environments

Article

The Ultimate Fate of Reactive Dyes Absorbed onto Polymer
Beads: Feasibility and Optimization of Sorbent Bio-Regeneration
under Alternated Anaerobic—Aerobic Phases

Domenica Mosca Angelucci *', Valentina Stazi

check for
updates

Citation: Mosca Angelucci, D.; Stazi,
V.; Tomei, M.C. The Ultimate Fate of
Reactive Dyes Absorbed onto Polymer
Beads: Feasibility and Optimization of
Sorbent Bio-Regeneration under
Alternated Anaerobic-Aerobic Phases.
Environments 2024, 11, 207. https://
doi.org/10.3390/environments11090207

Academic Editors: Athanasia Tolkou

and George Z. Kyzas

Received: 28 June 2024
Revised: 13 September 2024
Accepted: 16 September 2024
Published: 18 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Maria Concetta Tomei

Water Research Institute, National Research Council (CNR-IRSA), Via Salaria km 29.300, CP 10, Monterotondo
Stazione, 00015 Rome, Italy; valentina.stazi@irsa.cnr.it (V.S.); concetta.tomei@irsa.cnr.it (M.C.T.)
* Correspondence: domenica.mosca@irsa.cnr.it

Abstract: Dyes employed in many production cycles are characterized by high toxicity and persis-
tence in the environment, and conventional wastewater treatments often fail to reach high removal
efficiencies. Consequently, there is an increasing research demand aimed at the development of more
efficient and sustainable technologies. A two-step strategy consisting of dye sorption followed by
sorbent bio-regeneration is proposed here, with a special focus on the regeneration step. The objective
of this study was to establish the best operating conditions to achieve regeneration of dye-loaded
polymers and concurrently the ultimate removal of the dyes. To this aim, the bio-regeneration of the
Hytrel 8206 polymer, used as a sorbent material to remove Remazol Red dye from textile wastewater,
was investigated in a two-phase partitioning bioreactor (TPPB) under alternated anaerobic—-aerobic
conditions. Comprehensive analysis of operational parameters, including sorbent load and initial
contamination levels, was conducted to optimize bio-regeneration efficiency. Experimental data
demonstrated high regeneration efficiencies (91-98%) with biodegradation efficiencies up to 89%.
This study also examines the biodegradation process to investigate the fate of biodegradation inter-
mediates; results confirmed the successful degradation of the dye without significant by-product
accumulation. This research underscores the potential of TPPB-based bio-regeneration of polymeric
sorbent material for sustainable wastewater treatment, offering a promising solution to the global
challenge of dye pollution in water resources.

Keywords: reactive dyes; polymer; biological regeneration; two-phase partitioning bioreactor (TPPB);
anaerobic—aerobic conditions

1. Introduction

The discharge of dye-containing wastewater into water bodies poses significant envi-
ronmental concerns due to their toxicity and resistance to biodegradation. Conventional
wastewater treatments often fail at effectively removing these pollutants; thus, requir-
ing the development of more efficient and sustainable technologies. Textile wastewater
can be treated physically, chemically, biologically, or by utilizing a combination of these
methods [1]. Among physical techniques, sorption processes are the most studied and
applied. However, the disposal and/or the regeneration of spent sorbents lead to further
environmental and economic challenges. One of the most important characteristics of a
sorbent material is its regeneration potential, which, if applicable, may save costs, reduce
environmental impact, and enhance the disposal efficiency [2,3]. Indeed, the possibility of
reusing sorbent materials is a hot topic for both reducing waste production and process
costs [4]. The way towards a zero-waste process inevitably goes through the selection of the
best regeneration approach. The bio-regeneration of sorbent materials, where microorgan-
isms are employed to degrade and remove sorbed dyes, offers a very promising solution.
This process not only reduces the need for frequent replacement of sorbent materials but
also minimizes secondary pollution associated with chemical regenerating agents and/or

Environments 2024, 11, 207. https:/ /doi.org/10.3390/environments11090207

https:/ /www.mdpi.com/journal /environments


https://doi.org/10.3390/environments11090207
https://doi.org/10.3390/environments11090207
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://orcid.org/0000-0002-6991-4498
https://orcid.org/0000-0003-4344-9628
https://doi.org/10.3390/environments11090207
https://www.mdpi.com/journal/environments
https://www.mdpi.com/article/10.3390/environments11090207?type=check_update&version=2

Environments 2024, 11, 207

2of 16

degradation by-products. Moreover, the sustainability of this approach is a feature to be
added to the recognized advantages of biological treatments, e.g., good efficiency, economic
viability, and industrial scale suitability.

In recent years, various studies explored the feasibility of bioprocesses for regeneration
with different strategies or from different contaminated matrices [5-7]. Specifically, the use
of cheap commercial polymers followed by their bio-regeneration in an anaerobic two-phase
partitioning bioreactor (TPPB) was recently proposed as a strategy combining fast kinetics
of the removal process and the intrinsic sustainability of the biological treatment [8]. In
addition, the possibility of carrying out on-site treatment, without moving the wastewater
to be treated and/or sorbent material to be regenerated simultaneously to the wastewater
treatment, is an additional benefit of this technology.

