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01 - INTRODUCTION

‘Circular Economy

Wort for fermentatlon

After washing and
drying at 45°C

subwW
Fractionation

TR

subW extracts of BSG obtained at 185 °C
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85 % of the total by-products generated — 20 kg of BSG/ 100 L of beer produced.

» BSG generated by a small local company — small breweries within the biorefinery concept

v’ Europe craft beer market— US$ 42.52 million in 2020 — ExPected to grow up to US$ 91.26 million
by the end of 2025
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Barley Malting Milling Mashing Boiling Cooling

Non-viable yeast

Spent hops Fermen_tation
BREWER’S SPENT GRAIN & Proteins Maturation
Clarification

85 % of the total by-products generated — 20 kg of BSG/ 100 L of beer produced.

» BSG generated by a small local company — small breweries within the biorefinery concept

v’ Europe craft beer market— US$ 42.52 million in 2020 — ExPected to grow up to US$ 91.26 million
by the end of 2025

____

Integration of BSG within a biorefinery concept is of great
interest to obtain different high value biocompounds
_—

>
:] e
-

[ | 4

UBU



¥) 01-INTRODUCTION

v" Phenolic Compounds o
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v' Extract Phenolic Compounds

BSG, alignocellulosic material

C ————— e

: = —_—

Long extraction ’W( -
[ times S . .

——

[Low extraction yield — :
Lignin is connected to the cell wall

polysaccharides by phenolic acids, being
necessary a hydrolytic method to release them
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v' Extract Phenolic Compounds

Different hydrolytic techniques

extraction (UAE) Chemical hydrolysis Enzymatic hydrolysis

Ultrasound assisted ‘
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v' Extraction of Phenolic Compounds

Subcritical Water (subW)

An alternative
technology to
chemical and

enzymatic hydrolysis
to release Phenolic
Compounds from
lignocellulosic materials



¥') 01-INTRODUCTION
& Subcritical Water (subW)

[Water IS the solvent of all considering the principles of green chemistry ]

[subW IS pressurized water in its liquid state in the T range from 100 °C to 374 °C.

Solid Liquid
(ice) (water)
Saturated Vapor Critical Point]
Pressure Egr_ve
Gas

&l / (Steam)
6.1X104 [ _—
0 100

Temperature (°C)

Pressure (MPa)
A

Asia Biomass Office. (2014)



¥') 01-INTRODUCTION
& Subcritical Water (subW)

[subW presents unique properties ]
[ 1 lonic product ] [i Dielectic constant] [ | Density ]
1200 24 - 100
< subWw | il
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3
- 20 3F )
8007 o g
é : Density - 18 E e g
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- 14 ¢ compounds
- 20
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0 10 0

0 100 200 300 400 500 600 700

Temperature, 2C

Cocero et al. (2018)
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01 - INTRODUCTION
& Subcritical Water (subW)

Tunable properties with T

Different selectivity iIn the
release of the bioactive

. compounds from the biomass

TIn subW is a
critical parameter
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. 02 - OBJECTIVES

¢Is subW treatment a suitable technology to extract the
phenolic compounds from BSG?

To explore the Antioxidant capacity of the subW
extracts

To compare the subW results with the results obtained
with another hydrolytic methods

)
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Preconditioning

BSG generated in a craft beer industry.

Oo o
. . 1 ( . . .
[Subcrltlcal water (subW) experiments ] | Semi-continuous fixed-bed reactor ]
B (" Temperature (125-185°C) |
— @ ___________ :@ VE-3 : P :
] : i P= 50 bar i
(o ] F=4 mL/min !
p-1 J M e e !
VE-1
| Validated:
<] T upto 220 °C

>
:] )
-

[ | g

UBU

Flow rates up to 10 mL/min.
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& BSG characterization

Lipids, 5.9

Ash, 2.9

Proteins, 17.7
Lignin, 17.8
Cellulose, 18
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*National Renewable Energy Laboratory
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BSG characterization
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BSG characterization

