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Sustainable upcycling of brewers™ spent grain by thermo-mechanical treatment in twin-

screw extruder

Abstract

Thermo-mechanical treatment of brewers’ spent grain (a by-product of beer manufacturing)
was successfully performed via the extrusion process. The impact of temperature (from 30 to
180 °C), throughput (from 1 to 5 kg/h) and screw speed (from 75 to 375 rpm) on particle size,
color, chemical structure, antioxidant activity and thermal stability of resulting material, as
well as correlations between particular properties, were investigated. The color of treated
brewers’ spent grain was strongly influenced by particle size and the extent of Maillard
reactions occurring during extrusion, responsible for the browning of material. Moreover,
products of these reactions, melanoidins, enhanced the antioxidant activity of brewers’ spent
grain, which after extrusion at 180 °C was increased by even 100%. Thermo-mechanical
treatment of brewers’ spent grain at 120 and 180 °C increased its thermal stability
investigated by thermogravimetric analysis. It was also observed that temperature treatment
above 100 °C also led to the reduction in friction inside the extruder barrel and reduced by at
least 20% specific mechanical energy required to brewers’ spent grain modification, which
positively affects the economic aspect of the process. The results confirm that a proper
adjustment of extrusion parameters allows easy tailoring of the appearance (color, particle
size distribution) and performance properties (thermal stability, antioxidant activity) of
brewers’ spent grain, which significantly extend applications of this cellulosic-rich waste in
wood polymer composites technology.
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1. Introduction

Wood polymer composites (WPCs) are a class of composites consisting of one or
more lignocellulosic fillers and one or a mixture of polymeric materials. Thanks to the
application of lignocellulosic fillers, these materials may be characterized, e.g., with lower
density, higher stiffness, renewable nature, biodegradability, and reduced costs (Zajchowski
and Ryszkowska, 2009). Moreover, due to lower hardness, the application of lignocellulosic
filler reduces machine wear and damage of processing equipment comparing to, e.g., mineral
fillers, commonly used in polymer composites.

In order to obtain WPCs with desired parameters, used fillers need to show particular
properties. Fillers’ properties affect the performance of the resulting WPCs. However, one of
the most important is the particle size distribution. It was repeatedly proven that smaller
particles often show higher specific surface areas, which together enhance the mechanical
performance of composites (Fu et al., 2008). Moreover, the small particle size of filler may
enhance the barrier properties of the composite, which can have an influence on, e.g., the rate
of biodegradation (Kargarzadeh et al.,, 2017, 2018). Currently applied methods of size
reduction of fillers are mostly based on processes with periodic character and use of various
types of mills (Bridgeman et al., 2007; Silva et al., 2011). More perspective solutions, which
are more cost-effective, should be based on continuous processes, such as extrusion, which
was applied in the presented study.

Another parameter, essential for the applications of WPCs, affecting their aesthetic
aspect is their color. Commonly used natural fillers may vary in color because of different
type and source of raw material (e.g., different types of wood or other lignocellulosic fillers),
but also because of the applied treatment, most often associated with size reduction. During
grinding or milling of fillers, shear forces and sometimes also the temperature is applied to the

material, which is inducing color changes of material.
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Generally, changes in color during grinding of fillers are associated with two factors:
final particle size and chemical reactions occurring inside the material during processing. The
changes in the roughness of the surface, hence light scattering and patrticle size of fillers,
significantly affect the light transmittance, which was confirmed for diverse natural materials
(Bolade et al., 2009; Sun et al., 2016).

Chemical reactions resulting in the changes in color are generally referred to as non-
enzymatic browning reactions. This group consists mainly of caramelization and Maillard
reactions. The first reaction is a complex process of sugar pyrolysis, including, e.g.,
dehydration, condensation, fragmentation, isomerization, or polymerization reactions of
sugars, resulting in the generation of caramelansHg@)s), caramelens (§Hsq025) and
caramelins (&sH1860g0) (Villamiel et al., 2006). During caramelization, volatile compounds
are also formed, which are responsible for characteristic caramel flavor. Maillard reactions,
which involve chemical reactions between amino groups of amino acids and carbonyl groups
of sugars, can take place at lower temperatures than caramelization. They involve reactions of
reducing sugars with amino acids and result in the hard to characterize complex mixture of
compounds responsible for the final color and flavor of resulting material, which is very
important in polysaccharide-based food products, such as cookies, biscuits, bread, etc.
(Maillard, 1912). Generally, a group of resulting products, responsible for the color change, is
referred to as melanoidins — higher molecular weight oligomeric and polymeric substances
(Martins et al.,, 2000). The general scheme of Maillard reactions, which show their
complexity, is presented in Fig. S1. It is also crucial that melanoidins are commonly known in
food chemistry and technology for their antioxidant activity, which enhances the storage
stability of various food products (Pastoriza and Rufian-Henares, 2014; Rivero-Pérez et al.,
2002). Therefore, based on the literature data, it can be assumed that they could also enhance

the stability of WPCs (Moraczewski et al., 2019).
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From an economical and ecological point of view, the most beneficial is the
incorporation of fillers, which are considered as by-products or wastes resulting from the
processing of renewable raw materials. Therefore, it seems very interesting for the
manufacturing of polymer biocomposites to use the brewers’ spent grain (BSG), which is the
major by-product of the brewing industry, generated in the mashing process (Hejna et al.,
2015). BSG shows relatively similar composition to various waste fillers applied during the
preparation of WPCs, e.g., pulp resulting from the paper industry or wood flour. However, it
contains significantly higher amounts of proteins, which can participate in Maillard reactions,
enhancing the antioxidant activity of filler (Rufian-Henares and Morales, 2007). BSG stands
for ~85% of the total by-products of beer manufacturing, and according to literature data,
accounts for around 31% of the initial malt weight (Mussatto et al., 2006). According to The
Brewers of Europe Beer Statistics Report from 2018 (The Brewers of Europe, 2018),
European producers manufacture over 41 billion liters of beer each year, which results in the
generation of over 2.5 million tonnes of BSG. Market Research Store reports that global
production of WPCs is increasingly growing, from almost 3.5 million tonnes in 2015 to over
4.3 million tonnes in 2017, and is expected to reach over 6.0 million tonnes in 2020 (Market
Research Store, 2018). Therefore, research associated with the development of this group of
materials is very perspective. Assuming with average filler share of 50 wt.% in WPCs, the
current demand on lignocellulosic fillers is around 2.2 million tonnes annually, so it can be
seen that utilization of BSG produced only in Poland could be a significant contribution to
WPCs market.

