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Abstract: This study evaluated the use of brewer’s spent yeast (BSY) as an adsorbent for
tannins from a chestnut shell extract (CS tannin extract). This extract was derived from an
alkaline treatment (5% NaOH (v/v)) to recover cellulosic material from chestnut shells and
needed valorization. Various BSY treatments, including lyophilization, immobilization in
calcium alginate beads, and alkaline and acid treatments, were tested to identify which had
the best tannin adsorption capacity. The results highlight BSY’s potential as a system to
valorize tannins from this treatment solution.

Keywords: brewer’s spent yeast; chestnut shells; tannin extract; lyophilization; alginate
immobilization; acid treatment; alkaline treatment; equilibrium assay; kinetics assay

1. Introduction

Brewer’s spent yeast (BSY) is the second largest by-product of the brewing process,
generating approximately 2.1 million tons of biomass annually [1]. While traditionally
utilized as animal feed or fertilizer, BSY offers significant potential for improving hu-
man nutrition [2]. Recent studies have highlighted the biosorption capabilities of Saccha-
romyces spp. yeast and BSY for flavonoid polyphenols derived from various food sources
(e.g., tea [3], yerba mate [4], seeds [5,6]) and agro-food residues (e.g., olive leaf extracts [7],
grape pomace [8]). To enhance the biosorption efficiency for specific compounds, modifica-
tions to yeast cells—physical, chemical, immobilization, or magnetic—have been explored
to optimize their surface properties [9].

Chestnut shells (CSs) are a by-product of the chestnut processing industry rich
in polyphenols, particularly hydrolysable tannins such as ellagitannins (e.g., castalin,
vescalin, castalagin, vescalagin, and kurigalin) and gallotannins, with an average content of
12.49 mg/g dry weight (DW) extracted from a total of 20.01 mg of phenolic compounds/g
DW [10]. As part of an ongoing project focused on recovering cellulosic material from
CSs through an alkaline treatment [11], a tannin-rich CS extract was produced, requiring
its valorization. Therefore, this study aimed to explore the potential of BSY to adsorb
tannins (and other phenolic compounds) from this CS extract, with the dual objectives
of promoting more sustainable laboratory practices (i.e., the recovery of tannins from an
alkaline treatment solution) and enhancing the economic viability of CS cellulosic material
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extraction. To improve tannin biosorption, BSY was subjected to various treatments, in-
cluding lyophilization, immobilization in calcium alginate beads, and alkaline and acid
modifications. Batch biosorption assays were conducted to evaluate the tannin adsorption
onto BSY and identify the most effective approach. Functional groups involved in the
biosorption process were analyzed using Fourier Transform Infrared Spectroscopy (FT-IR).

2. Material and Methods

2.1. Material
2.1.1. Chestnut Shell Tannin Extract

Chestnut shells (CSs) were supplied by Sortegel (Braganga, Portugal), dried at 45 °C
for 36 h, minced, and processed into a CS tannin extract following the protocol in [11].
Before biosorption experiments, the CS extract was thawed in the fridge and protected from
light with aluminum foil. The total phenolic compounds (TPCs) of the CS tannin extract
were determined by the Folin—Ciocalteu colorimetric method, adopting the protocol in [12]
and using tannic acid (Riedel-de Haén, Seelze, Germany) to construct the calibration curve
(linearity range: 50-800 mg L~!; R? = 0.9995). The results were expressed as the milligrams
of tannic acid equivalents per liter of extract (mg TAE L~!). The CS tannin extract was also
analyzed in terms of the hydrolysable and condensed tannins, adopting the methodology
described by [13].

2.1.2. Biosorbent

Saccharomyces pastorianus biomass, obtained from the Pilsen beer fermentation process
conducted by the SuperBock group (Leca do Balio, Portugal), was transported refrigerated,
washed with distilled water, and stored at —80 °C for use as a biosorbent. Lyophilized
(LIOF) BSY: BSY was freeze-dried (Buchi Lyovapor, L-300, Flawil, Switzerland), ground,
and homogenized. Immobilized (IMOB) BSY: BSY was immobilized in calcium alginate
beads according to the procedures in [14]. A 2% sodium alginate solution (mixed 1:1 with
an 18% yeast suspension) was blended at 14,000 rpm for 10 min, dropped into 2% CaCl,,
and left for 2 h, at —4 °C. The beads were washed and dried at 50 °C for 24 h. Acid (ACID)
and alkaline (ALK) treated BSY: 5 g of BSY was treated with 500 mL of 0.1 M sulfuric acid
or 0.1 M sodium hydroxide following the protocol in [4]. The suspensions were shaken at
125 rpm and 25 °C for 24 h, centrifuged (Heraeus Fresco 21; Thermo Scientific, Waltham,
WA, USA) at 5000 g for 10 min, washed, freeze-dried, ground, and homogenized. LIOF,
IMOB, ACID, and ALK BSY was stored in falcon tubes at —18 °C and protected from light
until they were used in the biosorption experiments.