This study investigates the bio-regeneration of the Hytrel 8206 polymer used to remove
a reactive azo dye (Remazol Red) from segregated dye baths. This dye has been selected
as target compound because reactive dyes are utilized worldwide and characterized by
very low biodegradability since their complex structure requires a variety of bacteria (both
aerobic and anaerobic) that are able to achieve complete biodegradation of the parent dye
and produced intermediates [9]. The selection of Hytrel 8206 for this study is based on
the good results obtained in previous experiments on the biological removal of reactive
dyes [8,10].

The main objectives of this study are to advance the understanding of the bio-regeneration
process under alternated anaerobic-aerobic conditions and to demonstrate its feasibility for
reactive dyes. The effects on the regeneration efficiency of operating parameters, such as the
polymer-to-water ratio and the initial contamination level of the polymer, have been deeply
investigated. Sequential anaerobic—aerobic conditions were tested because they have been
recognized as effective in achieving the complete mineralization of azo dyes, since in the
first anaerobic phase the decolorization occurs through reductive cleavage of the dye’s azo
linkages, producing colorless but potentially hazardous aromatic amines. Subsequently, the
aerobic phase provides favorable conditions for the degradation of these by-products [11].
This operating strategy is proposed here for TPPB operation to obtain a simultaneously
regenerated polymer and the mineralization of produced degradation intermediates.

Finally, a comparative analysis of previous studies dealing with the biological regen-
eration of sorbent materials employed in dye removal from textile effluents has also been
provided to evaluate the feasibility of the TPPB system as an efficient technology for solid
sorbent recovery and re-use.

2. Materials and Methods
2.1. Chemicals

Hytrel 8206 is a thermoplastic polyether-ester copolymer shaped in beads (5 mm
length 1.5 mm diameter, 1.17 g/cm?® density) kindly supplied by DuPont (Ontario, Canada).
Before using the polymer beads, a multi-step washing process was applied to clean them
from potential impurities with a previously described procedure [10].

As a target compound representative of reactive dyes, Remazol® Brilliant Red BB
150% (RR), kindly provided by DyStar Italia S.r.1. (Milan, Italy) as a commercial product,
has been utilized. Sodium acetate (SA, purity 99%), NaOH (purity > 99%) and methanol
(HPLC grade) were supplied by Sigma Aldrich (St. Louis, MO, USA). All other chemicals
(mineral medium components) were of commercial grade and were obtained from Carlo
Erba (Milan, Italy).

2.2. RR-Degrading Biomass
2.2.1. Acclimatization and Maintenance

A microbial culture already adapted to reactive dyes was grown in a lab-scale se-
quencing batch reactor (SBR) for a period of 4 months. The original inoculum consisted of
biomass grown in a bioreactor operating the anaerobic—-aerobic treatment of a real dyeing
bath stream composed of a mixture of mono and di-azo reactive dyes. Further details on
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the development of this microbial culture are reported elsewhere [12]. The SBR (working
volume, 1.6 L; temperature, 28 + 1 °C) was operated with a work cycle of 24 h including
feeding (5 min), anaerobic (690 min) and aerobic (690 min) phases, sedimentation (40 min),
and effluent discharge (15 min) at an exchange ratio (fed volume/total volume) of 0.3.
Two peristaltic pumps (Perinox SF3, Cellai, Milan, Italy) and a magnetic stirrer (Cimarec I,
ThermoFisher Scientific, Milan, Italy) were employed for feed and effluent discharge and
for mixing (320 rpm), respectively. Only during the aerobic phase, dissolved oxygen (DO)
was measured with a probe (CellOx 325, WTW, Weilheim, Germany) and controlled within
the range of 3-4 mg/L via an on/off strategy through an air compressor connected to the
bioreactor. More details on the SBR system are reported elsewhere [12].

The feed consisted of an aqueous solution of RR, SA, and mineral salt medium, whose
composition is given by Williams and Unz [13], added to get the C:N:P ratio of 100:5:1 with
reference to the total carbon content of both RR and SA. RR concentration was increased
stepwise from 5 to 12 mg/L according to the experimental plan reported in Table 1, while
SA was gradually decreased to reach a final SA/RR ratio of 20:1, as suggested by Mata
et al. [14]. RR concentrations are representative of the range of values reported for reactive
red azo dyes in simulated textile and real dye bath wastewater in previous studies, i.e.,
10-50 mg/L [14-16].

Table 1. Operating conditions for the biomass cultivation (biomass concentration data are mean value
of the period =+ standard deviation, SD).

Period X Concentration RR Concentration

COD Concentration

; 1
Experimental Stage (Days) (gvss/L) (mg/L) (mg/L) SA/RR
I 1-14 2.61 £0.10 5-12 139-335 50:1
I 1542 2.64 £0.33 10-12 207-295 40:1
I 43-134 2.79 +0.63 10-12 141-185 20:1

1 In terms of COD.

Daily UV-visible absorbance scans in the 200-900 nm spectral band to measure the
color and analysis of RR concentration in the influent and the effluent provided the data to
evaluate the process performance; moreover, periodic measurements of pH and biomass
concentration were also accomplished to complete the process characterization.

After 2 months, once stable process performance was reached, the developed RR-
degrading culture was used to inoculate a TPPB employed for the bio-regeneration exper-
iments. Each inoculum was ~15% (v/v) of the total biomass volume in the SBR. Before
adding the inoculum to the TPPB unit, the biomass was washed with distilled water to
eliminate any RR residual from previous SBR operation. At the end of each bio-regeneration
test, the biomass was washed and moved again to the SBR.

