7

"
A4 De®e06

http://pubs.acs.org/journal/acsodf

N-Doped Carbon Dot Hydrogels from Brewing Waste for
Photocatalytic Wastewater Treatment

Simone Cailotto," Daniele Massari,~ Matteo Gigli,* Carlotta Campalani, Massimo Bonini, Shujie You,
Alberto Vomiero, Maurizio Selva, Alvise Perosa, and Claudia Crestini*

Cite This: ACS Omega 2022, 7, 4052-4061 I: I Read Online

ACCESS | Ll  Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: The brewery industry annually produces huge amounts of
byproducts that represent an underutilized, yet valuable, source of biobased
compounds. In this contribution, the two major beer wastes, that is, spent
grains and spent yeasts, have been transformed into carbon dots (CDs) bya ¥
simple, scalable, and ecofriendly hydrothermal approach. The prepared CDs
have been characterized from the chemical, morphological, and optical
points of view, highlighting a high level of N-doping, because of the
chemical composition of the starting material rich in proteins, photo-
luminescence emission centered at 420 nm, and lifetime in the range of

5.5—=7.5 ns. With the aim of producing a reusable catalytic system for ° o

wastewater treatment, CDs have been entrapped into a polyvinyl alcohol .'DIALYSIS..

matrix and tested for their dye removal ability. The results demonstrate that - = ‘v

methylene blue can be efliciently adsorbed from water solutions into the ¢

composite hydrogel and subsequently fully degraded by UV irradiation.

1. INTRODUCTION main use of these feedstocks is as a supplement in the animal

diet, as it has been demonstrated that they can be effectively
inte%rated into the diet of livestock, poultry, pigs, goats, and
fish.">'* In the last few years, new strategies for the valorization
of this underutilized biomass have been proposed, ranging
from the production of second-generation fuels like bio-
ethanol,'>'® to the use as a fermentation substrate for the
production of lactic acid,"”"® succinic acid,"” and proteins.” In
addition, they have been employed for water treatment as
adsorbent agents for heavy metals”' ~>* and organic dyes.”**
However, the most important drawbacks limiting the full
valorization of beer residues are the costs associated with the
transportation of the biomass to the site of use and, above all,
the need for a pretreatment step prior to any successive uses,
because the high moisture and sugar content would lead to
rapid decomposition.”® An alternative way can be represented
by the transformation into nanomaterials. In particular, in the
last decade carbon dots (CDs) emerged as innovative
materials.”’~*’ CDs are classified as pseudospherical particles
of diameter lower than 10 nm, usually showing a graphitic
structure, complete solubility in water, and prominent

The valorization of industrial wastes is one of the major targets
for the transition toward a more sustainable and circular
economy.' Different routes could be employed to fulfill this
goal, from the generation of new platform chemicals or fuels to
the formation of innovative high added-value materials.”> In
this respect, agro-industrial waste is of particular interest,
among which that generated by the brewing industry
represents an important fraction. Beer is indeed the fifth
most diffused beverage in the world, with an average
consumption of 23 liters/person per year.” During the beer
production process, two major byproducts can be identified:
beer spent grains (BSG) and beer spent yeasts (BSY) with an
estimated annual production of 6 X 10° and 4 X 10° tons,
respectively.”® BSG are the solid waste obtained after the
separation during the lautering step, and they are mainly
constituted of a lignocellulosic material rich in fibers
(hemicellulose and cellulose), lignin, proteins, and minerals.”
On the other hand, BSY are recovered from the bottom of the
fermenters and maturation tanks and usually still contain about
1.4%,,, of residual beer.'” The composition of this biomass is
quite different from that of BSG, as it is richer in proteins and
specifically shows a high content of glutamic acid."'* On this Received:  September 29, 2021
basis, the upgrade of BSG and BSY wastes is of crucial Accepted:  December 29, 2021
importance to improve the sustainability of the beer Published: January 28, 2022
production value chain. As of today, other than as the main