Lipids, 5.9 230 29
Proteins, 17.7 :
- Hemicellulose
Lignin, 17.8f
Cellulose, 18 —  Xylans: 14.6 %
Y Extractivés, QAT e LAY MR . .
26.1 RO £ : _ 0
' Hemicellulose, — Arabinans: 7.9 %
Ayt A __ 26 L )
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protocols : — Acetyl groups: 3.6 %
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Total Phenolic Content (TPC)

| TPC. Folin-Ciocalteu method o‘;
40 g
35
§ I
230 1
0} £ o O it
@ 25 o O 125°C
2 5 * T A 145°C
U = 4 Al ©160°C
© 15 N2 A 185 °C
g - ,/ A ——————————————
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5 Z 8 _ _—_@__——‘@—‘
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Effect of temperature on TPC release in subW extracts
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Colorimetric
Probe "
) 780
Folin- Clocalteu
Reagent
A= 750 nm
Reduced Folin-Ciocalteu Reagent
(intense blue)
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Total Phenolic Content (TPC)

Colorimetric
Probe r
) 780

Folin- Clocalteu

Reagent
A= 750 nm
- Reduced Folin-Ciocalteu Reagent
E' (intense blue)
(D _____________ 1
@ O125°C |
o A 145°C
L & 160°C |
(D 1
- 185°C
S

"""""""" An increase in the operating
temperature led to an
increase in TPC in the
extraction medium

0 30 60 90 120 150 180 210 240 r
Time, minutes

Effect of temperature on TPC release in subW extracts
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Total Phenolic Content (TPC)

Comparison between the different hydrolytic methods

____________________________________________________________ Enzymatic Hy

subW treatment (24h, 50°C)
50 (4 h, 125-185 °C)

! 42
40 - :
33
8 30 Basic-Hy
>
o I
o 20 A 19
L - UAE-W
5 10 (0.5 h, 50°C)
g 10 4 = 7
o\o o\o o\o ; N\
ee’\\ erb\ eQ’\ 0\{9\ o\*%\
\$ *\@Q *\‘b(\ . 6)3‘ ,0)3‘
o = F N Q;z?\
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Total Phenolic Content (TPC)

Comparison between the different hydrolytic methods

subw treatment at EnzymaticHy

185 OC Ied to hlghel’ subW treatment (24h, SOOC)

amount of TPC than 50 (4 h, 125-185 °C)

acid and basic | 42

hydrolysis and UAE-W 40 . z

' 33

0 30 Basic-Hy
@ 30 95 =1 (2h,60°C)
2 23 1 A maximum TPC
o 20 - 19 . release was found
U ) DAEW . with 6%  of
O 10 (0.5, 50°C) . Xylanase for 24 h
> 10 4= 7 i
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Total Phenolic Content (TPC)
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Comparison between the different hydrolytic methods

TPC Productivity (P)*

myeae

P_

gBSGTdry - At

Method

subW T= 160 °C
subW T=185°C

UAE T=50°C

Xylanase 6%

Basic Hydrolysis |

I 0.087 £ 0.001

P
Mgcae/(Ipsc ary'MIN)
0.100 £ 0.001

I 0.28 £0.01

| 0.109 % 0.002
0.55 % 0.04

*Evaluated from the initial linear extraction curve.