The main limitation related to the application of BSG in polymer composites is related
to two factors: relatively high humidity and large particle size of this cellulosic-rich waste.
The dried form of BSG is present in the market. Therefore this research work is focused on

solving the issues related to the particle size of BSG and the characteristics of ground BSG.
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So far, BSG has not been very often investigated as a filler for WPCs. In previous
works, BSG was successfully applied as filler into rigid polyurethane foams (Formela et al.,
2017; Hejna et al., 2017), natural rubber (Zedler et al., 2018, 2020), ang-qmpyOlactone)
(Hejna et al., 2015). Obtained results indicated that proteins present in BSG acted as
plasticizers and reduced the adhesion to polymer matrices. Therefore, suitable treatment of
BSG prior application in WPCs should be investigated in order to understand how the
changes in the chemical structure of BSG affect their impact on compatibility with polymer
matrices. Authors investigating polymer/BSG composites (Berthet et al., 2015; Cunha et al.,
2014; Revert et al., 2017) studied the microscopic structure, mechanical, and thermal
properties of obtained WPCs, which indicated insufficient interfacial adhesion between matrix
and filler. The only modification of filler was alkali treatment applied by Berthet et al. (2015).
However, they were not able to prepare WPCs due to the aggregation of the fibers. Therefore,
the effect of treatment could not be evaluated. Moreover, the impact of melanoidins,
potentially enhancing the resistance of composites towards oxidation, has not been
investigated yet.

In this paper, sustainable upcycling of brewers™ spent grain by thermo-mechanical
treatment in the twin-screw extruder was developed. The twin-screw extruder was selected
due to: 1) high mixing and shearing efficiency of processed material; ii) common application
in the industry (more straightforward implementation of laboratory results at industrial scale),
and iii) continuity of process (high throughput and good repeatability of results). Recently,
extrusion techniques found application in the treatment of biomass and lignocellulosic wastes
(Duque et al.2017; Leonard et al., 2019; Offiah et al., 2018). However, there is a lack of
published information about the application of this technique for utilization or up-cycling of
brewers™ spent grain. Therefore, in this research work, the impact of extrusion conditions

(temperature, throughput, screw speed) on the specific mechanical energy required to BSG
5
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-

126  particles size reduction, particle size distribution, chemical structure, color properties, thermal
127  stability and antioxidant activity of treated BSG were investigated in order to evaluate the

128  possibility of its application in wood polymer composites technology.

129

130 2. Experimental

131 2.1. Materials

132 Brewers’ spent grain used in the presented study was obtained from Energetyka

133  Zloczew sp. z o.0. (Poland). It was waste from the production of light lager and consisted
134  solely of barley malts. The supplier already dried obtained BSG. In Fig. 1, there is shown the
135 appearance of used BSG.

136 Synthetic 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical9%%, solid crystal) and

137  70% water solution of ethanol were used during the determination of the antioxidant activity

138  of modified BSG. Both compounds were acquired from Sigma Aldrich (Poland) and used as

139 received.

140

141 Figure 1. Macroscopic (a) and microscopic @pearance of applied BSG before extrusion grinding.

142

143
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2.2. Extrusion grinding of BSG
Extrusion grinding of BSG was performed with EHP 2x20 Sline co-rotating twin-

screw extruder from Zamak Mercator (Poland), following patent application (Hejna and
Formela, 2019). The extruder has eleven heating/cooling zones with a screw diameter of 20
mm and an L/d ratio of 40. The screw configuration is shown in Fig. S2. BSG was dosed into
the extruder by a volumetric feeder with a constant throughput of 1, 3, or 5 kg/h. Screw speed
varied from 75 to 225, from 150 to 300 and from 225 to 375 rpm, respectively, for increasing
throughput. Barrel temperature in all zones was set at 30, 60, 120, or 180 °C. For each set of
parameters, extrusion was carried out for at least 60 minutes after stabilization of the motor
load of the extruder, which indicated stabilization of the process. After grinding, samples of
BSG were left in order to cool down to room temperature. Samples were coded as X/Y/Z,
where X stands for the processing temperature, Y for the throughput, and Z for the screw

speed.

2.3. Characterization techniques

The characterization of the particle size distribution of investigated BSG fillers was
evaluated using a laser particle sizer Fritsch ANALYSETTE 22 apparatus operated in the
range of 0.08 - 2000 pum.