constituent of vitamin-B-rich food spreads such as Marmite

and Vegemite made from leftover brewers’ yeast extract, the
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photoluminescence (PL) properties.”’ > In addition to these
peculiar characteristics, the possibility to derive CDs from
biomass employing easy and economic protocols makes them
very appealing from a sustainability point of view.”>** Several
studies have been recently carried out to understand their
structure and PL behavior, highlightin§ a strict correlation with
the adopted synthetic strategy.”*™* In particular, hydro-
thermal treatments generally produce a mixture of organic
fluorophores and CDs, both contributing to the final PL.***
By isolating the two components, it has been shown that while
CDs exhibit an excitation-dependent PL, the PL of the or§anic
fluorophores is independent of the excitation wavelength.” ~*

To date, the PL mechanism of CDs is still unclear.
Numerous studies have been performed to unveil this
mechanism, and three main hypotheses have come out, that
is, quantum confinement, molecular state, and surface state,
with the last one being the most accepted theory."*

CDs have been successfullzr tested for several applications
such as energy capacitors,” biosensors,*® photovoltaic*’
luminescent concentrators*® and drug delivery materials.”’
The light-harvesting properties of CDs can also be exploited
for photocatalytic reactions.”* > Because of their very peculiar
chemical composition, beer residues may represent an ideal
raw material to prepare CDs (Scheme 1). Nevertheless, the

Scheme 1. Valorization of Brewery Waste
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generation of CDs from this substrate has been only seldom
investigated. To the best of our knowledge, the only available
report deals with the preparation of CDs from BSG by
hydrothermal treatment and their testing as a bioprobe for
imaging.’® Therefore, this represents the first comprehensive
work on the valorization of brewing waste for the production
of CDs, especially as regards the transformation of BSY. This
brewing waste, rich in proteins, generates CDs with an
intrinsically high level of N-doping.

In this work, we have converted the beer production wastes
of two different beer styles (IPA and Stout) into CDs by
hydrothermal carbonization (HTC) (Scheme 1). BSG and
BSY were treated separately or blended to better simulate a
large-scale adoption of the protocol, where all the residues
would be more reasonably combined before any further
transformation steps. The obtained CDs were characterized
from the structural and optical points of view and then tested
for their ability to catalyze the degradation reaction of a
common dye. For this purpose, CDs were immobilized into a
polyvinyl alcohol (PVA) hydrogel allowing for an easy
recovery and recycling of the catalytic system. Last, but not
least, we have demonstrated that this strategy permits avoiding
costly and time-consuming dialysis treatments to separate the
CDs from the organic fluorophores formed in the process, as
the PVA matrix can itself play the role of a dialysis material.

4053

2. RESULTS AND DISCUSSION

A set of different CDs were prepared by HTC for 24 h at 200
°C (see the Experimental Section for more details) following
the same reaction protocol, while varying the organic
precursors.”> The treatment of BSG in MilliQ water produced
grain IPA crude CDs (G, 20%,, yield) and grain Stout crude
CDs (GS, 14%,, yield). On the other hand, BSY were
carbonized using the corresponding residual beer as a solvent,
giving yeast IPA crude CDs (YI,, 36%.,, yield) and yeast Stout
crude CDs (YS,, 37%,, yield). Finally, a third set of samples
was prepared from a 50:50 (w/w) mixture of BSG and BSY in
the presence of the corresponding residual beer, generating
grain yeast IPA crude CDs (GYI,, 25%.,,, yield) and grain yeast
Stout crude CDs (GYS,, 26%,, yield). The reported yields are
clearly affected by the nature of the substrates. While BSY are
mainly composed of organic molecules, like proteins, and can
thus easily undergo dehydration and decarboxylation reactions,
BSG are a more recalcitrant substrate, because of the high
content of carbohydrates and lignin that mainly result in sugars
after the hydrothermal treatment."® The chemical composition
of the precursors and the CDs was evaluated by CHNS
analysis (Table 1).

