. The photo-
Fenton process was applied as the first process for 5 min (6 s irradiation time). This
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treatment time was selected to prioritise energy reduction, resulting in 75% energy savings.
The conditions of the photo-Fenton were the optimal ones, 5 mg L™! of iron chelated with
EDDS in a molar ratio of 1:1 and 40 mg L~ of H,O, irradiated by a 500 W MP lamp.

The removal of indigo carmine achieved was 28%, resulting in a final concentration of
19 mg L™}, and this solution fed the RSSC. The 50% breakthrough of CarboTech DGF 8x30 GL
was reached after 1500 BV (Figure 54), and the 20% breakthrough was after 320 BV. For the NRS
Carbon 0.5-2.5, the 50% breakthrough was 800 BV, and the 20% breakthrough was after 110 BV.

Compared with each process alone, photo-Fenton was reduced from 20 min to 5 min,
meaning a nominal savings of 125 Wh in terms of irradiating energy. The GAC lifetime was
extended almost 8 times for CarboTech DGF 8x30 GL and 6 times for NRS Carbon 0.5-2.5,
defining a 50% breakthrough (Figure 8) as the breakthrough criterion. If the BV of 20%
breakthrough is compared for both configurations, the GAC lifetime was extended almost
5 times and 7 times for CarboTech DGF 8x30 GL and NRS Carbon 0.5-2.5, respectively.

[ Reaching 80% of removall
[ Reaching 50% of removal

1500 4 1500 BV

() i
£ 1000
=

2

>

kS

m 500-

GAC Combination
CarboTech
DGF 8x30 GL

Figure 8. Bed volume achieved after reaching different target compound removal.

GAC Combination
NRS Carbon 0.5-2.5

3.4. Economical Assessment

A preliminary cost assessment was performed to compare the economic feasibility
of the three setups shown in this work. The compared conditions were the ones applied
to real wastewater. The quality criterion required for comparing the processes was 80%
removal of the model compound. On intensive processes, the most important parameter
in terms of costs is operational expense (OPEX); on the contrary, for extensive processes,
the most relevant cost is the capital (CAPEX). As both technologies are intensive processes,
only the OPEX was considered.

The volume of treated water was 350 m> year’l based on Belalcazar-Saldarriaga et al. [53],
who set it as a reference in a mid-scale textile industry environment. For photo-Fenton, the
cost for electricity was 0.1 € kWh~1; it was 0.325 € L~ for the H,O, solution 35%, 0.71 € L1
for Fe,(SO4)30H,0 and 3.5€ L~ for EDDS (35% w/v) [54]. The GAC cost is estimated
to be between 2100 and 2500 € ton~! for fresh material and 1200 and 1600 € ton~! for the
regenerated material.

Table 3 shows the calculated price of each process per m®. The most expensive was
the photo-Fenton as a stand-alone technology. While the costs for the reagents were similar
to those of the combination with GAC, the energy consumption was 6 times higher as a
longer irradiation time was needed (33 s). The GAC filtration stand-alone was the cheapest,
making the NRS Carbon GA 0.5-2.5 the most economically convenient. The GAC cost for
the combination was slightly higher for the NRS Carbon GA 0.5-2.5 than the CarboTech
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DGF 8x30 GL due to the quicker exhaustion of the first one. Facing the preliminary
assessment, GAC columns seem the most suitable process with respect to the elimination of
indigo carmine; however, a deeper study of other costs aside from operational ones (such
as the disposal of the exhausted-not-regenerated GAC), environmental costs and risks
should be carried out. The specific CECs will define the process capability for their removal
(i.e., diclofenac was proven to be easily removed by photo-Fenton but not easily adsorbed
in GAC), and so a quality criterion for limits of discharge could determine the final choice.

Table 3. Operational cost related to each tested scenario for the treatment of real wastewater.

Photo-Fenton GAC Columns Combination of Processes
CarboTech DGF NRS Carbon CarboTech DGF NRS Carbon
8x30 GL GA 0.5-25 8x30 GL GA 0.5-25
Energy (€/m3) 0.059 - - 0.010 0.010
GAC cost (€/m3) - 0.060 0.055 0.008 0.015
Reagents (€/m3) 0.144 - - 0.144 0.144
Total (€/m3) 0.203 0.060 0.055 0.161 0.169

4. Conclusions

The results of this study suggest the suitability of combining the photo-Fenton process
and GAC filtration to remove the textile dyes from a centralised treatment plant. This
combination allows the reduction of the photo-Fenton treatment time and extends the
GAC lifetime. The maximum reduction of irradiation energy consumption was 75%, and
the GAC lifetime was extended by 5 to 7 times depending on the scenario, in both cases,
compared to the use of the technologies independently. At the same time, the use of
regenerated GAC to adsorb indigo carmine has been shown as a suitable alternative that
will reduce the carbon footprint of the process. These results are promising and show that
the combination of photo-Fenton and GAC filtration is an interesting alternative to make
the scaling up of the photo-Fenton process feasible and more effective.

A natural progression of this work will be to evaluate this combination as a further
step for the removal of representative CECs in Luxembourg. The two technologies indepen-
dently and their combination will be studied at Heiderscheidergrund WWTP (Luxembourg)
to assess their feasibility as an effective solution for urban effluent depuration.
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