The chemical structure of studied samples was determined using Fourier transform
infrared spectroscopy (FTIR) analysis performed by a Nicolet Spectrometer IR200 from
Thermo Scientific (USA). The device had an ATR attachment with a diamond crystal.
Measurements were performed with 1 tmesolution in the range from 4000 to 400 tiand

64 scans. For each sample, at least three spectra were recorded.


http://mostwiedzy.pl

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

The color of treated BSG was evaluated accordindp@oCommission Internationale
de I'Eclairage (CIE) through L*a*b* coordinates {énnational Commission on Illumination,
1978). In this system, L* is the color lightnes$<0Q for black and L*=100 for white), a* is
the green(-) / red(+) axis, and b* is the blue(yellow(+) axis. Thirty tests of each sample
were done and used for the determination of arittommean values. The color was
determined by optical spectroscopy using HunterLddiniscan MS/S-4000S
spectrophotometer, placed additionally in a spBc@désigned light trap chamber. The total
color difference parameteAE*) was calculated according to the following fodation (1)
(Bociaga and Trzaskalska, 2016):

AE* = [(AL")? + (Aa*)? + (Ab")?]%5 (1)
Moreover, obtained values of a* and b* may be usedalculate other parameters

used to describe colors, such as chroma and hfieedéy the following equations (2 and 3):
Cop = (@? + 522 (2)
hgy = tan™! (Z—) (3)
Determined color parameters were also convertéde@ommonly used Adobe RGB
color space defined by the three chromaticitiethefred, green, and blue additive primaries

(Hunt, 2004). The first step was the conversiomfiGIELab to normalized CIEXYZ space

according to the following equations (4-8) (Lopéale, 2005):

_ _1(L'+16 | a*
X =Xuf ( 116 +500) (4)

L*+16

Y= YWf_l( 116 ) (5)

_ -1 (L'+16 b
Z=7zuf ( 116 200) (6)

where:

o t3 t>4
7= 357 (t — i) otherwise ()
29
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191 and

192 s§==(8)

193 and

194 X, Yw andZzZ, are the values for the reference white point, which for lluminant D65 equal
195 0.950450, 1.000000 and 1.088754, respectively, according to ITU-R Recommendation
196 BT.709.

197 Next, conversion from CIEXYZ color space to linear RGBWas made according to

198 the following formulas (9-20):

r X

199 lgl =[M]7' Y| (9)
b 7

200 where:

Sy Xy SyXy SpXy
201 [M]: STYT Sngg Sbe (10)
S:Zyr SyZ5 SpZy

202  where:

Xr
203 X, = o (11)
204 Y, =1 (12)
205 Z, = (1%””) (13)
206 X, =2 (14)

975,
207 Y,=1 (15)
_ (1-xg-vg)

208 Zy= — (16)
209 X, =22 (17)

Yb
210 Y,=1 (18)
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S, X Xg X]7'ix,
Sl=|% Y, Y YW] (20)
S|l |2 2z, zy| lZw

and:

(Xr, Y1), (Xg, Yg), @and (%, yb) are chromaticity coordinates of RGB system, which in the case of

Adobe RGB are (0.64, 0.33), (0.21, 0.71) and (0.15, 0.06), wWhil¥, andZ, are the values

for the reference white point, as mentioned above (Adobe Systems Incorporated, 2005).
Conversion from linear RGBYf to nonlinear RGBY) was made using gamma

companding according to the following equation (21):

V= UTl/ (21)

wherey stands for gamma value characteristic for a color system, in the case of Adobe RGB
equals 2.2.

Obtained RGB values were in the nominal range [0.0, 1.0]. In order to present them in
the most commonly used range of [0, 255], components were multiplied by 255.

Samples of extruded BSG for the determination of antioxidant activity were prepared
by the extraction of proper compounds in the following manner. Samples with a mass of 1 g
were weighed on analytical balance with an accuracy of 0.001 g and then mixed witbfd cm
70% solution of ethanol. The mixtures were shaken vigorously and allowed to stand at room
temperature in the dark for 20 hours. All extracts were centrifuged in a centrifuge Hettich
Rotina 380 for 3 minutes at 3500 rpm. Subsequently, the antioxidant activity of supernatants
was determined with a modified method described by Brand-Williams et al. (1995) using
synthetic DPPH radical — 2,2-diphenyl-1-picrylhydrazyl. Three specimens were analyzed for
each sample. For each analysis, 1 ml of analyzed extract was mixed with 5 ml of the 0.5 mM

DPPH solution. The absorbance of the mixtureg (#as measured at 517 nm after 15
10
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minutes of incubation at room temperature. The tneg&ontrol (A) was prepared for 1 ml
of 70% ethanol. The percent DPPH scavenging effast calculated by using the following

equation (22):

L =B A oo @22
A

The thermal analysis was performed using the TG EB%pparatus from Netzsch
(Germany). Samples of composites weighing approxmgy were placed in a ceramic dish.
The study was conducted in an inert gas atmosph@tegen in the range from 30 to 900 °C
with a temperature increase rate of 10 °C/min. $mecimens were analyzed for each sample.

In order to evaluate the effect of barrel tempematon the progress of ground tire
rubber reclamation, the specific mechanical en€¢8ME, in kWh/kg) was determined. SME

was calculated using equation (23):
SME=— (23)

where N is the consumption of drive motor power (kW), &@ds throughput (kg/h). For
calculations of the specific mechanical energy, dverage motor load from at least 60

minutes of extrusion was used.

3. Results and discussion

3.1. Particle size distribution

Fig. 2 shows the particle size distribution of sedected filler samples in order to
determine its dependence on the adjusted extrusayameters. The impact of process
temperature on the particle size of obtained sasnffte throughput of 3 kg/h and a screw
speed of 225 rpm) is presented in Fig. 2a-d. Itlmaseen that lower extrusion temperatures,

below 100 °C, resulted in larger particle sizese do the agglomeration of treated BSG

11
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269

270

related to higher moisture content. At lower terapgnes (30 and 60 °C), moisture present in
the BSG due to its hygroscopic nature (as otheobgllulosic materials) combined with the
external forces causes granulation of particlexhSan effect is related to the enhanced
hydrogen bonding between lignocellulosic partictzsised by the presence of moisture
(Sahputra et al., 2019). As a result, particleg®ighan 120Qum were present in extruded
material, which is presented in Fig. 2a and 2b.hSan effect is often observed during
extrusion cooking and used in the manufacturingrain flakes and snacks (Dhanalakshmi et
al., 2011). The appearance of these particles asepted in Fig. S3. The increase of the
process temperature to 120 °C resulted in the tewtuof average particle size, which is
related to the lower share of particles bigger tl3®® um, and lack of agglomerates.
Nevertheless, only for the temperature of 180 °&trithution of particle, diameters were
noticeably more homogenous, comparing to lower satpres. Such an effect was probably
associated with the lower moisture content andiglatecomposition of the extractives and

other low molecular weight components of BSG (Mabohet al., 2013).