Table 1. CHNS Results of the Raw Materials and of the
Crude CDs (I: IPA Style and S: Stout Style)

sample C [%] H [%] N [%] N/C

BSGI 48.5 +£ 0.2 70 £ 0.2 39+ 0.1 0.08 + 0.01
BSGS 45.5 +£0.2 6.7 + 0.1 33+£0.1 0.07 = 0.01
BSYI 442 £ 0.2 6.5 +0.1 6.8 + 0.1 0.15 + 0.01
BSYS 423 + 0.5 6.6 + 0.2 69 + 03 0.16 + 0.01
GIL, 43.5 £ 0.3 5.7 £ 0.1 6.7 £ 0.1 0.15 = 0.01
GS. 439 + 0.2 64 + 0.4 6.8 + 0.1 0.16 + 0.01
YI, 42.1 £ 0.8 7.0 £ 0.1 94 £ 0.2 0.22 + 0.01
YS, 399 + 0.9 6.7 + 0.3 9.0 £ 0.5 0.23 + 0.01
GYI, 410 £ 1 7.1 £0.1 8.6 +0.2 0.21 + 0.01
GYS, 414 + 0.4 7.1+ 0.1 81+0.1 0.20 + 0.01

The N/C ratio confirms that the nitrogen content of BSG is
much lower than that of BSY, as the major fraction of
components is solubilized in the wort during the beer
production process, leading to a low amount of residual
proteins. Generally, an increase of the N/C ratio can be
observed in the CDs with respect to the starting materials. This
result can be explained based on the mild reaction conditions
of the HTC process, which cause thermal decomposition of
the amino acids resulting in the formation of condensed
heterocyclic structures with peptide bonds, in turn leading to a
loss of H,O rather than gaseous NH;.>” On the other hand,
carbonization and decarboxylation reactions are responsible for
the decrease of the carbon content in the CDs. The optical
properties of the crude CDs were then investigated through
UV—Vis and PL-PLE measurements (Figure 1).

Three broad absorption peaks centered at 250, 270, and 320
nm, with a long tail extended into the visible region, could be
observed in all the samples. The peaks located in the lower
wavelength region, that is, at 250 and 270 nm, can be
respectively attributed to the 7—z* transition of the C=C
conjugated system and to the C=0 n—z* transition, while the
additional peak at 320 nm can be ascribed to the z—n*
transition from nonbonding orbitals.”® The PL/PLE spectra
were registered at different excitation wavelengths (240—380
nm). The emission was found to be excitation-dependent,

https://doi.org/10.1021/acsomega.1c05403
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Figure 1. UV—Vis spectra of the synthesized CDs (a—c) and their normalized PL and PLE spectra recorded at an excitation wavelength of 350 nm
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Figure 2. '"H NMR spectra comparison of the crude CDs with the corresponding retentate and permeate fractions.

exhibiting a red shift as the excitation wavelength increased
(Figure S1). All samples exhibit a bright blue emission with the
maximum centered in the range of 420—440 nm, with a
maximum excitation in the range of 340—350 nm.

The surface chemical groups of the crude CDs and of the
precursors were investigated by Fourier transform infrared
(FT-IR) spectroscopy (Figure S2). Similar peaks can be
identified in all the starting materials regardless of their origin.
The same considerations could also be applied to the CD
samples, which highlighted a very similar composition. A
typical broad peak, due to the stretching vibration band of O—
H and N—H that covers the entire region from 3100 to 3700
cm™), can be noticed. After the HTC treatment, more evident
peaks were formed at 1650 and 1570 cm™', respectively,
caused by the stretching of carbonyl groups and the synergistic
contribution of the bending of N—H and the stretching of C=
C, because of the formation of the carbogenic core. These data
are in agreement with the results of the CHNS analysis, where
an increase of the nitrogen content was observed after the
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reaction. To evaluate the presence of organic molecules that
could affect the PL behavior of the CDs, the samples were
analyzed through 'H NMR. As is visible in Figure 2, all the
samples present several peaks, especially in the aliphatic region,
suggesting the presence of organic molecules in the final
product.