2.2. Biosorption Studies
2.2.1. Kinetic Assays

The kinetics study followed the protocol in [15] with slight modifications. In 125 mL
Erlenmeyer flasks, 100 mg of LIOF, IMOB, ALK or ACID BSY was mixed with 25 mL of CS
tannin extract and shaken at 150 rpm and 25 °C. Samples were collected at intervals from
1 to 360 min to measure the TPCs in the solution and calculate the biosorption. A blank with
only BSY and 100 mM sodium phosphate (pH 7) was used to account for yeast interference.
The experiments were conducted in duplicate at room temperature, with the biosorption
pH set at 10.0, 9.0, 11.0, and 5.0 for LIOF, IMOB, ALK, and ACID BSY, respectively. The
samples were centrifuged at 5000 x g for 30 min at 5 °C before TPC quantification and the
biosorbed concentration (g;, mg TAE g~! BSY) was calculated using Equation (1).

v
m

gt = (Co— C) (1)
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where Cy and C; are the TPCs (expressed as mg TAE L™!) before and after biosorption,
respectively; V is the solution volume (L); and m is the adsorbent mass (g).

Kinetic modeling was performed using Pseudo 1st Order, Pseudo 2nd Order, and
Elovich models [16], as described by Equations (2)—(4), respectively.

7 = e (1—e741) @
2
_ Ye ky-t
= 1+qg'k2-t ®)
1
qr = B-ln(l +a-B-t) 4)

where g, is the equilibrium adsorption capacity (mg g~'); k; (g mg~! min~!) is the Pseudo
1st Order kinetic constant of the model; k; (g mg~! min~!) is the Pseudo 2nd Order kinetic
constant of the model; « is the Elovich constant related to the initial biosorption rate; and
is the Elovich constant related to the desorption rate.

2.2.2. Equilibrium Assays

Biosorption isotherm assays were conducted under the same conditions as the kinetic
studies, measuring the equilibrium time and varying the LIOF, IMOB, ACID or ALK BSY
concentrations (2,4, 8,12, and 16 g L~1). The Langmuir-Freundlich (Sips) model [17] was
fitted to the data to evaluate the CS tannin extract biosorption onto the treated BSY.

_ quF.(KLF.CE)”LF
1T+ (Kpp- Ce)"F

(5)

e

where C, is the equilibrium TPCs (expressed as mg TAE LY gmrr is the Langmuir—
Freundlich maximum biosorption capacity; Kir is the constant; and nyr and K are
Langmuir-Freundlich’s constants.

2.3. Analysis by UV-VIS Spectrometry

A total of 50 mg of the biosorbent (pre- and post-biosorption) was dissolved in
5 mL of ultrapure water and stirred for 30 min at 150 rpm, protected from light. Then,
the suspension was placed in an ultrasonic bath (Selecta SA, Barcelona, Spain) for
5 min and centrifuged (6000 rpm for 5 min). The process was repeated once more, and
the supernatants were combined, homogenized, and analyzed (Shimadzu UV-2101PC,
Kyoto, Japan).

2.4. Analysis by Fourier Transform Infrared Spectroscopy (FT-IR)

Pellets were prepared by mixing 1 mg of the biosorbent (pre- and post-biosorption)
with 100 mg of dry KBr. The samples were oven-dried, finely ground, and scanned five
times. The averaged spectra were analyzed (Nicolet 6700 FT-IR, Thermo Scientific, MCT/A
detector) in the 4000-500 cm ! fingerprint region. The spectra were acquired and processed
with OMNIC software version 8.3.103.

2.5. Statistical Analysis
The experimental data were fitted using non-linear regression in Origin 7.0 (OriginLab,
Northampton, MA, USA), with the adjusted R? determining the best fit for the kinetic

and biosorption studies. A one-way ANOVA with Tukey’s post hoc test (p < 0.05) was
conducted in SPSS software (SPSS 20.0, Chicago, IL, USA) to compare the means.
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3. Results and Discussion
3.1. Characterization of CS Tannin Extract

The CS tannin extract was measured as being 128 mg + 12 TAE L~!, represented by
95 + 2% of hydrolysable tannins and 5 & 0.4% of condensed tannins.