2.2.2. Biodegradation Kinetic Tests

Biodegradation kinetic tests have been performed to characterize the microbial culture
at the end of stages I and 111, i.e., before the bio-regeneration experiments and at the end of
the experimental campaign. In both cases, the experiments were carried out with an influent
RR concentration of 12 mg/L and a different SA/RR ratio (see Table 1) by measuring RR
concentration in liquid samples collected from the SBR at intervals of ~1 h during the
reaction phase. In addition, COD was also measured during the test at time intervals of
3-6h.

2.3. Preliminary Abiotic Tests
2.3.1. Sorption and Desorption Experiments

For the sorption study, ~1.45 g of Hytrel 8206 was added to conical flasks containing
25 mL of RR solution (50 mg/L) and mixed for 24 h at 320 rpm and 20 °C. Three different
pH values (i.e., 4, 5.5, and 7) were tested in duplicate. Regular monitoring and adjustment
of pH by acid/base addition was applied to maintain the desired pH values. Periodic
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samples were collected from each flask and analyzed for RR concentration. At the end of
the tests, polymer beads were manually separated by a sieve and used for the desorption
experiments performed with tap water for a contact time of 24 h. The methodology for
sampling and analysis in the desorption tests was the same as described for the sorption
ones, with the only difference being in pH value, which was fixed at 7.5 to test neutral
conditions, which are required for efficient performance of biological processes.

2.3.2. Polymer Loading

The polymer used for bio-regeneration tests was artificially loaded with a target dye
with dedicated loading experiments. These tests were carried out by contacting and mixing
a known mass of fresh polymer with a stock solution of RR (75-100 mg/L) at pH 4-5.5 for
5-6.5 h, i.e., once the required RR uptake for the subsequent bio-regeneration tests was
reached (see Table 2). The uptake was verified by mass-balance measurements of RR liquid
concentration during the loading experiments and applying the procedure described in the
Supplementary Material section.

Table 2. Bio-regeneration experiments: operating conditions of different tests.

X Concentration  Amount of Polymer PWR RR Polym.e r
Test Day (gvss/L) ) ©lo %) Concentration
(mg/gpol)
T1 71-75 1.40 4.771 2 0.602
T2 99-103 1.65 20.613 9 0.671
T3 85-89 1.60 20.591 9 2.347
T4 106-110 1.55 20.065 9 4.054

2.4. Bio-Regeneration Study

Bio-regeneration experiments have been performed in a TPPB unit by adding RR-
loaded polymer beads to a batch reactor (working volume, 0.2 L; temperature, 28 °C;
mixing, 320 rpm) inoculated with the mixed culture collected from the SBR. An aliquot of
the biomass (less than 15% w/w) was transferred to the TPPB reactor and then moved again
to the SBR at the end of the test for maintenance. Different initial RR polymer loadings and
polymer-to-water ratios (PWRs) have been tested according to the operating conditions
listed in Table 2.

All the tests were performed under alternation of anaerobic and aerobic conditions
lasting 12 h each for the entire duration of the test (3.5-6.5 days). The additional carbon
source (SA) and the mineral medium were supplied to the liquid phase of the bioreactor
before starting each test; both were dosed based on RR amount sorbed into the Hytrel
polymer, with the same ratios of SBR operation.

Before each anaerobic phase, the liquid phase of the bio-regeneration unit was thor-
oughly flushed with N, gas to reduce DO at values < 0.15 mg/L. In the aerobic phase, only
for the T1 test, an intermittent aeration (15 min on/15 min off) was supplied without DO
monitoring. For the other tests, DO concentration was monitored and controlled (in the
range of 34 mg/L) through an on—off aeration strategy (with the same equipment of SBR),
and recorded DO data were employed to estimate the Specific Oxygen Uptake Rate (SOUR)
of the biomass with the procedure reported in Tomei et al. [17]. Moreover, the pH was also
monitored and controlled (set point value 7.0) by dosing NaOH or HCl solutions (1 M) to
the liquid phase of the bioreactor when required.

Parallel abiotic control tests were performed with the same operating conditions of
bio-regeneration tests by adding the same loaded polymer to tap water.

The regeneration efficiency (RE) of polymer beads and biodegradation efficiency (BE)
of the desorbed RR dye from the polymer beads were monitored by analyzing periodical
samples of both liquid (time intervals of 4-24 h) and polymeric (daily) phases. Additional
monitoring included UV-visible absorbance scans, pH, and biomass concentration once a
day and COD before adding the polymer and at the end of each test.
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2.5. Analysis

The RR concentration in aqueous samples was measured after centrifugation (10 min
at 13,000 rpm) by using a spectrophotometer (Lambda 25, Perkin Elmer Inc., Waltham, MA,
USA) with absorbance readings at 509 nm of wavelength. A calibration curve obtained
with standard solutions of RR within the range of 1-10 mg/L has been employed. The
samples were diluted with distilled water when necessary.

The RR concentration in polymer beads was determined by a multi-step extraction
procedure, repeated until negligible residual RR was detected; each extraction step was
performed by contacting ~0.1 g of polymer with 30 mL of 0.1 M NaOH solution in a sealed
glass flask mixed (320 rpm) with a magnetic stirrer for 1 h. Then the extracting solution was
separated from the polymer, centrifuged (5 min at 13,000 rpm), and analyzed for RR content
as for aqueous samples with a spectrophotometer at 482 nm of wavelength (by using a
calibration curve realized as described earlier but at a different wavelength according to
the NaOH solution spectrum). A parallel blank test with a fresh polymer was performed
for each extraction step.