A diffusion order-nuclear magnetic resonance (DOSY-
NMR) experiment allowed for an estimation of the MWs of
these compounds, which is in the range of 150—300 Da
(Figure S3 and Table S1). To purify the CDs, the extraction of
the organic molecules from the crude samples was achieved by
dialysis in MilliQ water. Both the permeate fraction (XX,),
containing the organic molecules, and the retentate fraction
(XXcps), consisting of pure CDs, were collected by solvent
evaporation. The success of the purification step was confirmed
by the 'H NMR analysis of the two fractions. As shown in
Figure 2, the retentate fractions showed a silent spectrum,
which confirms the presence of the solely carbonaceous core,

https://doi.org/10.1021/acsomega.1c05403
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Figure 3. Maximum of PL and PLE of the crude CDs compared with their retentate and permeate fractions ((a) from spent grain IPA, (b) from
spent grain Stout, (c) from spent yeast IPA, (d) from mixed spent grain and yeast IPA, (e) from mixed spent grain and yeast Stout, and (f) from

spent yeast Stout).

while the spectra of the permeate fractions fully resembled
those of the crude CDs.

The morphology and size of the purified CDs (hereinafter
simply called CDs) were respectively investigated by scanning
electron microscopy (SEM) and laser diffraction analysis
(LDA), revealing a graphitic material composed of particles
with an average dimension of about 100 nm (Figure S4). FT-
IR analysis (Figure SS) revealed that, compared to crude
samples, CDs display similar bands, although a marked
reduction of the peaks associated with the C=O stretching
and N—H bending, which could be attributed to the organic
molecules, was observed. As already reported in the
literature,"">” the dialysis procedure affected the optical
properties of the materials, higher in the crude samples
because of the presence of fluorophores. PL and PLE spectra of
the two fractions (permeate and CDs) and of the crude CDs
are reported in Figure 3.

By analyzing the curves, it emerges that the luminescence
properties of the crude samples are the sum of two distinct
contributions, the first of lower intensity, due to the carbogenic
core, and the second, much stronger, associated with the
fluorophore compounds. Similar results have been described in
a previous study that demonstrated the synergistic contribution
of the organic fluorophores and the carbon core in defining the
luminescence characteristics of CDs.”> The PL emission stil
maintains a dependence on the excitation wavelength
characterized by the typical red shift (see, for instance, Figure
S1) and the decrease of the maximum of the emission upon
changing of the excitation wavelength. The wavelength-
dependent response is a phenomenon widely observed in
purified CDs and is caused by the different surface states near
to the Fermi level.” On the contrary, according to the Kasha—
Vavilov rules, the emission spectrum of a pure fluorophore
molecule is independent of the excitation wavelength.61
Therefore, the wavelength-dependent emission of the per-
meate samples is further evidence of the presence of a plurality
of molecules. The observed differences are particularly evident
from comparing the quantum yield (QY) of the two fractions
(Table 2).
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Table 2. QYs and Lifetimes (7) of the Permeate and
Retentate Fractions of CDs Calculated at 316 and 372 nm

samples QY3400m [%] T3160m [15] T3720m [15]
GS, 68 7.52 6.07
GScps 14 6.54 473
GI, 6.0 791 5.99
Glep, 22 721 5.70
Y1, 10.5 8.4 7.68
Yiep, 2.3 7.07 5.38
YS, 129 8.60 7.42
YScps 1.9 6.65 5.30
GYIP 10.4 7.92 7.0
GYl¢p, 2.0 6.41 2.50
GYSP 11.3 8.66 7.28
GYScp, 2.1 671 4.88

All the permeate materials exhibit a higher QY than the
corresponding CDs, once again confirming the formation of
fluorophores during the HTC treatment. In general, CDs have
an average QY of 2%, while values in the range of 10—13% are
calculated for the permeate fractions. Other literature studies
describe QY for nondialyzed CDs of about 15—20%,” in
agreement with the values here reported for the permeate
fraction. On the other hand, the QYs of dialyzed CDs obtained
from biomass generally do not exceed 7—8% and are usually
lower compared to those obtained from pure molecules.”>*®