12
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Figure 2. The particle size distribution of samples extruadith a screw speed of 225 rpm and throughput of 3
kg/h at (a) 30 °C, (b) 60 °C, (c) 120 °C and (8D EC, as well as the impact of (e) throughput éhdcrew
speed on particle size distribution.

Fig. 2e shown the impact of the extrusion througlgruthe particle size distribution
of ground BSG (for process temperature of 180 °@ anscrew speed of 225 rpm).

Throughput is associated with the degree of fillegfruder barrel, hence the level of shear

13
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forces between the BSG particles and between [et@nd extruder barrel (Kao and Allison,
1984). Suparno et al. (2010) developed a modeldasesxperimental data, which indicates
that shear forces are significantly increasing witle degree of fill of extruder barrel.
However, an increase in throughput shows the oppefiect because it is associated with
shorter residence time in the extruder and its nmor@ogenous distribution (Altomare and
Ghossi, 1986). In the presented case, it resuttgtbiiceably more homogenous patrticle size
distribution and slightly smaller average partisiee (Yeh et al., 1992). Such effect may be
considered very beneficial from the potential aggiion point of view (e.g., in wood polymer
composites) because it enables the preparationatérial showing superior properties with
higher efficiency.

The plot in Fig. 2f presents the impact of screwespon the particle size distribution
of BSG ground at 180 °C and with a throughput dégh. It can be seen that despite the
similar distribution of particle size, differencbstween screw speed of 150 rpm and higher
values were noted. Such an effect is associateul tvé increase of shear forces inside the
extrusion barrel for higher screw speed valuesclwhacilitate the disintegration of BSG
particles. A similar effect was observed for thdresion treatment of ground tire rubber
particles by Formela et al. (2014). On the otherdhaimilar to throughput, an increase of
screw speed shows opposite effects associatedtiattshortening of material’'s residence
time in the extruder barrel. As a result, the iaseeof screw speed over 225 rpm for analyzed

process parameters increased average particle size.

3.2.Color properties

The color parameters of prepared BSG samples asempied in Table 1. As mentioned
above, in section 2.3. Measurements, the coloraiérnals was evaluated using CIELab color

space, and then parameters were converted to pojaddde RGB space. Moreover, the total

14
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color difference parameteAE*) related to the unprocessed reference samgieesented, as

well as the color of obtained materials.

15
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308  Table 1.Color parameters of extruded BSG samples and adsiokactivity of selected samples.

Antioxidant
Temperature, Throughput,  Screw Color parameters activity towards
°C kg/h speed, rpm DPPH, %
L* ax b* AE* R G B Color C4* hy, ©

Reference sample 48.16.11 13.04 - 124.8 110.3 93.8 14.0 68.6 36
75 49.87 466 12.14 1.97 128.3 1146 99.1 13.0 69.0 -
1 150 56.50 4.71 13.43 8.35 145.8 130.9 142 70.7 -
225 56.81 4.88 13.91 8.69 147.0 131.6 14.7 70.7 -
150 51.98 4.87 13.09 3.82 134.2 119.6 140 69.6 -
30 3 225 50.97 461 12.31 2.94 131.1 117.3 13.1 69.5 49
300 52,55 4.73 13.21 4.40 135.6 121.1 140 70.3 -
225 50.37 480 12.45 2.30 129.8 115.8 13.3 68.9 -
5 300 50.95 4.61 12.42 2.89 131.1 117.3 13.3 69.6 -
375 53.44 5.03 13.70 5.32 138.3 123.1 146 69.8 -
75 50.64 4.44 12.23 2.68 130.0 116.6 13.0 70.0 -
1 150 51.50 4.70 13.27 3.36 132.9 1185 141 70.5 -
225 52.89 4.65 13.50 4.76 136.5 122.0 143 71.0 -
150 50.18 4.81 12.60 2.08 129.4 115.3 135 69.1 -
60 3 225 49.60 4.60 11.83 1.94 127.4 114.0 12.7 68.8 49
300 50.02 4.32 12.38 2.11 128.4 115.2 13.1 70.8 -
225 50.41 4.69 1259 2.32 129.9 115.9 134 69.6 -
5 300 50.48 4.76 13.23 2.34 130.3 116.0 141 70.2 -
375 51.35 484 12.67 3.21 132.4 118.1 136 69.1 -
75 57.64 532 1452 959 1499 1334 155 69.9 -
1 150 58.23 4.92 14.35 10.15 150.9 135.1 152 71.1 54
120 225 56.55 5.15 14.33 8.48 146.8 130.7 15.2 70.2 -
150 55,55 5.88 14.82 7.63 145.1 127.8 159 68.4 -
3 225 56.29 542 14.14 8.20 146.3 129.9 151 69.0 54
300 57.28 5.23 14.32 9.20 148.7 132.5 15.3 69.9 -
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375 56.32 542 14.29 8.25 146.4 130.0 111.0
75 45.26 7.91 15.18 457 121.1 101.7 84.0
150 49.33 7.15 15.33 3.28 130.6 111.8 93.0
225 50.30 6.82 15.34 3.57 132.8 114.3 95.2
150 37.38 7.29 12.02 11.05 100.4 84.1 713
180 225 47.23 7.68 15.23 3.50 125.8 106.4 88.3
300 49.74 7.18 15.42 3.53 131.7 112.7 93.8
225 42.43 7.57 1359 6.27 113.3 95.3 80.0
300 49.06 6.97 14.74 2.67 129.6 111.3 93.3
375 48.46 7.31 15.28 3.15 128.6 109.6 91.1
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As mentioned above, CIELab color space defines color with three parameters, L*, a*,
and b*. According to equation (1), these parameters can be used to calculate the difference
between the color of particular materials. According to standard 1SO 2813:2001, the value of
AE* is associated with the human ability to distinguish colors and notice the color difference
(Bociaga and Trzaskalska, 2016).