3.2. Kinetic Studies

The biosorption kinetics of the phenolic compounds from the CS tannin extract in all
treated BSY showed a fast equilibrium time (40 min), with a high biosorption rate occurring
in the first 20 min. This high rate of adsorption suggests that the process occurs mainly on
the surface of the biosorbent. Table 1 summarizes the kinetic parameters obtained by fitting
Pseudo 1st Order, Pseudo 2nd Order, and Elovich models to the data on the biosorption
of the CS tannin extract by BSY. None of the kinetic models presented a good fit to the
experimental data of ACID BSY, excluding this approach. By contrast, the Pseudo 2nd
Order model provided the best fit for the biosorption data of LIO BSY, IMOB BSY, and
ALK BSY, with adjusted R? values of 0.9672, 0.9368, and 0.8991, respectively, suggesting
that the biosorption of tannins by BSY mainly occurs chemically. This kinetic model also
showed superior performance for the kinetics of the biosorption of yerba mate [4] and grape
pomace [8] phenolic compounds by BSY. The maximum theoretical biosorption capacities
(ge =23.00 £ 0.05,13.60 £ 0.15, and 16.0 £ 0.05 (mg TAE g BSY 1)) were consistent with
the experimental values (g, exp = 22.96 £ 0.08, 13.58 £ 0.05, and 16.96 & 0.08 (mg TAE g
BSY 1)) and highlight LIO BSY as the best biosorbent approach with a removal efficiency
of 72.4 £ 4.2%. Furthermore, the k;, values suggest rapid biosorption with minimal mass
transfer resistance. The observed differences between the treated BSY treatments are
likely attributable to the varying abilities of individual phenolic compounds with diverse
structures in the CS tannin extract to bind to the available sites on the biosorbent.

Table 1. Parameters of kinetic models for BSY subjected to different treatments in contact with CS
tannin extract.

Model Parameters LIOF BSY IMOB BSY ALK BSY ACID BSY
ge exp. (mg TAE g BSY 1) 22.87 4 0.48 13.92 £ 0.29 22.87 +0.48 7.96 + 0.56
ge (mg TAE g BSY 1) 23.01 + 0.41 14.02 + 0.10 16.01 + 0.12 —
Pseudo Ist Order - (g BSY mg TAE~! min~1) 251 £ 0.50 1.80 £ 0.76 252 4 0.12 —
Adjusted R? 0.9335 0.8424 0.8426 0.2231
4o exp. (mg TAE g BSY 1) 22.96 + 0.08 1358 + 0.05 16.96 =+ 0.08 7.09 % 0.04
4. (mg TAE g BSY1) 23.00 & 0.05 13.60 & 0.15 16.0 & 0.05 —
Pseudo2nd Order 4 BSY mg TAE! min~1) 5.0 + 040 55+ 2.04 524076 —
Adjusted R? 0.9672 0.9368 0.8991 0.6533
a (gBSY mg TAE ! min~!) 1.0 x 102! £ 1.0 x 108 2.1 x 107 £ 0.97 2.3 x 10'? 4 0.66 —
Elovich B (mg TAE g BSY!) 2.3 +0.63 3.1 + 060 2.3 +0.65 —
Adjusted R? 0.9120 0.8806 0.8526 0.0250

ge is the sorption capacity (mg g~?) at time t and at equilibrium; k; and k; (g mg~! min~') are the rate constants
of the Pseudo 1st Order and Pseudo 2nd Order models; R? is the adjusted R-Square correlation coefficient; « is the
Elovich constant related to the initial biosorption rate; and g is the Elovich constant related to the desorption rate.
—: data did not fit significantly to the model.

3.3. Equilibrium Studies

In these studies, the Sips isotherm model was employed to evaluate the equilibrium
in the biosorption process of the CS tannin extract with treated BSY. As shown in Figure 1,
an adsorbent rate higher than 12 g for ALK BSY (or IMOB BSY) (L~!) did not result in
significant adsorption improvements, likely due to the binding of nearly all the tannins (and
other phenolic compounds) and the establishment of an equilibrium between the adsorbed
and soluble molecules in the CS tannin extract. Conversely, higher concentrations of LIOF
BSY (up to 16 g L~!) enabled a greater biosorption capacity for the CS tannin extract. The
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Sips model showed a good correlation coefficient (R? of 0.9901, 0.9827, and 0.9205) and
predicted a maximum g, of 22.5 4 0.82 mg TAE g BSY~!, 13.60 + 0.15 mg TAE g BSY !,
and 12.30 £ 0.50 mg TAE g BSY ! for LIOF BSY, IMOB BSY, and ALK BSY, respectively.

25
e LIO BSY
5 «IMOBBSY »
- ® ALK BSY
%
m 15 . s
0 ® ]
: ! '
<
=10
[-1y]
&
g 5 s
Sy L]
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Figure 1. Equilibrium results (Sips model) for biosorption of tannins present in CS tannin extract
with BSY (biosorption time of 40 min).