Despite this difference, the average lifetime (7) at 316 nm of
the two fractions is very similar, because the 7 of the CDs are
only slightly shorter compared to those of the fluorophores.
Enhanced differences were revealed at 372 nm, as the 7 values
of CDs are much shorter compared to those of the
corresponding permeate fractions, thus confirming the
separation of the different components involved in the PL
behavior of the crude samples thanks to the dialysis treatment,
as already documented by the PL spectra (Figure S1). The
here reported values are supported by the study of Schneider et
al,*® which described the fluorescence behavior of citric acid-
derived CDs. The authors highlighted that the fluorescence

https://doi.org/10.1021/acsomega.1c05403
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arising from pure citrazinic acid (the most common
fluorophore in citric acid-derived CDs) possesses an average
lifetime around 7 ns, while purified CDs showed a reduced
lifetime fluorescence behavior, with an average 7 of 5—6 ns.

The results here presented demonstrate that no significant
differences in the final characteristics of the CDs have been
achieved by varying the beer waste used for their synthesis. On
these bases, the blending approach was considered the most
promising, as it better simulates an industrial setup (i.e., where
all wastes would be preferentially mixed before treatment), and
the relative samples have been therefore chosen for further
investigation.

A possible application of the prepared CDs is as catalysts for
the photodegradation of dyes, such as methylene blue (MB).
This last is a pollutant commonly found in the wastewater of
industrial sites,** especially textile industries, and its removal
by simple and affordable methods is of crucial interest. The
CD-assisted photodegradation of MB has been already
assessed both under sunlight and UV irradiation.”®° In
particular, Josuf et al. reported a complete conversion of a 1
ppm solution of MB under solar light after 10 h of simulated
solar irradiation employing CDs obtained from eggshell
membrane ashes.”” To confirm the ability of the brewing
waste-based CDs to catalyze this reaction, a 2 g/L water
solution of CDs containing 5 ppm of MB was irradiated under
UV light (365 nm). Both crude specimens and CDs (GYS, and
GYScp, respectively) were tested, and the results have been
compared with a negative control. The GYScp, sample shows
higher catalytic activity than GYS,, as a complete degradation
of the MB was achieved in 24 h, with an increase of 63%
(Figure 4) with respect to the control (Figure S6a), while
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Figure 4. Kinetics of MB degradation by GYS, and GYScp,.

GYS. showed an enhancement of only 25% (Figure 4). As
reported in the literature, the photocatalytic mechanism of
degradation of MB with CDs occurs via the generation of an
excited electron from the UV-irradiated CDs that are then
involved in a two-electron-step photoreduction of MB leading
to the colorless leuco MB.®® The calculated photodegradation
constants for both dialyzed and crude CDs (3 X 1073 vs 8 X
10~* min™") give a clear indication of the higher performances
of the dialyzed CDs (Figure S6b).

This suggests that the presence of organic fluorophores not
only affects the PL of CDs, as already demonstrated in the
literature,*’ but also negatively influences their photocatalytic
activity, supporting the need for a purification step to allow for
an accurate evaluation of the photocatalytic behavior of the
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CDs and to achieve better performances. As reported in the
literature for other photocatalytic systems,’” the decrease in
photodegradation activity could be ascribed to the presence of
fluorophore molecules on the surface of CDs, which decreases
the relative amount of active sites available for the adsorption
of MB.

To gain further insight into the mechanism of photocatalytic
degradation, further tests were carried out. The photocatalytic
activity of CDs was investigated in the presence of isopropyl
alcohol as a hydroxyl radical scavenger. The results obtained
(data not shown) indicate no influence of this scavenger on the
photocatalytic activity, as a complete degradation of the MB
was observed in 24 h, meaning that the hydroxyl radical plays a
minor role in the photodegradation mechanism. Similar results
were obtained by performing the reaction under inert
conditions removing the dissolved oxygen, suggesting that
also the dissolved O, and the superoxide radicals that could be
formed do not affect the reaction.