Although all of them are affected by the physical structure of the material, the one
most significantly affected by the particle size is lightness (Ahmed et al., 2014, 2015, 2016).
Generally, independently of a* and b* parameters, hence hue of material, smaller particles
show higher lightness, which is associated with the increase of specific surface area that
allows more reflection of light (Chen et al., 1999; Horvath and Halasz-Fekete, 2005). In Table
S1, there are summarized results published by other researchers, which confirm the presented
results.

A similar phenomenon can be observed in the presented study. Most of the materials
prepared at lower temperatures (30 and 60 °C) had the highest values of average particle size
among analyzed samples. As a result, they were characterized by similar color properties to
the neat BSG. It was expressed by the valuedg=tfparameter lower than 3.5, which indicate
invisible (AE* <1.0), small AE* in the range of 1.0-2.0), or mediu&E* in the range of 2.0-

3.5) color variations (Bociaga and Trzaskalska, 2016). Higher values, hence more significant
color variations, were noted for samples extruded with higher screw speed, which reduced
particle size and increased lightness of materials. Samples extruded at 120 °C show higher
lightness comparing to lower extrusion temperatures, as a result of smaller particle size.
Samples prepared at 180 °C were darker because of the chemical reactions occurring in the
material and possible partial decomposition of polysaccharides present in BSG. Nevertheless,
in Fig. 3, there is shown particle size distribution for the samples with the highest (120/1/150)

and the lowest (180/3/150) lightness. It can be seen that except chemical reactions also
18
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particle size and its distribution shows a notideampact on the lightness of the material.
Despite the better homogeneity of distribution $ample 180/3/150, the share of particles
with lower diameters was higher for 120/1/150 saspHence its average particle size was
lower. As a result, noticeable differences in ligtds were observed, which, among other

factors, was caused by different particle sizerithgtion.

50 b) 1 = 120/1/150
(3)4_5_ o 120/1/150 mean = 134 pm ( )57_ % b ke

o 180/3/150 mean =204 pm
40 gﬁ 56 []
354 o] 55 |
Son C%G 50 54 E { E I
25- éﬁ g 53 L
2.0 S %) 36
1.5 55900(%) E; % 35_: % %
1.0 1 e o 34 §
/«m&i’{}} X ¢ 3 3
0.0 o R R AT oy — — 32

o i T T T T
0.1 1 10 100 1000 0.06 0.12 0.25 0.50 0.75 1.00

Particle size, um Particle size, mm
Figure 3. Particle size distribution for (a) samples with tbeiest and the highest lightness and (b) fractafns
these samples with various particle sizes.

Content, %
Lightness, -
AN

For more detailed analysis, the samples mentioreyea were fractionated using
sieves with diameters of 0.06, 0.12, 0.25, 0.505,0and 1.00 mm, and their color parameters
were determined. The obtained results are presemtéy. 3b and confirm results published
by other researchers (Kim and Shin, 2014; Liu, 2009

As mentioned above, two groups of reactions arporesible for color changes in
treated BSG: caramelization and Maillard reactidnsthe presented case, caramelization
does not play a significant role because it invelieno- and disaccharides, which are hardly
present in brewers’ spent grain (they are remowgthg mashing) and occurs at temperatures
of 160 °C or higher, except fructose (110 °C) (Matsset al., 2006). Only minimal amounts
of lower molecular weight saccharides may be geedrduring extrusion due to the shear-
induced breakdown of glycosidic links (Ott, 196&herefore, for the investigated materials,

caramelization reactions were not so significaspeeially when processing temperatures of
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30 and 60°C were applied. More critical are Madlagactions, because they can take place at
lower temperatures than caramelization. They invobactions of reducing sugars, which can
be present in BSG in the amount of ~15 wt.% (Watdral., 2012). Except for typical
reducing sugars, also other BSG compounds, ligrap smhow some reducing potential due to
the presence of aldehyde groups, hence the atuliigke part in Maillard reactions (Maillard,
1912). Moreover, BSG usually contains at least A5A2.% of proteins, among which the
most popular amino acids, which take part in Mailleeactions, are histidine, glutamic acid,
lysine, and leucine (Lynch et al., 2016).

Products of Maillard reactions, e.g., melanoidiae responsible for the change of
BSG's color (Wang et al.,, 2011). One of the factsignificantly affecting the final color
change is reaction time, hence the residence tinmeaterial in the extruder. As proven by
other researchers (Haugaard et al., 1951), thénaeptolor increases with the square of time.
It is in line with the results of the presenteddstuwhich indicate that an increase of screw
speed during treatment in extruder increased B3iGdéness (see Table 1). As mentioned
above, also increasing throughput results in tleetshing of residence time and exposition to
elevated temperature (Yeh et al., 1992). Neversiseldboth screw speed and increased
throughput may also show opposite effects, resuitinthe enhancement of shear rate, hence
shear forces acting on the material, which increéise temperature of the material and results
in the darkening of material (Suprano et al., 2010)can be seen that the increase in
throughput caused a slight lowering of the lightneSBSG samples.

Except for lightness also other color propertiegshsas chroma or hue (presented in
Table 1), are affected by the generation of meldinei and resulting browning of BSG
(Echavarria et al., 2013a). According to CIELab ocokpace, typical brown color is
characterized by a hue angle of ~50° (Berry, 1998)refore an increase of extrusion

temperature enhances the browning of BSG relatedh&o generation of melanoidins
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(Maillard, 1912). Morales and van Boekel (1998) destrated a positive correlation between
browning of casein/sugar solutions measured bytsg#wtometer and chroma of generated
melanoidins. Later, Wu et al. (2011) confirmed théadings for the malt drying process,
during which chroma of malt was increasing with domtent of melanoidins. Therefore, the
observed increase of chroma value should be camesidas a potential indicator of
melanoidins’ generation during extrusion grinding.