Productivity by
enzymatic
hydrolysis  was
lower than for
subwW at 160 °C
and 185 °C.
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Individual Phenolic Compounds

Hydroxycinnamic acids Phenolic aldehydes
I
o] O o)
" 0
T OH - H | H oH
o OH HO HO™ HO
OCH3 HO OCH; L OCH5
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50 /
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Individual Phenolic Compounds

Hydroxycinnamic acids Aldehydes
| |
0 O o
Q O H H OH
=7 TOH = I

OCHs HO OCHs - oo
- _ o . < # Protocatechuic o e Syringic

< @ Ferulic acid A A p-Coumaric acid o= Vanillin aldehyde aldehyde

| 160 °C: open symbols

"] 185 °C: filled symbols

.. 300 A . 300
'q ©
0} 0}
23 2

2 200 2 200
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g S
: 100 :

5 100
2 2

0 £ 0 &
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ra ' Accumulative release of the identified individual phenolic compounds in the subW extracts | 28
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Individual Phenolic Compounds

Hydroxycinnamic acids Aldehydes
| |
0 O o
=7 TOH = I
OCHs HO OCHs - oo
- _ o . < # Protocatechuic o e Syringic
< @ Ferulic acid A A p-Coumaric acid om Vanillin aldehyde aldehyde

J 160 °C: open symbols

185 °C: filled symbols
> 300 A 300
;- ©
2
<, 200 - . 1 Hydroxycinnamic ac. 00
3 ] 160 °C
£ 1 Phenolic aldehydes
go 100 - 185 °C .00
A
0 ¢ T i o 0K
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s R e
ra ' Accumulative release of the identified individual phenolic compounds in the subW extracts | 29
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Individual Phenolic Compounds

Hydroxycinnamic acids Aldehydes
| |
0 O o
=7 TOH = I
OCHs HO OCHs - oo
- o . < # Protocatechuic o e Syringic
< @ Ferulic acid A A p-Coumaric acid om Vanillin aldehyde aldehyde

<J 160 °C: open symbols

‘| 185 °C: filled symbols

Hydroxycinnamic
acids were more
sensitive to
temperature than
aldehyde phenolic
compounds.

300 - 300

200

100

ugcompound/g BSG, dry
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Individual Phenolic Compounds
c ) — he diff Chvdrolvii hod i Phenolic compounds identified by
omparison between the differen rolytic methods |
LCompatison betueen the diferent YSIOIVHS MO  HPLC-DAD (4 cydSssc.r)
Subw Subw UAE-W :
Compound Formula T=160°C  T= 185 °C T=50°C Alkaline-Hy Xylanase 6%
p-Hydroxibenzoic i
i Ben n.d. n.d. 10.0£05 n.d. 59 £ 2 n.d.
Vanillic acid S 17.9+0.4 n.d. n.d. n.d. 49 +2 61+3
Syringic acid ngj\m n.d. n.d. n.d. n.d. 106.1 £ 5.7 n.d.

p-Coumaric acid 191+3 60+1 n.d. n.d. 538+4 53104

Vanillin 254 +5 306 + 10 n.d. n.d. 217 +1 203+ 10

Ferulic acid ,Q”‘* > 250 + 3 144 +7 10.7+0.3  544+03  1305.7+05 292 + 3

Synapic acid n.d. n.d. 28x0.2 31.1+£05 271 151
Q

Protocatechuic "

aldehyde JLE* 162 + 2 268 + 1 n.d. n.d. n.d. n.d.

Syringic aldehyde HS:ZJQ)L" 345 392 n.d. n.d. n.d. n.d.

OCH;

s R, :n.d. not detected

Bbrom@g -----————--- I y
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Individual Phenolic Compounds

c ) — he diff Chvdrolvii hod i Phenolic compounds identified by

omparison between the differen rolytic methods |1
LCompatison betueen the diferent YSIOIVHS MO  HPLC-DAD (4 cydSssc.r)
Subw Subw UAE-W :

Compound Formula T=160°C  T= 185 °C T=50°C Alkaline-Hy Xylanase 6%

-Hydroxibenzoic £ -
gCidy xIbenzol HD@" n.d. n.d. 10.0+0.5 n.d. 59+2 n.d. subW 185 °C  Vanillin
Vanillic acid S 17.9+0.4 n.d. n.d. n.d. 49 +2 61+3

Syringic acid ngj\m n.d. n.d. n.d. n.d. 106.1 £ 5.7 n.d.

p-Coumaric acid 191+3 60+1 n.d. n.d. 538+4 53104

Vanillin 254+5 306 % 10 n.d. n.d. 217 +1 203 + 10

Ferulic acid ,Q”‘* > 250 + 3 144 +7 10.7+0.3  544+03  1305.7+05 292 + 3

Synapic acid n.d. n.d. 28x0.2 31.1+£05 271 151
Q

Protocatechuic "

aldehyde Jig* 162 + 2 268 + 1 n.d. n.d. n.d. n.d.