Because the immobilization of CDs on a support would
facilitate the handling of the catalytic system, avoid leaching
issues, and permit multiple working cycles, thus moving one
step further toward large-scale adoption of the technology, the
embedding of the CDs in a polymeric matrix was considered.
In this respect, previous studies showed that the generation of
CD-loaded composites based on PVA enhances both the
mechanical properties of the hydrogels and the PL of the
CDs.>*”%”" These materials have been employed for sensing of
food colorants and absorption of dyes.”””> On the other hand,
the use of purified CDs integrated into polymeric matrices for
the photodeigradation of dyes has been only described by
Nayak et al.”* The authors demonstrated that a CD-containing
polyvinylpyrrolidone hydrogel displays a promising response
toward the degradation of crystal violet and malachite green.

More importantly, the use of the PVA hydrogel serves a dual
scope. On the one hand, it can act as a reusable catalytic
platform where to entrap the CDs, absorb the MB, and let the
degradation reaction occur under UV irradiation. On the other
hand, it can be used as a “dialysis membrane” for the
separation of the carbonaceous particles from the fluorophore
molecules. For this purpose, two CD-PVA hydrogels were
prepared, each containing a different concentration of crude
CDs (GYS.): 8 wt % (Wepy/Wpya, PVAS) and 4 wt % (wep,/
wpya, PVA4). Samples were prepared from a 10%,,, solution of
PVA in water, mixed with a solution of CDs (0.02 g/mL), and
stirred at 45 °C for 0.5 h and then at 95 °C for 2 h followed by
several freeze/thaw cycles (see the Experimental Section for
more details).”> The resulting hydrogel showed a light brown
color under the daylight and a homogeneous blue fluorescence
under UV light (Figure Sa).

A release test, to evaluate the kinetics of washout of the
fluorophores from the hydrogel matrix, was performed. The
process was carried out in water, and the amount of released
material was determined by measuring the absorbance of the
solution over time. After 3 days of incubation, a plateau
corresponding to the release of about 90% of the entrapped
materials was reached for both samples (Figure S7).

After the treatment and a further washing step with water,
the hydrogels retain more than 70% of the initial fluorescence
(Figure Sb and Figure S8), indicating that the CDs are still
trapped in the polymer matrix, thanks to the strong hydrogen
bonding interactions between the polymer chains and various
functional groups present on the CDs surface,”” while the
fluorophores have been released. This procedure demonstrates
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Figure S. (a) PVA-CD hydrogel under visible light and UV light, (b) PVA-CD hydrogel fluorescence before and after washing treatment, (c) MB
absorption test on PVA4 hydrogel, and (d) PVA4 hydrogel before and after MB absorption and after 24 h of UV irradiation.

for the first time that the PVA matrix can be efficiently utilized
as a “dialysis membrane” to purify the CDs from the organic
fluorophores and allows, in view of a potential scale up, to
directly use the material coming from the HTC treatment,
without the need for time- and resource-consuming
purification steps.

Subsequently, the MB adsorption capability of PVA4 and
PVAS (after the treatment) was studied. By immersion for 24 h
in a 5§ ppm MB solution, the hydrogels turned dark blue
(Figure Sc), confirming the successful adsorption of the dye.
UV—Vis analysis of the remaining solution permitted to
quantitatively determine the amount of MB absorbed,
respectively, equal to 60 and 31% for PVA4 and PVAS.
These results can be explained taking into consideration that
the higher concentration of CDs, that act as a crosslinking
agent, limits the swelling of the PVA8 hydrogel, thus resulting
in a lower amount of soaked MB.”*”°

Finally, the MB-containing hydrogels were irradiated under
UV light at 365 nm, and the degradation of the dye was
qualitatively evaluated visually. Indeed, as reported in Figure
5d, after 24 h of irradiation, the color of the hydrogels turned
brown, indicating that an effective degradation occurred. The
reusability of the PVA-CD matrix was evaluated by performing
five cycles of adsorption and photodegradation of MB. As
shown in Figure S9, after the fifth cycle the photocatalytic
activity was fully retained, demonstrating the efficacy of the
heterogeneous catalytic system for repeated photodegradation
of pollutant dyes, that is, significant leaching of CDs during
repeated use of the composite hydrogel could be excluded.