In the presented case, observed changes of color m@ so strong because the
absence of moisture during Maillard reactions tetwsninimize browning, which can be
noticed here, because of the relatively low moestaontent of initial BSG (6.9 wt.%,
according to TGA analysis). Nevertheless, the prieskdata indicate that the color of filler,
which has a crucial impact on the appearance ofréisalting composite (which is very
important for the recipients of final products)pdads on the processing conditions. In most
cases, during the manufacturing of WPCs, filletrne@ment includes at least grinding aimed
at achieving the desired particle size, which inipabe mechanical performance of the
composite. Therefore, by adjustment of processiogditions, the desired color of the
resulting filler can be achieved. As a resultatid significantly reduce or even eliminate the

use of additional pigments or dyes, rarely compasdd of natural compounds.

3.3.Antioxidant activity

For the manufacturing of WPCs, it can also be wetgresting that melanoidins have
been reported to show noticeable antioxidant d@gtivience, their presence, in combination
with phenolic compounds (which can also be foundB8G), indicates that grinding may
provide additional, antioxidant properties to BS@nultaneously enhancing the durability of
WPCs (Meneses et al., 2013). Such an effect wadrot other researchers for other natural

fillers showing antioxidant activity (Sarasini dt,&2018). Iver et al. (2015) noted that the
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value of elongation at break was maintained atsdrae level after ten extrusion cycles for
low-density polyethylene composites filled with&,and 12 wt.% of grape waste, turmeric
waste and coffee grounds, respectively. Therefibres very interesting to investigate the
antioxidant properties of thermo-mechanically teelaBSG, which could potentially enhance
the performance of WPCs. According to literatureadeelatively high activity was observed
for melanoidins based on histidine, which, as nogrtd above, which is a significant amino
acid of BSG (Yilmaz and Toledo, 2005). Based ors¢hkterature reports, further research
was aimed to examine the antioxidant propertiesetécted samples of extruded BSG. The
results of the performed tests are presented ifeTab

Relatively high activity of the reference sampleynbe associated with the presence
of phenolic compounds in BSG, such as ferulic ppodumaric acids (Mussatto et al., 2006).
It can be seen that performed modifications viauskon grinding resulted in noticeable
enhancement of BSG’s antioxidant activity. The kghinhibition effect was noted for
samples with the lowest lightness, which most likebntained the highest amount of
melanoidins. It can also be seen that despiteivelgtsimilar values of lightness, BSG
extruded at 120 and, especially at 180 °C showgHbehiantioxidant activity, suggesting a
more intensive generation of melanoidins. The iaseeof samples’ chroma may confirm such
an assumption. A similar correlation between DPR#idal scavenging activity and a* and

b*, hence also chroma values for melanoidins waeded by Echavarria et al. (2013b).

3.4.Fourier-transforminfrared spectroscopy analysis

Fig. 4 shows the impact of the extrusion process it parameters on the FTIR
spectra of BSG. Generally, analyzed materials sdosmectra typical for lignocellulose
materials, such as wood flour, wheat bran, andreth®l samples show typical signal (a)

around 3290-3300 ch associated with the stretching vibrations of loygt groups present
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in the structure of polysaccharides, as well asNk stretching vibrations related to the
presence of proteins in BSG (Mohsin et al., 2018gan be seen that the intensity of this
signal is hardly affected by the extrusion of mialerFig. 4b indicated that the most
significant influence was noted for the screw speddch directly affects the residence time
and level of shear forces acting on the materibk crease of these forces results in the
greater extent of materials decomposition and axidaduring the extrusion. In the range of
2850-2950 cril, there are observed absorption bands (b) attdbtdethe symmetric and
asymmetric stretching vibrations of C-H bonds intmgk and methylene groups. The
extrusion treatment decreased the intensity ofethmsds, and it was more noticeable for
BSG modified at higher temperatures. Such an effeeissociated with a greater extent of
polysaccharides decomposition and oxidation. Pégkim the range of 1620-1700 Emvere
related to the stretching vibrations of unconjuda@=0O and C=C bonds in polysaccharides,
but also to the amide | vibrations (stretching atlons of C=0 and C-N bonds in amide
groups) (Barth, 2007). Their intensity was increblsg the extrusion treatment, which points
to oxidation of polysaccharides and the formatidnneelanoidins in Maillard reactions.
Signals (d) in the range of 1515-1550tare due to amide Il vibrations — the combinatién o
NH bending and CN stretching vibrations of amideugs. These signals, similar to (c), were
affected by extrusion treatment. The changes iogssing parameters strongly influenced the
intensity of signals (c) and (d). Neverthelessreéhgas no straightforward impact because of
the contradictory effects of screw speed and thipug related to the strength of shear forces
and residence time of material in the extruderddaBands (e) and (f) in the range of 1220-
1240 and 1030 cthare associated with stretching vibrations of CA@ €=0 bonds present
in structures of polysaccharides (Hejna et al.,020Zhe increase in their intensity confirms

the oxidation of polysaccharides during grindindigl® shifts of positions of signals
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associated with vibrations of carbon-oxygen arateel to the chemical reactions occurring in

the system and resulting in new interactions.

—— Reference sample —— Reference sample
(a) —— 30/3/225 (b) — 180/3/150
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Figure 4. FTIR spectra of extruded BSG depending on (a) teatpee, (b) screw speed, and (c) throughput of
the process, as well as (d) spectra of samplesthétiowest and the highest lightness.