3.4. UV-VIS Spectrometry

The UV-VIS spectra of the tannic acid standard used in the TPC spectrophotometric
method exhibited two isosbestic points at 214 nm and 270 nm. These forms of tannic acid
were also present in the CS tannin extract used for the adsorption studies (Figure 2b),
along with additional peaks likely corresponding to oxidized forms of phenolic compounds
generated during the alkaline treatment of chestnut shells. As shown in Figure 2a, an
increase in the absorbance area of the peaks at 214 nm and 270 nm was observed after
40 min of equilibrium contact between the CS tannin extract and LIOF BSY or IMOB
BSY, indicating that biosorption had occurred. This increase was more pronounced for
LIOF BSY.

16 |, e Tannic acid standard
(a) ~———LIOF BSY 10 (b)
LIOF BSY te L6
IMOB BSY t0 = CS tannin extract

1.4
IMOB BSY te

12 214
v

0.8 270
y

Absorbance

0.6

Absorbance

0.4

0.6
0.2

0.4
400 450 500 550 600 650 700

A (nm)

300

350

0.2

0.0

200 250 300 s 400 450 500 550 600 650 700
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Figure 2. UV-Vis spectra of (a) tannic acid standard solution (25 mg L~!) and LIOF BSY and IMOB
BSY’s intracellular content (at same concentration of 1 mg mL~1) before (t = 0) and after 40 min of
equilibrium biosorption contact with CS tannin extract; (b) CS tannin extract (25 mg L.

3.5. FT-IR

The FT-IR spectra of LIOF BSY and IMOB BSY before and after the biosorption of the
CS tannin extract are shown in Figure 3. The data suggest that both LIOF BSY and IMOB
BSY can effectively absorb tannins from the CS extract. Although the spectral changes in
both types of yeast were similar, LIOF BSY showed greater intensity, indicating a higher



Eng. Proc. 2025, 87,21

6 0f 8

(a)

4000

(b)

4000

OH

—LIOF BSY t0
——LIOF BSY te

—IMOB BSY t0
——IMOB BSY te

3500

3000

2500

‘Wavenumber (cm™')

2500

biosorption capacity. This difference may be due to lyophilization, which increases the
porosity of the yeast cell wall, making it easier for tannins to bind. In contrast, in IMOB
BSY, tannins may have limited access to binding sites due to the presence of alginate,
leading to a lower absorption capacity. The FT-IR spectral changes also suggest that various
functional groups, such as hydroxyl, amino, phosphate, and protein groups, are involved
in the biosorption process. The appearance of new peaks indicates that other components
of the CS tannin extract, like organic acids and sugars, may also be adsorbed by BSY. The
data also show that tannins and other compounds in the CS tannin extract interact with
LIOF BSY and IMOB BSY, causing changes in the yeast cell absorption bands and shifts
in the characteristic bands. The main changes observed include the following: (i) There
was a decrease in the 3460 cm ™! band (band A), associated with hydroxyl (-OH) stretching
vibrations. This suggests an interaction between the yeast wall and biomolecules in the
CS tannin extract, possibly the formation of hydrogen bonds or hydrophobic interactions
between the tannins” hydroxyl groups and the yeast cell wall (mainly glucans and mannans).
This is consistent with other studies on phenolic compound biosorption by BSY [4,5].
(ii) There was also a reduction in the 1546 cm~! band (band D), which represents the amide
II functional group, indicating a possible chemical interaction between the yeast surface
and phenolic compounds (tannins), and (iii) a decrease in the 1449 cm~! band (band E),
related to C-H vibrations.

[ -0 = =
GCll C OH c0 ¢C co

80 (C) 80

70 ——CS tannin extract t0

~——CS tannin extract te

Transmittance (%)
Transmittance (%)
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Figure 3. FT-IR spectra of (a) LIOF BSY before (t0) and after biosorption studies (te, equilibrium time);
(b) IMOB BSY before (t0) and after biosorption studies (te); (¢) CS tannin extract before (t0) and after
biosorption studies (te) with LIOF BSY; (d) CS tannin extract before (t0) and after biosorption studies
(te) with IMOB BSY.

4. Conclusions

The highest biosorption capacity for the Chestnut shells tannin extract was observed in
Brewer s spent yeast subjected to lyophilization. The Sips isotherm model provided a good
fit for the studied systems, indicating that the biosorption of tannins onto residual yeast
cells is a chemisorption process. The Fourier Transform Infrared Spectroscopy analysis
identified various functional groups in the spent yeast, with carboxyl, amino/hydroxyl,
and amide groups playing a primary role in tannin biosorption. These findings highlight
that spent yeast, a significant by-product of the brewing industry, serves as an effective
biosorbent for tannins from a disposal solution resulting from cellulosic material extraction
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from chestnut shells. Further research is required to elucidate the specific interaction
mechanisms and explore the practical uses of tannin-enriched brewer ‘s spent yeast.
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