Syringic aldehyde HS:ZIQ)L" 345 392 n.d. n.d. n.d. n.d.

OCH;

s R, :n.d. not detected

Bbrom@g -----————--- I ;
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Individual Phenolic Compounds .
_ _ _ i Phenolic compounds identified by |
Comearlson between the different hxdrolxtlc methods !_I:II?I:(E_D_A_D_ (_H_g_cgrnpguﬂd_/%_sg’g@_ “:

SubW SubW : : 0
Compound Formula T= 160 °C T= 185 °C Acid-Hy Alkaline-Hy Xylanase 6%
p-Hydroxibenzoic L, -
i Ben n.d. n.d. 10.0+0.5 n.d. 592 n.d. subW 185 °C | Vanillin
Vanillic acid S 17.9+0.4 n.d. n.d. n.d. 49+ 2 61+3
Syringic acid e n.d. n.d. n.d. n.d. 106.1 £5.7 n.d. [ E?
% Alkalin Hydroxycinnami
p-Coumaric acid lona: 191 + 3 60 +1 n.d. n.d. 5.3+0.4 aine. ydroxycinnamic
o hydrolysis acids
Vanillin QA 254+5 306 + 10 n.d. n.d. 217 +1 203 + 10
@ Nena. 250+3  144%7  107+03 54403 292+3
{ Synapic acid) T n.d. n.d. 28+0.2  31.1+05 15+1
Q
Protocatechuic "
aldehyde ,@)L 162 + 2 268 + 1 n.d. n.d. n.d. n.d.
Syringic aldehyde ::JQ)L" 34+5 39+2 n.d. n.d. n.d. n.d.
A A T === =
B Na@ | nd. notdetected 33
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Individual Phenolic Compounds  _________________________

|
_ : _ ' Phenolic compounds identified by |
Comparison between the different hydrolytic methods ' HPLC-DAD (MG compound/Issc.dry) !

Lo o e e e e e e e e

SubW SubW UAE-W

I - 0
Compound Formula T=160°C  T= 185 °C T=50°C Alkaline-Hy Xylanase 6%
p-Hydroxibenzoic L, -
i Ben n.d. n.d. 100 £0.5 n.d. 59 + 2 n.d. subW 185 °C | Vanillin
Vanillic acid S 17.9+0.4 n.d. n.d. n.d. 49+ 2 61+3
Syringic acid e n.d. n.d. n.d. n.d. 106.1 £5.7 n.d. [ t?
% Alkalin Hydroxycinnami
p-Coumaric acid ) ;"o 191 +3 60+ 1 n.d. n.d. 5310.4 aline ydroxycinnamic
o hydrolysis acids
Vanillin @ 254+5 306 + 10 n.d. n.d. 217 +1 203 + 10

Ferulic acid 250+ 3 144 + 7 10.7+0.3 54.4+0.3 292 +3

0 u
n.d. n.d. 28402  31.1+05 Xylanase 6% vs subW:

3
=} Q
§ g
Vi
o]
[=}
x

| Synapic acid

Q
o]
T

1 Ferulic acid
Protocatechuic

: %
5 o
7
o
g
>
o
[N
(6]
+
[N

5
2
o 3

aldehyde 162 + 2 268 +1 n.d. n.d. n.d. ,l,p'CoumariC acid
Syringic aldehyde ::JQ)L" 34+5 39+2 n.d. n.d. n.d. n.d. |Aldehydes