Generally, presented FTIR spectra confirm the @lartdecomposition of
polysaccharides during extrusion treatment followsg their oxidation and occurring
Maillard reactions leading to the generation of aneidins responsible for the color change.
In Fig. 4b, the impact of screw speed on the FIpBctra is presented. It can be seen that
lower screw speed, hence longer residence time atémal in the extruder, increased the
intensity of signals associated with the reactio@ntioned above occurring in the material.
The most significant effect was noted for signgl\{fhich was related to the thermo-oxidation
of material during treatment. FTIR spectra were atdluenced by process throughput, hence

the degree of fill, which affects the friction idsithe barrel. Similar changes, compared to the
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reference material, were noted. However, the effeas weaker than for the screw speed,
which suggests that residence time is a more signif factor than shear forces. Moreover, in
Fig. 4d there are shown spectra for the lighte0/(1/150) and for the darkest sample
(180/3/150), which indicates color changes weréctbtr associated with changes in the
chemical composition of BSG.

3.5.Thermal stability

The results of the thermogravimetric analysis pened for samples of extruded BSG
are presented in Fig. 5 and summarized in Tabliecan be noticed that the extrusion process
caused some changes in the thermal stability ofntlagerial. The reduction of moisture
content was noted, which was measured as the mdgnitf mass loss from 30 to 160 °C. It
probably also included the decomposition of someaekves. However, it is here presented
only for comparison purposes. The lowest contentnufisture was noted for sample
180/3/225. It was mainly affected by the tempermirextrusion rather than throughput and
screw speed, which, as mentioned before, show dppeffects associated with shear forces
and residence time. The impact of extrusion tentpegaon the moisture content can be seen
in Fig, 5a. In general, the presence of moisturthénmodified BSG samples was associated
with the hygroscopic character of natural fillendiich was confirmed by other researchers
(Almeida et al., 2018; George et al., 2001). Howetlee reduction of moisture content was
noted after treatment, which indicates changes hie polarity of the BSG surface.
Nevertheless, even samples extruded at higher tamopes contained over 4.5 wt.% of
moisture, which is still too much for the manufastg of WPCs. Such values implicate the

drying of filler before the manufacturing of comges, which is commonly applied practice.
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Figure 5. Thermogravimetric curves of extruded BSG dependinga) temperature, (b) screw speed, and (c)
throughput of the process, as well as (d) spedtsamples with the lowest and the highest lightness

Generally, extrusion of BSG and increase of extnrugemperature enhanced BSG’s
thermal stability, which can be expressed by tke df temperature associated with 5 wt.%
mass loss during analysiss¢d. Such an effect can be associated with the remuah the
content of low molecular weight compounds, whichyrteke part in Maillard reactions or can
be degraded during processing at higher tempegthftest of the weight loss of BSG occurs
between 160 and 500 °C. In this range, there carobeed two peaks on DTG curves, which
are related to the decomposition of hemicellulosesl cellulose, ~281 and ~341 °C,
respectively, which is in line with the results ggated by other researchers (Vanreppelen et
al., 2014). Independently of extrusion parametensy yield at a temperature of 900 °C was

very similar in the range of 18-19 wt.%, whichypital for BSG (Mahmood et al., 2013).

26


http://mostwiedzy.pl

A\ MOST

514

515

516
517

518

519

520

521

522

523

524

525

526

527

528

529

Table 2.Results of thermogravimetric analysis of extruded BSG samples.

Temperature, Throughput, Screw Moisture  Ti0,  Tsw,  Tsoo Thaxy  Tmaxa
°C ka/h speed, rpm content, wt.% °C °C °C °C °C
Reference sample 6.90 43.7 91.7 3326 281.1 346.8
30 6.05 43.0 954 329.1 2812 3414
60 3 295 6.20 42.8 92.3 3299 2813 3420
120 5.50 446 117.1 332.1 280.7 3423
180 4.65 45.1 159.3 340.0 282.0 340.2
150 4.70 455162.9 3324 2795 3413
180 3 225 4.65 45.1159.3 340.0 282.0 340.2
300 4.85 46.8 152.7 332.3 281.0 3420
1 4.85 46.1 157.2 335.0 2814 3441
180 3 225 4.65 45.1 159.3 340.0 282.0 340.2
5 4.65 45.2 162.2 340.0 281.2 341.8
120 1 150 5.10 44.7139.2 332.3 280.7 3427
180 3 150 4.70 45.5162.9 332.4 2795 3413

3.6. Energy consumption

From the industrial point of view, an essential aspect of all processes included in the

production cycle is energy consumption, which has a direct impact on the cost-efficiency of

production. Grinding processes are considered as very energy-intensive. Therefore their

investigations and optimization are significant (Li et al., 2012). On the other hand, twin-screw

extrusion is considered a mechanical treatment method characterized by low energy demand

(Rol et al.,, 2017). In Table 3, there are presented values of SME calculated according to

equation (20) presented in 2.3. Measurements section. It can be seen that the amount of

energy required to process BSG generally decreases with higher screw speed, which is

directly associated with the residence time of material in the extruder barrel (Kelly et al.,

2006). For higher temperatures, this effect was not so evident and strong, due to the above

mentioned opposite effects of screw speed.
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530 Table 3.Values of specific mechanical energy required for extrusion grinding of BSG under various conditions.

Temperature, °CThroughput, kg/h Screw speed, rpm Motor load, % SME, kWh/kg

75 55.5 0.872

1 150 21.0 0.660

225 13.5 0.636

150 72.0 0.754

30 3 225 41.5 0.652
300 27.0 0.565

225 76.5 0.721

5 300 52.5 0.662

375 37.0 0.581

75 42.0 0.660

1 150 18.0 0.565

225 11.5 0.542

150 59.5 0.623

60 3 225 35.0 0.550
300 24.0 0.503

225 64.0 0.603

5 300 45.0 0.565

375 34.5 0.542

75 23.5 0.369

1 150 11.5 0.361

225 8.5 0.400

150 36.5 0.382

120 3 225 19.5 0.306
300 14.5 0.304

225 34.5 0.325

5 300 23.5 0.295

375 19.5 0.306

75 26.0 0.408

1 150 12.0 0.377

225 8.5 0.400

150 38.0 0.398

180 3 225 19.0 0.298
300 14.0 0.293

225 29.5 0.278

5 300 20.5 0.258

375 17.0 0.267

531
532 At 30 and 60 °C, SME was slightly increasing with throughput, which was associated

533 with an increase in friction between the extruder barrel and processed material (Rasid and
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Wood, 2003). At higher temperatures, friction washably reduced due to the presence of a
slight amount of water generated during Maillardatens. It cannot be neglected that for
materials processed with higher temperature values, 120 and 180 °C, low molecular
weight products migrating from organic particleswadl as decomposition products provide

to the reduction of internal friction, which resuih lowered SME values during extrusion.

