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 8 

Abstract 9 

Background: Brewer’s spent grain is one of the most abundant by-products of the brewing 10 

industry and is rich in various bioactive compounds (phenolic acids, insoluble dietary fiber and 11 

proteins). While at the present brewer’s spent grain is mainly used as animal feed its rich 12 

nutritional content makes it an interesting alternative for food applications. 13 

Scope and approach: As the range of applications of the bioactive compounds extracted 14 

from by-products has been growing in recent years, there is the need to obtain and characterize 15 

these bioactive compounds. Extraction methods (supercritical carbon dioxide, autohydrolysis, 16 

alkaline hydrolysis, solvent extraction, ultrasound assisted extraction, dilute acid hydrolysis, 17 

enzymatic hydrolysis, microwave assisted extraction) have been developed and are always being 18 

subjected to new approaches to allow better extraction yields of the bioactive compounds. 19 

Key findings and conclusions: This review aims to provide a better understanding of the 20 

current advantages and limitations of brewer’s spent grain extraction processes and to provide a 21 

background of brewer’s spent grain composition and applications.  22 
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Highlights 27 

• The re-use of agro-industrial by-products can origin new added-value products 28 

• BSG is an agro-industrial by-product and is a source of various bioactive 29 

compounds 30 

• Extraction methods have been applied to extract these compounds from BSG 31 

• It is needed to find new techniques and new possible applications to the BSG 32 

 33 

1. Introduction 34 

One of the food waste objectives to reach Sustainable Development Goal (SDG) is to 35 

halve food waste by 2030 assuming that today around 100 million tons of food are wasted every 36 



year in the European Union (EU). The action plan to reduce food waste envisioned by the EU 37 

action plan for the circular economy, which is a strategic and operational approach based on the 38 

reduction, reuse, recovery and recycling of materials and energy, enhancing the value and 39 

consequently the useful life of products, materials and resources in the economy. The re-use of 40 

agro-industrial by-products can give origin to new added-value products with functional 41 

compounds and the addition of functional compounds will benefit the industry and the consumers; 42 

the industry from an economic point of view and the consumers through the use of high valuable 43 

bioactive compounds that besides the health benefits may also replace positively the synthetic 44 

additives (Fărcaş et al., 2015, Spinelli et al., 2016).  45 

Beer is one of the most commonly consumed beverages in the world and global beer 46 

production was of 190.90 million kiloliters in 2017 being China the largest beer producing country 47 

(38.79 million kiloliters) followed by the United States of America (21.78 million kiloliters) and 48 

Brazil (14.00 million kiloliters) (Kirin Holdings, 2018). Brewer’s spent grain (BSG) is one of the 49 

most abundant by-product of the brewing industry. Currently, one of the most common use of 50 

BSG is animal feed but has certain characteristics (both nutritional and functional) that makes of 51 

BSG a good added-value by-product.  52 

BSG is a source of bioactive compounds such as phenolic acids, insoluble dietary fiber 53 

or proteins, compounds with a particular interest for the industry and the elaboration of added-54 

value products (Lynch et al., 2016, McCarthy et al., 2012, Mussatto et al., 2006, Mussatto, 2014, 55 

Steiner et al., 2015, Vieira et al., 2014). Spent grains are the solid residue separated from the beer 56 

wort by filtration after the mashing phase of the brewing process and are obtained from barley 57 

and constitute the insoluble fraction of the wort (del Río et al., 2013, Pires et al., 2012, Vieira et 58 

al., 2014). Therefore, the purpose of the present review is to provide a comprehensive and critical 59 

analysis of the techniques currently used to attain bioactive compounds from BSG as well as 60 

exploit its potentialities as source of added-value compounds.  61 

 62 

2. BSG composition 63 

BSG is composed of husk, pericarp and endosperm of barley grain (Lynch et al., 2016). 64 

BSG chemical composition may vary according to the barley variety, the harvest time, the 65 

conditions of malting and mashing, and the type of other constituents added during the brewing 66 

process. However, BSG, is normally chemically composed by: 24% non-cellulosic 67 

polysaccharides (namely arabinoxylans - AX), (1–3, 1–4)-β-D- glucan), 20% lignin, 20% 68 

cellulose (glucose), 21% protein, 10% lipids and 5% of ash. Hemicellulose (xylose and arabinose) 69 

and small amounts of starch can also be present (Mussatto et al., 2006). A detailed description of 70 