A A T ===

B rial@ :n.d. notdetected 34
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Antioxidant activity

FRAP (Ferric Reducing Antioxidant Power) —
o} Colorimetric =
Probe e

>

125 °C o; 140 °C &; 160 °C m, 185°C ;
500 _ _

A=595 nm

| SR e
e ¢ =N N N N= N N=
o 400 - R Ve ”N F':(m’.ggb" \_# = Feh N_g)—@
? | N M N 6
_ - 7R A
2 _ _
US) 300 1 b c Fe3*-TPTZ (uncoloured) Fe2*-TPTZ (intense blue at 595 nm)
L 1 s
8 200 A
O -~
=
= 100 - b b
b
4 aa
a a
o L2l éﬁll

*Values with different letters at each interval time are significantly different when applying the Fisher’s least significant differences (LSD) method at p-value < 0.05. 35
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Antioxidant activity

FRAP (Ferric Reducing Antioxidant Power)

125 °C o; 140 °C &; 160 °C m, 185°C

Antioxidan
500 Temperature to' .da L
activity
§ 400 A < p<0.05
>
3 300 1 . .
@ &
$ 200 -
© CORRELATION
&
= 100 L .
aa . . 2 _
G ;EII a Antioxidant R== TPC
P ©

Pearson’s correlation coefficient

36

*Values with different letters at each interval time are significantly different when applying the Fisher’s least significant differences (LSD) method at p-value < 0.05.
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TPC-Antioxidant activity

Antioxidant :
- E: - activity T?Tp_erf‘tﬂre »»»\Eirownmggg
[ Formation of compounds of Maillard reactions ]
| ”'f 1 la)1250C ! The colour change
e = - - i b) 140 °C i would be due to the
N o s e e e | ) 160°C | formation of
L EmEET i i | jdy185°C | hydrolysis and
uui..il\—w i. n. . “i' ___________ decomposition
‘.’ products such as
The extracts become darker by 1 T ‘ HMF and Furfural
A a A | .
| figll 37

UBU



m. 04 - RESULTS
Hmf and Furfural

[ Concentration of HMF and furfural in subW extracts ]

O

7

O

\ / OH

5-Hydroxymethyl furfural (HMF)

mg HM I:/gdry-BSG

10.000 -
1.000 1
0.100 1
0.010

0.001 A

o5 —— -,

Take part in reactions leading to the
formation of melanoidins and other

polymers and aromatic substances

*Values with different letters at each interval time are significantly different when applying the Fisher’s least significant differences (LSD) method at p-value < 0.05.

d b = b

=C

Q QO Q QO Q
Q"b Q9 RV ,'\(° N
™ NN (19 \(,9

Time interval, min

—]

125°C o
140 °C
160°C m
185°C

100.000

10.000

1.000

0.100

0.010

mg Furfural/gdry-BSG

0.001

L g

jebl

Time interval, min
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Hmf and Furfural

[ Concentration of HMF and furfural in subW extracts ]
O O
7 A\
O \ / OH \ / 0
5-Hydroxymethyl furfural (HMF) [ Furfural }
CORRELATION

Pearsons correlation coefficients

. . 2 —
Antioxidant R = HME Antioxidant R? = Furfural
activity 0.6887 activity 0.8091

>
:] e
-

[ | 4

39
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Hmf and Furfural

[ Concentration of HMF and furfural in subW extracts ]
O O
7 A\
O \ / OH \ / 0
5-Hydroxymethyl furfural (HMF) [ Furfural }

TPC AND ANTIOXIDANT ACTIVITY ASSAYS

V! o
.(\—G‘\Oo‘a“
HMF o BE Colorimetric 7
A Probe -
Furfural &%, >
g P
o)
2 A=595 nm

>
I»
=
)

40
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Antioxidant activity- Proteins %

CORRELATION

) . Accumulative total protein fraction in the subW extracts.
Pearsons correlation coefficients