VSS concentration, to quantify the biomass concentration in the SBR and in the biore-
generation unit, was measured according to standard methods [18].

COD concentration was measured in centrifuged samples with Merck® Spectroquant
kits based on potassium dichromate oxidation and followed by spectrophotometric deter-
mination (Spectroquant Nova30).

pH was measured with a pH meter (inoLab pH Level 2, WTW, Germany).

3. Results and Discussion
3.1. Preliminary Tests with Polymer

Preliminary sorption/desorption tests confirmed the good performance of Hytrel 8206
as effective sorbent for decolorization and its potential RR release when regenerated in a
TPPB bioreactor where it is employed as a partitioning phase.

Dye uptake has been monitored vs. time, and equilibrium concentrations were
determined under different experimental conditions of pH, as reported in Figure S1
(Supplementary Material). Equilibrium data have been used to estimate partition coef-
ficients (defined as P = C,,,;*/Cw*) for the tested conditions, equal to 1609 + 218,24 + 2,
and 8 £ 1 at pH 4, 5.5, and 7, respectively. It is observed that acidic conditions favor RR
sorption according to previous results for other azo dyes [8,10]. Moreover, kinetic data
(Figure S1) demonstrated that, especially for acidic conditions, most of the mass transfer
occurs in the first part of the test. At pH 4, 90% of the final removal (>98%) is achieved after
4 h of treatment, while only 55 and 28% are reached at the end of the test at pH values of
5.5 and 7, respectively.

Desorption tests, conducted with the RR-loaded polymer from sorption tests, con-
firmed that RR uptake is a reversible process, with desorption efficiencies in the range
of 13-18% referring to the initial dye amount absorbed into the polymer. Higher efficien-
cies are observed for more loaded polymers, presumably due to the higher solid-liquid
concentration gradient, which results in a more efficient mass transfer process.

3.2. RR-Degrading Biomass Acclimatization and Characterization

Acclimatization of biomass was conducted in a sequential anaerobic—aerobic SBR for
a 2-month period (see Table 1). Figure 1 gives an overview of the overall decolorization
performance of this experimental period evaluated in terms of removal efficiency (RE) and
biomass activity (expressed as specific removal rate mggrrremoved / gvss d). The inoculum
showed a fast and efficient adaptation to RR; dye removal efficiencies of 60% were observed
after the first week of operation. Afterwards, average values of 70%, 78%, and 81% were
detected during stages I, II, and III, respectively. This fast acclimatization may be justified
by the biomass capacity of degrading azo dyes achieved in previous experiments conducted
with real textile wastewater containing different reactive dyes [10,12].
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Figure 1. Evolution of biomass acclimation and maintenance in the SBR: removal efficiency of
RR (solid line) and specific removal rate (symbols) during the different experimental stages. Dot-
ted vertical lines indicate the times when the polymer regeneration tests have been performed in
the TPPB.

A rapid response is also observed for the biomass activity, with high values of specific
RR removal rates (>1 mgrrremoved / §vss d) reached after just a few days and maintained for
the whole experimentation, characterized by stable performance. No remarkable difference
was found between the first two stages, while the third stage exhibited higher values, often
above 1.5 peRRremoved / §vss d; this finding can be explained with a progressive enhance-
ment of biodegradation ability of the microbial culture exposed to increasing dye loads
and with the effect of the progressive reduction of the external carbon source. In fact, at the
initial acclimatization phase, the added carbon provides electrons required for the cleavage
of the azo bond and at the same time contribute to the biomass growth; thus, favoring
the acclimatization of the biomass to the dye [19]. With progressive acclimatization, the
microorganisms express the additional capability of using the dye itself as carbon source,
and it is indeed advisable to reduce additional carbon sources to avoid accumulation of
excess substrate [20]. According to this hypothesis, Kapdan and Alparslan [21] explained
the better decolorization efficiency at low carbon sources with the possible attack of organ-
isms to the dye to provide the extra carbon source to survive in the presence of insufficient
readily available carbonaceous substrates.

In Figure 1, vertical dotted lines designate time windows when bio-regeneration TPPB
tests were conducted. Data of biomass activity are expressed in terms of specific removal rate
of Absorbance Unit (AU): values of 0.024 £ 0.007, 0.025 = 0.003, and 0.032 =+ 0.006 AU/gyss d
have been estimated for stages I, II, and III, respectively. These values are well above the
ones reported in specialized literature for biological systems. For example, Tomei et al. [12]
reported values comprised within the range of 0.0023-0.0173 AU/gyss d achieved in an
anaerobic—aerobic SBR used to treat real textile wastewater. Moreover, reported data of
single aerobic or anaerobic processes applied to treat real textile wastewater are even lower,
ie. 0.6-1.3-1074 AU/gyss d [22] and 0.0019 AU/ gyss d [23], respectively.