3. CONCLUSIONS

In this contribution, an easy, scalable, and cost-effective
strategy for the upgrade of one of the most abundant
byproducts of the agri-food value chain into an immobilized
catalytic system has been proposed. In particular, beer waste
(BSG and BSY) has been transformed into CDs by
hydrothermal treatment. The nanomaterials, which show an
intrinsically high degree of N-doping due to the peculiar
chemical composition of the precursors, display PL emission
properties centered at 420 nm. Because organic fluorophores
are also formed during the process, CDs have been successfully
purified by dialysis, leading to the isolation of carbonaceous
particles with an average dimension of 100 nm, which tend to
arrange into aggregates after drying. The generated CDs were
tested with promising results in the photocatalytic degradation
of MB, with the purified materials highlighting superior
performances with respect to the crude samples.
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With the aim of implementing this strategy into a more
efficient technological tool, a CD-containing composite
hydrogel was fabricated. The employment of a PVA-based
polymeric matrix permitted not only to efficiently entrap the
CDs, allowing for an easy recovery of the catalytic system after
use, but also to avoid the dialysis step for CD purification, as
the organic molecules were simply removed from the hydrogel
by preliminary washing with water. Efficient soaking of MB
from a water solution by the composite hydrogel and
subsequent complete degradation of the dye after 24 h of
irradiation with UV light demonstrated the effectiveness of the
proposed solution.

Overall, these results can pave the way toward the
development of innovative wastewater treatments for dye
removal based on nanomaterials deriving from natural waste
resources. In this framework, also the brewing industry would
significantly benefit from the valorization of the byproducts,
leading to the creation of more sustainable and circular
economy pathways.

4. EXPERIMENTAL SECTION

4.1. Reagents. BSGS, BSYS, BSGI, and BSYI, where S and
I stand for Stout and IPA, respectively, were kindly supplied by
two locally operating microbreweries (B.A.V. s.r.l. and D.B.C.
s.r.l.). Absolute ethanol, deuterium oxide, potassium bromide
(KBr), PVA, and MB were analytical-grade reagents purchased
from Sigma-Aldrich and were used as received. Milli-Q purified
water was used in all the experiments unless otherwise stated.

4.2. Pretreatment of the Raw Materials. BSG were
centrifuged at 15,000 rpm to remove water, and the solid
residue was air-dried to constant weight. BSY were centrifuged
to separate the residual beer and the solid fraction. The final
product was air-dried to constant weight. Dry BSG and BSY
were ground to fine powders.