Antioxidant RZ = Proteins 20 :
activity 07625 _ — 4 =177 9/100Gssg g (Total Protein)_ |,
I I
> . " = &| O125°C |
g : o @ A 145°C
) Protein in the subW extract = 8 - ® = © 160°C i
% Yield = — . <] m & s 185°C
Protein indry BSG a . s ® ®F----------- !
RS B ® A G:) ®
AN T oc | vicld % BVAN | B 6 ©
[ ) 0 KB = T T T T T T T T
185 777 o° 0 30 60 90 120 150 180 210 240
160 69.5 time, min
145 52.6
2
i A 125 31.6
| figil] a1
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Antioxidant activity- Free amino acids © @ @

Accumulative profile in the subW extracts of free amino acids

CORRELATION

60 -
. . . 0
Pearsons correlation coefficients gi - | © O 125 °C
5 A A A 145°C
. 2o _ $ 40 - ® A © 160 °C
Antioxidant <:}R Free amino s A 185 9C
3 & o e § *
0o @ 207 % ® "
60 o E H
© o O 104 & ., "
A 50 1 N "
Cg A \ Sum Of aa 0 {Av\} 1 1 1 1 1 1 1 1
% 40 1 /) ' by GC 0O 30 60 90 120 150 180 210 240
/ \
s / v Tiempo, min
® 307 @ P
©
3 20 + ° o)
E @)
O . 0
£ 107 High residence
0 . _ time: T=29 min
! 82 . F3 t R4 > . : Highest level at 160 °C |
¢ & & | everity Factor, R, . <2 _._ aadegradation for 1
| figll | [ — | ~T T RO> 3.2 :

mBU T,°C: 125 145 160 I
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@00 [ree amino aclids

I' Amino acid profile of BSG and subW extracts (Mg,./9protein-dry-ssc) |

e e e e o i e e 82 Jprotein-dry-BSG)_
Amino acid  BSG  125°C  145°C  160°C  185°C MELECAE _Medar 100
ALA 48.1 2.46 3.08 3.29 3.62 mg aapsg
GLY 41.9 0.84 1.28 1.91 3.16
VAL 122.6 1.56 2.30 3.25 4.76 25
LEU 87.1 1.39 2.13 2.35 2.43 . 11255 (;(C:: ﬁ
ILE 69.3 0.74 1.18 1.42 1.40 2 0 160 oG
THR 41.1 0.73 1.07 1.12 0.70 S . 185 °C
SER 44.1 1.96 2.86 2.43 1.21 2
PRO 1232 1.93 2.25 2.28 1.94 =
ASP 69.5 3.32 10.17 1535  4.38 S
MET 19.0 0.24 0.85 1.25 0.17 =
HYP 4.3 0.00 0.14 0.10 0.02 <
GLU 116.8 6.30 6.15 4.26 1.15
Vs s 2on  os 4 1s VPP IEELELEE S EEES
HIS 22.8 147 1.92 1.93 1.08 :_Eiral ;iel_d ;f Ed?/id_u; a_mi;o_aci_ds_as_af_ur::tzn_of_ter;p;ra;u; -;
HYL 0.0 0.00 0.00 5.03 I e il
TYR 22.5 2.20 2.80 1.85 2.35
LR, TRP 14.7 0.26 0.40 0.67 0.02 TAspartic Acid at 160 °C
| gl c-C 4.7 0.00 0.00 0.33 0.22
Foeoll TAA 10024 289 474 552 31.7 43
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. 05 - CONCLUSIONS

SubW treatment was confirmed as an efficient extraction/hydrolysis method
*/ 10 extract phenolic compounds from BSG.

Extraction of phenolic compounds was maximized at the highest
6 temperature studied in this work, 185 °C.

aldehyde phenolic compounds.

T@l Hydroxycinnamic acids were more sensitive to temperature than

SubW extracts showed a high antioxidant activity that increased with
temperature.
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