Enriched biomass employed in bio-regeneration, before starting the experiments, was
characterized with a kinetic test to quantify the effective biodegradation of RR and to
analyze spectra evolution; experimental results are reported in Figure 2. A similar RR trend
has also been observed in the kinetic test performed at the end of experimental campaign
The RR concentration time profile highlighted the evolution of its biodegradation during
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the test, and the removal efficiency of COD confirmed the practically complete removal
of by-products originated by RR degradation. The UV-visible spectra recorded during
the test (Figure S2) and removal efficiencies evaluated with the spectra after the anaerobic
and aerobic phases, supported this result. From analysis of spectra evolution (Figure S2),
it can be observed that, after the anaerobic phase, the peak at A 509 nm attributable to
the dye completely disappeared, corresponding to the degradation of RR; moreover, the
peak at A value ~300 nm disappeared and the one at 270 nm increased. This shift, already
reported by Jonstrup et al. [24], can be explained with the effective decolorization of RR
and the subsequent formation of aromatic amines, usually detected at A values lower than
350 nm [25]. It is important to note that the peak at 270 nm clearly decreased at the end of
the kinetic test), giving an additional proof of the occurring amine degradation during the
aerobic phase.
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Figure 2. Results of the kinetic test: (a) RR and COD concentration time profiles; (b) removal
efficiencies in terms of measured RR and COD and evaluated through the spectra analysis after
anaerobic and aerobic phases.

3.3. Bio-Regeneration
3.3.1. Abiotic Control Tests

An overview of the abiotic regeneration tests of RR-loaded beads obtained from
polymer loading experiments (summarized in Table S1 of Supplementary Material) is
displayed in Figure 3, with tests named according to Table 2. Data of abiotic regeneration
are reported as RR concentration time profiles both in the liquid and polymeric phase;
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moreover, the regeneration efficiency (RE) of RR and mass transfer rate (MTR) have been
plotted versus time for each tested condition. MTRs have been estimated as follows:

(Cpol,O - Cpol,t) 'Mpol

MTIR =
V-t

)

where Cpo10 and Cp ¢ are the polymeric concentration of RR at time 0 and t, M, is the
amount of polymer, and Vyy is the volume of liquid phase.

(a) 45 | (b) 120
41 100 -
3.5 -
= 31 _ 801 B
‘ +
%‘; 2.5 ¢ L ED 60 -
S 2 I\—o-‘—“_“—‘ *—T2 — —a—T2
~— T 2
S —o—T3 o —a—
U 1.5 | 12 40 - T3
1 20 | T4
0.5 Qﬁn=w=w=«—o ]£+-_H—.
0 . . 0 - T T T
0 4 6 0 2 4 6
Time (days) Time (days)
(C) 30 (d) 14 ’
12 ~
10 A
e
< ——T1 < g ——T1
S 2
o ——T2 = ] +-T2
[a'4 o
——T3 5 ——T3
T4 T4
Time (days) Time (days)

Figure 3. Results of the abiotic regeneration tests: (a) RR concentration time profiles in the polymer
(Cpo1) and (b) liquid phase (Cw); (c) regeneration efficiencies; and (d) MTR detected during tests
performed with T1, T2, T3, and T4 polymers.

The first finding is that the regeneration efficiencies observed for all series of tests
are quite similar, with final values of 21.8, 20.9, 20.1, and 23.6% for T1, T2, T3, and T4,
respectively. This result implies a progressive increase in MTR values (from T1 to T4) with
final values equal to 0.090, 0.335, and 0623 mgrr /L h for T2, T3, and T4, respectively.

3.3.2. Bio-Regeneration Tests

Bio-regeneration tests were performed with the loaded polymers by adding them to
the TPPB regeneration unit. An overview of data from bio-regeneration tests is shown in
Table 3, reporting final data of each test, i.e., at 3.5 d for T1 and 6.5 d for other experiments.
As mentioned above, two operational scenarios were explored: firstly, different PWRs (i.e.,
2 and 9% v/v, for the T1 and T2 tests) at similar levels of RR polymer contamination, and



Environments 2024, 11, 207 9of 16

secondly, the highest PWR applied at increasing RR polymeric concentrations (from T2,
to T3 and T4 experiments). Figures 4 and 5 show experimental data collected during all
bio-regeneration tests clustered by combining above-mentioned scenarios; data have been
reported as RR concentration in both liquid (Figures 4a and 5a) and polymeric phases
(Figures 4b and 5b), mass transfer and biodegradation rates (Figures 4c and 5c), and
regeneration and biodegradation efficiencies (Figures 4d and 5d).

Table 3. Overall results of bio-regeneration tests (RE, regeneration efficiency; BE, biodegradation
efficiency; MTR, mass transfer rate; BR, biodegradation rate).

Volumetric Initial Biomass Initial

Test Loading Loading RE MTR BE BR BR/MTR
% /Ld % /Ld %
(mgRR/Lreactor) (mgRR/gvss) %) (mgre/L ) ) (mgrr/L d) %)
T1 14.55 10.39. 95.22 0.163 83.39 0.146 89.8
T2 69.05 41.85 93.02 0.412 78.38 0.348 84.4
T3 240.92 150.57 97.62 1.512 89.21 1.382 914
T4 405.32 261.50 90.77 2.367 75.08 1.959 82.8
(a) os (b)
——T1 14 + ——-T1
0.7
12 + —a—T2
2 =
o0 =
~ [oT4]
ob 8
£ £
H S
(@]
4
2
0 T T T
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(c) 4 (d) 100
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Figure 4. Results of T1 and T2 bio-regeneration tests: (a) RR concentration time profiles in the polymer
(Cpol) and (b) liquid phase (Cy); (c) mass transfer and biodegradation rates; and (d) RE and BE.