4.3. CD Synthesis. CDs were prepared by HTC treatment.
In more detail, a mixture composed of the biomass (either
single waste or 1:1 w/w mixture of BSG and BSY of the same
beer style) and the solvent (water or residual beer) in a 1:5 w/
w ratio was let to react in an autoclave at 200 °C for 24 h
under autogenous pressure. The reaction mixture was then
filtered to collect the liquid fraction containing both CDs and
organic fluorophores (crude CDs). CD purification was carried
out in MilliQ water for 7 days using dialysis cassettes (Slide-A-
Lyzer dialysis cassette) with a molecular weight cutoff of 2
kDa. Finally, the dialyzed solution was freeze-dried to yield
purified CDs.
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4.4. CD Characterization. A ZEISS ZIGMA field emission
scanning electron microscope was used to record images of the
CDs. Samples were deposited on silicon wafers and analyzed in
their pristine state (i.e., without any coating) at an accelerating
voltage of 3 kV with an In-Lens secondary electron detector.
LDA was performed on a Malvern Mastersizer 3000 equipped
with a Hydro EV wet dispersion unit, including an in-line
sonication probe for agglomerate dispersion. The chemical
composition of the raw materials and of the produced CDs was
evaluated by CHNS analysis by means of an Elementar
UNICUBE instrument. All analyses have been carried out at
least in triplicate, and the reported results represent the average
+ standard deviation. The UV—Vis spectra were acquired in
Milli-Q_aqueous solutions with an Agilent 8456 spectropho-
tometer in the range of 800—200 nm. PL and PLE spectra were
obtained with a PerkinElmer LS 5SS fluorescence spectropho-
tometer in the range of 650—200 nm. For both techniques, if
not otherwise stated, the solution concentration was 0.125 mg/
mL. QY and fluorescence lifetime () were determined by
means of a FLS980 photoluminescence spectrometer from
Edinburgh Instruments. For QY measurement, an integrating
sphere assembly, accessory to the FLS980 spectrometer, was
used to collect the emission. Samples were excited by 340 nm
monochromatic light from a Xe lamp. For lifetime analysis,
measurements were performed by exciting the samples with
two different sources, a picosecond pulsed LED (EPLED-320,
A = 315.8 nm, pulse width: 940.4 ps, bandwidth: 9.8 nm) and a
picosecond pulsed diode laser (EPL-375, A = 371.8 nm, pulse
width: 64.0 ps), and the emission was studied at 420 nm. FT-
IR spectra were recorded from potassium bromide (KBr) discs,
in a spectral range of 4000—400 cm™' using a PerkinElmer
Spectrum One spectrophotometer. 'H and *C NMR spectra
were collected on a Bruker Magnet System spectrometer
400’54 Ascend (*H: 400 MHz; *C: 100.6 MHz).

4.5. PVA-CD Hydrogel Preparation. CD-containing PVA
hydrogels were prepared by freezing/thawing following a
previously reported procedure with minor modifications.”®
Briefly, a 10%,, solution of PVA in water was mixed with a
solution of CDs (0.02 g/mL) and stirred at 45 °C for 0.5 h and
then at 95 °C for 2 h to promote the full dissolution of PVA.
The homogeneous PVA/CD solution was subsequently cast
into PTFE mold and subjected to seven freezing—thawing
cycles. Two PVA-CD hydrogels, PVA4 and PVAS, respectively
containing 4 and 8%,,, CDs (with respect to the PVA content)
were prepared.

4.6. Release of Crude CDs from the PVA Hydrogel.
The crude CD-loaded PVA hydrogel (20 X 20 mm, 80 mg ca.)
was incubated in 30 mL of water and stirred for 72 h at 150
rpm and 25 °C in an ARGOIlab shaker incubator. At
predetermined time intervals, water was sampled and analyzed
by UV—Vis spectroscopy at 300 nm. The concentration of
released compounds was calculated by employing a calibration
curve based on the crude CDs. The experiment was carried out
in triplicate.

4.7. MB Photodegradation. A solution containing S ppm
of MB and 2 g/L of GYI¢p, (Grain Yeast IPA purified CDs) or
GYI. (Grain Yeast IPA crude CDs) in MilliQ water was
irradiated under UV light (365 nm, 80 Wm™2) for 48 h. The
absorbance at 665 nm was measured at predetermined time
intervals, and the concentration of the residual MB was
calculated by means of a calibration curve. The experiment was
carried out in triplicate.
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4.8. MB Absorption Test. To determine the MB
absorption capability of the PVA-CD hydrogels, the sample
(20 X 20 mm, 80 mg ca.) was soaked in a MB solution in
MilliQ water (S ppm). After 24 h of incubation, the hydrogel
was removed, and the solution was analyzed by UV—Vis
spectroscopy at 665 nm and its concentration was calculated
by means of a calibration curve. The experiment was carried
out in triplicate.

4.9. MB-PVA-CD Degradation. The MB-containing PVA-
CD hydrogels were irradiated under UV light (365 nm, 80
Wm™?) for 24 h. The degradation of the MB was qualitatively
assessed visually.
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