BSG composition is presented in table 1.  71 

The BSG also contain high content of diverse minerals (calcium, cobalt, copper, iron, 72 

magnesium, manganese, phosphorus, potassium, selenium, sodium and sulfur), vitamins (biotin, 73 



choline, folic acid, niacin, pantothenic acid, riboflavin, thiamine and pyridoxine) and free 74 

essential amino acids (leucine, valine, threonine, and lysine) and non-essential amino acids 75 

(alanine, serine, glycine, glutamic acid, aspartic acid, tyrosine, proline, arginine) that confer it 76 

relevant nutritional value. In addition to these components, BSG contain phenolic compounds, 77 

being the most important class the hydroxycinnamic acids (ferulic and p-coumaric acids derivates 78 

being the main ones). Ferulic and p-coumaric acids have demonstrated antioxidant, antiallergenic, 79 

anti-inflammatory and antimicrobial (mainly ferulic acid) properties and the extracts with these 80 

phenolic compounds may represent a new source of functional ingredients to be applied in the 81 

food development. European Food Safety Authority (EFSA), has recently accepted AX (from 82 

wheat endosperm) and (1-3,1-4)-β-glucan (from oatmeal, oat bran, barley, barley bran, or 83 

mixtures of these sources) as health beneficial bioactive compounds (Comissão Europeia, 2012).  84 

 85 

3. BSG applications 86 

Nowadays, BSG is mainly used in animal nutrition. The main market is dairy cattle feed 87 

but as BSG provides, among other nutrients, protein and fiber, it is starting to be used to feed 88 

other animals as pigs, fish and poultry. As it is a bioactive compound and a low-cost product can 89 

also be used in human nutrition. Some products were already developed with BSG incorporated, 90 

like flours and bakery products. By ingesting BSG the human health can benefit as BSG is proved 91 

to increase fecal weight, accelerate transit time, reduce plasma cholesterol and fat excretion and 92 

decrease gallstones incidence (Mussatto, 2014). Brewer’s spent grain has interest as a source of 93 

energy and charcoal production. Thermochemical conversion such as combustion and pyrolysis 94 

are some of the alternative uses to BSG. By using BSG in combustion process the resultant energy 95 

can be used to help to suppress the energetic demand of the breweries. Nonetheless, the 96 

combustion of BSG will develop the emission of toxic gases and particles that contain sulfur 97 

dioxide and nitrogen. Pyrolysis of BSG results in the formation of char, bio-oil and permanent 98 

gases, being bio-oil the most abundant fraction and contains a complex mixture of hydrocarbons 99 

(Mussatto, 2014). Gonçalves et al. (2017) studied the conversion of BSG to bio-oil and activated 100 

carbon, producing yields of 19%, 56% and 25% of charcoal, liquid (two phases – aqueous and 101 

organic (bio-oil)) and gases, respectively. Due to its high content of hemicellulose and cellulose, 102 

BSG can also be an interesting source of ethanol production (with a 86.3% conversion efficiency 103 

using dilute acid hydrolysis) (Mussatto, 2014). Because of its lower content in ash and high 104 

amount of fibrous materials, BSG, can be used in charcoal brick production. Dried BSG is pressed 105 

and carbonized in low-oxygen atmosphere and the resultant bricks have high calorific value and 106 

the burning properties are low due to the higher temperature ignition and longer burning period. 107 

The lower content in ash and high amount of fibrous materials also make BSG useful in paper 108 

manufacture (it can be used, for instance, to prepare paper towels, business cards and coasters) 109 

(Mussatto, 2014). The low cost and easily availability of BSG make it interesting as an adsorbent 110 



as it removes either organic compounds from waste gases or dyes from wastewater. BSG without 111 

any treatment is capable of adsorb a common dye used in the paper and textile industries present 112 

in effluents. Activated carbons with similar and better adsorption capacity than others can also be 113 

produced by lignin present in BSG (Mussatto, 2014, Silva et al., 2004). Mussatto et al. (2010) 114 

used ligin from BSG to prepare activated carbon, using phosphoric acid as an impregnating agent, 115 

by chemical activation. the best result was the one using 3 g of phosphoric acid/g of lignin at 600 116 