Table 4.Dependence of SME on various extrusion parameters.

Dependence of SME vs

Screw speed (R) Temperature (T) Throughput (Y)
T,°C Y,kg/h R* Y,kg/h R,rpm R T,°C R,rppm R
30 1 0.825 1 75 0.788 30 225 0.865
30 3 0.998 1 150 0.828 60 225 0.847
30 5 0.992 1 225 0.848 120 225 0.569
60 1 0.890 3 150 0.830 180 225 0.869
60 3 0.985 3 225 0.876
60 5 0.980 3 300 0.886
120 1 0.566 5 225 0.919
120 3 0.769 5 300 0.912
120 5 0.392 5 375 0.916
180 1 0.062
180 3 0.786
180 5 0.302

Table 4 presents the values of correlation coeffits (R) for dependences of SME
VS. screw speed, temperature, and throughputnltbeaseen that the best correlation can be
observed for the temperature dependence of SME;hwikiin line with data presented by
other researchers (Abeykoon et al., 2009, 2014kerozalues of R observed mainly for the
dependence of SME vs. screw speed at higher tetopesaare associated with very similar

values of SME (see Table 3).

4. Conclusions
The structure and properties of brewers’ spentngsabjected to extrusion grinding

were investigated in order to determine its pogtritir application as filler for wood polymer
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composites. BSG was extruded in various condititmsanalyze the impact of process
temperature, throughput, and screw speed, whi@ctafie magnitude of shear forces acting
on material and material residence time in theueber barrel. The most significant influence
was observed for temperature since both throughpaiscrew speed show opposite effects.

In the case of particle size, very important fa thanufacturing of WPCs, the rise of
temperature led to more than two-fold size reductioom 466 and 55@m for 30 and 60 °C
to 203 and 138um, respectively for 120 and 180 °C. In the casdowfer temperatures,
unfavorable granulation of BSG was observed, whictihe other side could be desired, i.e.,
in the food industry. The influence of screw speaad especially throughput, was not so
significant.

Together with changes in chemical structure, parsze noticeably affected the color
of the resulting material, which is crucial for tead-products users. The highest values of
lightness, exceeding 55, were noted for samplesu@adl at 120 °C, so this parameter was
increased by almost 15% despite occurring browrgagtions (whose intensity was moderate
at this temperature). Further rise of temperateslted in the intensification of Maillard
browning reactions and significant changes in BSflsr. These changes were confirmed by
FTIR analysis and rising antioxidant activity of texdal, which was associated with the
presence of melanoidins, generated during proagsaiiter extrusion at 180 °C, antioxidant
activity was even doubled compared to the referesamaple and 35% higher than after
processing at 120 °C.

Higher processing temperatures also resulted inethigancement of the thermal
stability of BSG samples, which was related torguction of moisture content and possible
partial decomposition and evaporation of its prasludhis phenomenon also favorably
affected the specific mechanical energy required eixtrusion of BSG, by reduction of

internal friction inside the extruder barrel. Fbe ttemperatures of 120 and 180 °C, SME was
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in the range of 0.25-0.41 kWh/kg, comparing to 0.50-0.66 for 60 °C, and 0.56-0.87 for 30 °C.

Such an effect may noticeably affect the economic aspect of BSG extrusion.

Generally, it was proven that extrusion of BSG might be considered an effective
method for the preparation of fillers for WPC manufacturing, whose properties may be
engineered by proper adjustment of extrusion parameters. Nevertheless, to enhance the
industrial potential of the investigated process, the following issues should be addressed:

» emissions of volatile organic compounds should be analyzed, both in qualitative and
quantitative terms, to determine the safety of the process considering health aspects,

» total energy use, related not only to the specific mechanical energy needed for screws
rotation but also to heating the extrusion barrel, should be determined for different
parameters of the process so that the economic calculations could be made,

» for similar reasons, the amount of water used during extrusion should be calculated and
included in the economic calculations,

* the influence of BSG melanoidins generated during treatment on the resistance of various
polymer matrices towards oxidation should be evaluated,

» the possibility of incorporation of additional modifiers enhancing the compatibility of
modified BSG with polymer matrices should be evaluated.

These issues should be investigated in further works related to the thermo-mechanical
treatment of brewers’ spent grain via the extrusion process.

Moreover, the presented results indicate that except for the application in the
manufacturing of polymer composites, modified brewers’ spent grain may also be applied,
e.g., as a functional food ingredient. According to the characteristics of the mashing process
(source of BSG) and literature data, BSG contains very significant amounts of dietary fiber,
which is very beneficial from the nutritional point of view. The increase of melanoidins

content resulting from the extrusion treatment significantly increases the antioxidant activity
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of BSG. Therefore, it could be used as a substitute for conventional flour, simultaneously

reducing the caloric value of food products and enhancing their shelf life.
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- Upcycling of brewers’ spent grain (BSG) by treatment of twin-screw extruder

- Evaluation of temperature, throughput and rotational speed on properties of BSG

- Adjustment of extrusion parameters leads to desired appearance and properties of BSG
- Treated BSG was characterized by higher thermal stability and antioxidant activity

- Extrusion of BSG allows extend its applications in wood polymer composites technology
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