Environments 2024, 11, 207 10 of 16
a) 45 b) 120
(a) . | ——T3 (b) ——T3
T4 100 -
3.5 4 ™
3 3 . 80 A
Q i
3 251 ®
£, ] £ 60+
— 3
& 15 - © 40 -
1 _
20 4 ‘ A
0.5 4
0 T T A 0 - T T T
0 4 6 0 2 4 6
Time (days) Time (days)
(c) 12 (d) 100
—a—T3
— 10 -
< 80 4
=
B 8 A <
€ =
= o 60 -
% 6 - 2] mT3
- ge)
c & 40 T3_8E
- 4 1 L T4
e 2
s 1 20 - T4_BE
I3
0 4 ! ' 0 - T T T T
0 4 6 0.5 1.5 2.5 3.5 6.5
Time (days) Time (days)

Figure 5. Results of T3 and T4 bio-regeneration tests: (a) RR concentration time profiles in the polymer
(Cpor) and (b) liquid phase (Cy); (c) mass transfer and biodegradation rates; and (d) RE and BE.

For the tests performed with the lowest RR concentration level, T1 and T2, similar
regeneration efficiencies were observed at the end of the tests (see Table 3) with a minor
effect on biodegradation efficiencies due to the different PWR, with values ranging from
83% of T1 to 78% of T2. Indeed, it is worth underlining that the biomass of T2 has been
exposed to a significantly higher load than T1 (41.85 vs. 10.39 mgrr/gvss). Neverthe-
less, the biomass responded very well, ensuring BR and BR/MTR values of satisfactory
regeneration performance.

The patterns of polymeric concentration of RR are quite similar among those tests
(Figure 4a), with final values of around 0.03 and 0.05 mggrr/gpo1, for T1 and T2, respectively.
These values are extremely lower (about one order of magnitude) than the ones detected in
parallel abiotic tests, around 0.5 mggrr/gpol, without any effect of PWR (see Figure S3 in
Supplementary Material). On the contrary, high liquid concentrations of RR in the test with
the highest amount of polymer (T2) are observed with values around 10 mg/L, i.e., 5 times
greater than the ones observed during T1 (Figure 4b). A direct graphic comparison among
abiotic and biotic data of RR concentrations in polymeric and liquid phase is provided in
Supplementary Material in Figure S3a and Figure S3b, respectively.

Regarding mass transfer and biodegradation rates, the patterns are comparable for T1
and T2 (Figure 4c) with almost an overlap between MTR and BR trends observed for both
conditions, since no discrepancy was observed between the amount of transferred dye and
the degraded amount. This behaviour is also highlighted by BR/MTR ratios of 89.8 and
84.4% estimated at the end of the T1 and T2 tests, respectively (Table 3). These findings
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suggested a positive correlation between PWR and bio-regeneration performance, since the
highest value of polymer amount added to TPPB unit did not cause loss in efficiency.

Giving the good-achieved results at the highest polymer amounts, PWR of 9% was
employed for the following T3 and T4 tests, whose results are reported in Figure 5;
the data obtained demonstrated that TPPB technology can guarantee a regeneration
up to 90% for the most highly loaded polymer (T4), with satisfactory biodegradation
efficiencies (Table 3). Time profiles of polymer and liquid concentrations reported in
Figures 5a and 5b, respectively, highlighted the loading effect especially for the increasing
residual concentration in the liquid phase. With reference to mass transfer and biodegra-
dation rates, the profiles of T3 and T4 are quite different with respect to the one observed
for the lowest polymer concentration level, i.e., the T2 test (Figures 4c and 5c). In the T2
experiment, MTR and BR curves appear nearly overlapped. On the contrary, in T3 and
T4, a significant difference between MTR and BR rates is detected, especially during the
first phase of the experiments, as also confirmed by the temporary increasing of liquid
concentration of RR displayed in Figure 5b. This behaviour can be explained with the
effective desorption performance of Hytrel 8206, as well as the greater gradient effect for
tests conducted at higher dye concentrations in the polymer. Figure 5d shows RE and BE vs.
time; after just 1.5 days of regeneration time, polymers of T3 and T4 were already restored
to more than 80% of the final RE (i.e., 97.62 and 90.77%, respectively). Concerning the BE, a
slower trend is observed, but satisfactory final values of 89.21 and 75.08% are achieved for
T3 and T4, respectively.

3.3.3. Fate of Biodegradation Products

Insight in direct UV-vis spectra analysis, in comparison to COD measurements and
SOUR calculations, confirmed the effective biodegradation of the target reactive dye with-
out significant accumulation of by-products coming from its degradation, except for T4,
which operated in the most severe loading conditions. The direct observation of textile
spectra, especially in the UV region, has been recognized as a satisfying method to detect
aromatic amines [25]. In fact, Pinheiro et al., for the monitoring of aromatic amine emissions
in wastewaters (particularly in the case of azo dye reduction in textile effluents), suggested
a deep analysis of spectrum regions (range of 200-350 nm) in which aromatic amines can
be easily identified without interferences from other chemicals and /or contaminants [25].
Indeed, the direct comparison of spectral curves in the above-mentioned range for the
parent dyes and their derived amines are significantly different (see Figure 54). In our
experiments, at least two new peaks, related to A 196 and 241 nm, have been identified as
possible signals of RR intermediates formed during the anaerobic phase. Cross-referencing
the wavelength region identified by Pinheiro et al. [25] for aromatic amines and the possible
intermediates reported by studies of RR biodegradation pattern [26,27]; these peaks can
be related to the occurrences of aniline and 1-amino-2-naphtol-4-sulfonic acid (the latter
probably associates to naphthol). In addition to this, only for the T4 test, another peak was
also observed at 315 nm, probably due to the presence of the 2,4-diaminophenol anion [25].
Figure 6 gives an overview of the time profiles of the absorbances of supernatants related
to the above-mentioned wavelengths for each bio-regeneration test. Moreover, SOUR
data (related only to aerobic phases of experiments) have been also plotted in the same
graphs, except for the T1 test, to correlate the biomass activity with the degradation of
intermediates. As shown in Figure 6, the values of absorbance generally increased for
each test and then returned to values similar the initial ones at the end of the test, as also
highlighted by data listed in Table 4. Deviations from the trend just described have been
observed for A 196 only during the T3 test, while for A 241 an increase was observed for
both the T2 and T3 tests. However, significant accumulation of degradation by-products
can be excluded by COD residual in liquid samples at the end of both tests, with values
very close to the initial ones (see Table 4).
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Figure 6. Time profiles of selected wavelengths and SOUR estimated from DO data recorded during
(a) T1, (b) T2, (c) T3, and (d) T4 bio-regeneration tests.

Table 4. Bio-regeneration experiments: initial (t = 0) and final (end) data of absorbance at 196 and

241 nm and COD data.
Test A196)g  A(96)eng AQ4Dwy  AQ41)eng CODyg COD,pq
T1 0.749 0.754 0.1818 0.2297 17.4 11.8
T2 1.2542 0.8482 0.0841 0.4877 152.7 103.0
T3 0.0961 0.4709 0.0682 0.2003 164.1 144.4
T4 0.122 0.0462 0.0358 0.3878 16.8 163.0

A particular behavior is observed during the T1 test (Figure 6a) with a clear peak for
both wavelengths after the first anaerobic phase, followed by a sudden decrease under
aerobic conditions, and then a gradual increase, only for A 196 nm. It is worth underlining
that this test is the one performed under the lowest dye loading, with low values of RR
polymeric concentration level and PWR, thus maybe the time intervals between scans are
not enough low to distinguish the accumulation and then the disappearance of aromatic
amines, as instead observed for some aerobic phases during T2 and T4 tests. Another
observation can be also performed for T4 data, especially in relation to COD values. In
this test, the residual COD concentration in the supernatant did not come back close to
initial values, as happens for other tests with lower dye loadings. It is worth noting that
this value is partially due to the residual RR liquid concentration (25%) in the TPPB liquid
phase and to the accumulation of metabolites.

Figure 6 also displays that respirometric activity, represented by SOUR data, was
higher in the first 2 days of bio-regeneration tests, with maximum values directly correlated
with the increasing RR loading level of the polymer (see Figure S5). So, high values in
the first part of the experiments can be explained by the initial accumulation of aromatic
amines (due to the higher gradient effect in tests operated with the highly loaded polymer
causing a greater generation of intermediates). In the subsequent phases, SOUR data
seem to stabilize around values increasing with the initial polymer contamination level
(i.e., 4.06 £ 0.39 mgoz/gvss h, 742 4+ 2.05 mgoz/gvss h, and 8.77 + 2.16 mgoz/gvss h
for T2, T3, and T4, respectively). SOUR data, shown in Figure S5, are much higher than



Environments 2024, 11, 207

13 of 16

the endogenous respiration data of the same biomass detected during its maintenance
into the SBR (i.e., 1.77 4= 0.36 mgo, /gvss h). Continuous oxygen consumption at higher
values with respect to the endogenous respiration can be justified with the occurrence of
aromatic amine degradation during aerobic phases of TPPB bio-regeneration, matching the
decreasing absorbance values at the selected wavelengths.

3.3.4. Comparison with Other Bio-Regeneration Studies

Various studies explored the use of microorganisms, such as bacteria, fungi, and
algae, to regenerate sorbents saturated with dye pollutants. Table 5 shows the results of a
comparative analysis of the performance of biological regeneration of sorbent materials
employed for dye removal under different operating conditions.

Table 5. Overview of studies about bio-regeneration of sorbent materials applied to dye removal
(AO7, acid orange 7; AY9, acid yellow 9; AR14, acid red 14; AR361, acid red 361; AB74, acid blue 74;
BG1, basic green 1; RB4, reactive blue 4; MB, methylene blue).

Inoculum

Dyes Sorbent Material (Cng Jo ) (Regenel‘/;;fl:;)n Rate Concentration f/{ E(((l")l"lme) Reference
&/8pol Ssorbent (Mgvss/Ssorbent)
GAC GAC: 53-192 GAC: 0-15 (11
AO7 0.065 420 MAMS: 98—(77) [28]
MAMS MAMS: 51-96 (11) ’
AQO7 MAMS 93-102 0.04-0.125 140-700 39-78 (4-12) [29]
CEA a
AO7 AQO7:12-2022 A07: 0.025-0.07 @ (A79;O?;; 100
420 AY9: 100
AY9 MAMS AY9: 12-118 2 AY9: 0.014-0.025 2 (20_:'35 b) [30]
. _Q» a
AR14 AR14: 9-1272 ARI14: 0.03-0.05 2 ARI4: 11)00 82
(11-17)
AB74 Carb ¢ . AB74: 110.9 AB74: 6 (7)
BG1 ar dons rompme - pG1:155.1 1.43 - BG1: 25 (7) [31]
RB4 sawdust RB4: 48.6 RB4: 3 (7)
Layered double
MB hydroxide- 6-9 144 - 83% (0.5) [32]
B. subtilis
GAC ) 0.175 +3.38 x 10° 0 (GAC)
AR361 Brimac 505-535 (cells/mL) 52% (Brimac) [6]
RR Hytrel 8206 0.7-4 15.4-15.9 15.4-16.0 91-98 (6.5) This study

b

2 values for different particle sizes. ® no info on second aerated stage duration.

Sequential anaerobic-aerobic conditions (with only one shift of reaction environment)
have been applied to regenerate mono-amine modified silica (MAMS). Al-Amrani et al.
compared the bio-regeneration of MAMS with granular activated carbon (GAC) loaded
with acid orange 7 (AO7), observing a considerably higher efficiency of MAMS compared
to GAC due to the better reversibility of sorption of MAMS for AO7 [28]. They further
investigated operational factors affecting the bio-regeneration process, including redox
condition, biomass type and concentration, and shaking speed. RE values within the
range of 39-78% were detected with test duration up to 12 days; a shorter duration of
bio-regeneration was achieved by using a lower shaking speed and a relatively higher
initial biomass concentration [29], which was well above those tested in this study. Finally,
the influence of sorbent particle size has been also investigated for MAMS loaded with
different acid dyes [30]. As the MAMS particle size decreased, tests duration increased,
up to 35 days. It is important to underline that in the above-mentioned studies RE was
evaluated by analyzing the liquid phase in subsequent sorption tests. This procedure
allowed the calculation of the dye uptake in the solid phase through a mass balance. Thus,
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the direct comparison among the data in Table 5 is not fully rigorous, but in any case, it
can give useful information on the process performance in terms of efficiencies and time
required to complete the bio-regeneration process.

Other studies dealing with bio-regeneration of dye-loaded sorbents are related to the
use of pure species like Pseudomona putida [31] and Bacillus subtilis [32] or a consortia of
Pseudomonas putida, Bacillus benzeovorans, Bacillus gordonae, and Flavobacterium sp. [6]. From
data listed in Table 5 for the above-mentioned studies, it can be observed that the use of a
pure culture does not always assure high levels of regeneration efficiencies.

This comparative analysis highlights that the TPPB platform employed to regenerate
Hytrel 8206 is an excellent option in terms of overall efficiency and process time (91-98% in
6.5 days), high sorbent regeneration rate (with values at least one order of magnitude greater
than the other alternative solutions), and low amount of acclimated biomass required per
unit of regenerated sorbent. Moreover, the possibility of using and reusing the polymer
beads in countless operational cycles [33], deriving by the combination of the characteristics
of the sorbent materials with the absorption process exploited in the biological regeneration,
is an important feature of this approach.

In addition to the above technical benefits, the advantages of the bio-regeneration in a
two-step process have been also confirmed in terms of costs and environmental protection
in comparison to solvent extraction regeneration methods of the same sorbent material [7].
A recent techno-environmental and economic assessment of the process employing ab-
sorptive polymers in treating textile wastewater, in comparison to conventional treatment
methods, demonstrated that this approach reduces the toxic effects of effluents, and con-
sequently, the environmental impact [34]. However, the investment cost of the polymer,
even if moderately increased in comparison to cheaper adsorbents, is compensated by the
possibility of simultaneous regeneration and reuse, which implies consistent savings in the
regeneration step and avoids disposal costs when the sorbent media cannot be regenerated.

4. Conclusions

In this work, we demonstrated the effectiveness of the two-step strategy (i.e., polymer
extraction followed by bio-regeneration) for the treatment of dye bath wastewater, by
establishing the best operating conditions to achieve the regeneration of a loaded polymer
contemporary to dye mineralization. The main outcomes of this study are as follows:

- Alternated anaerobic—aerobic conditions of the bio-regeneration environment guaran-
teed excellent performance with regeneration efficiencies of 91-98% and biodegrada-
tion efficiencies of the target dye up to 89%.

- The highest PWR, 9%, ensured outstanding results for all contamination levels, with-
out a remarkable loss in performance, even for the highest ones, with satisfactory
biodegradation efficiencies always >75%.

- The fate of aromatic amines in polymer bio-regeneration was investigated by using an
integrated approach combining direct UV-vis spectral analysis with COD measure-
ments and SOUR calculations. Results confirmed the successful biodegradation of the
reactive dye without significant accumulation of by-products.

- Promising results of this study suggest that the status of the proposed technology is
ready for upscaling at the pilot scale.

Supplementary Materials: The following supporting information can be downloaded at the link:
https:/ /www.mdpi.com/article/10.3390/environments11090207 /s1: Figure S1, Data of RR con-
centration in liquid phase detected during kinetic sorption (a) and desorption (b) tests; Table S1,
Polymer loading tests (PWR: polymer-to-water ratio; MTR: mass transfer rate); Figure S2, UV-visible
spectra during the kinetic test for biomass characterization; Figure S3, RR polymeric (a) and liquid
(b) concentrations detected during abiotic and biotic T1, T2, T3 and T4 tests; Figure S4, UV-visible
spectra detected at different time intervals during T1 (a), T2 (b), T3 (c) and T4 (d) bio-regeneration
tests; Figure S5, SOUR data vs. dye loading applied during bio-regeneration test.
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