ºC. Due to being rich in polysaccharides and in associated proteins and minerals, BSG has several 117 

applications in the biotechnological processes as: substrate for cultivation of microorganisms and 118 

enzyme production; carrier for cell immobilization; additive or carrier in brewing and source of 119 

value-added products (Mussatto et al., 2006, Mussatto, 2014) (Figure 1).  120 

 121 

3.1. BSG in foods and health 122 

Several compounds found in BSG can be isolated and applied in food to develop new 123 

functional foods, and the protein content in BSG might be exploited for human nutrition. 124 

McCarthy et al., (2013a), described the ability of BSG protein isolates to decrease, with great 125 

significance, pro-inflammatory cytokine IFN-γ production, making these isolates useful in the 126 

treatment of inflammatory diseases (Coelho et al., 2014, McCarthy et al., 2013a, McCarthy et al., 127 

2013b, Meneses et al., 2013, Mussatto & Roberto, 2006, Mussatto et al., 2006, Steiner et al., 128 

2015). Human body produces free radicals as a by-product of metabolic processes and the defense 129 

system (various enzymes such as catalase, superoxide dismutase and glutathione peroxidase take 130 

part in this system), will, normally, detoxify the free radicals produced. There are some dietary 131 

antioxidants (vitamins C, E and A) that are able to detoxify the free radicals, yet, sometimes, there 132 

is an over-production of the free radical – oxidative stress. This oxidative stress leads to oxidative 133 

damage in cellular components and biomolecules and may result in diseases. Plants and cereals 134 

are rich in phenolic compounds and are being used as natural sources of antioxidants and can be 135 

useful in detoxifying the free radicals and, thus, reduce the oxidative stress. Plant and cereals 136 

antioxidants can be also used in foods to retard the oxidative deterioration of lipids 137 

(Gangopadhyay et al., 2016, Muniandy et al., 2015). 138 

Brewer’s spent grain are also rich in prebiotics and according to Gibson et al. (2017) 139 

prebiotics are “a substrate that is selectively utilized by host microorganisms conferring a health 140 

benefit”. Fructooligosaccharides (FOS), galactooligosaccharides (GalOS), inulin and lactulose 141 

are known prebiotics. Additionally, β-glucan reportedly has prebiotic potential by stimulating the 142 

growth of lactobacilli and bifidobacterium in the gastrointestinal tract (Caleffi et al., 2015, Gómez 143 

et al., 2015, Mitsou et al., 2010, Wang et al., 2015). (1-3,1-4)-b-D-glucan and AX, are also 144 

present in BSG and have health claims associated (the intake of at least 3 g of barley (1-3,1-4)-b-145 

D-glucan is needed to lower/reduce blood cholesterol). Barley b-glucans were able to 146 

reduce/lower blood cholesterol. Arabinoxylans contribute to the reduction of the glucose rise after 147 



a meal (a consumption of 8 g of AX-rich fiber (from the wheat endosperm) per 100 g of available 148 

carbohydrates is needed) (Steiner et al., 2015). 149 

Arabinoxylans and arabinoxylooligosacharides (AXOS) are considered to be good 150 

potential prebiotics because they are nondigestible oligosaccharides by gastric or pancreatic 151 

enzymes, promote the good environment of the gastrointestinal tract and some groups of 152 

beneficial gut microflora are able to use them, conferring benefits to the health of the host. 153 

Arabinoxylooligosacharides are more resistant to heat and acidic pH when compared to AX and 154 

FOS due to their longer chain and the linkages between their constituents which makes of them 155 

interesting food ingredients (Courtin et al., 2009). Because BSG contains polymeric/oligomeric 156 

material composed of xylose BSG could also be used as a source of AXOS. For instance, some 157 

studies state that feruloylated AXOS have good antioxidant and radical scavengers properties 158 

(Aguedo et al., 2015, Coelho et al., 2014, Gómez et al., 2015, Reis et al., 2015). McCarthy et al., 159 

(2012) explored the antioxidant activity of phenolic extracts of BSG. The phenolic extracts 160 

showed to protect against oxidative DNA damage and against genotoxic effects of hydrogen 161 

peroxide and 3-morpholinosydnonimine hydrochloride (SIN-1).  162 

 163 

4. Extraction of added-value compounds 164 

Various types of extraction methods can be used to extract certain compounds from BSG 165 

like phenolic compounds, b-glucans or dietary fiber. The cost, time and availability of the process 166 

are variables that influence the choice of the most appropriate method. The extracts obtained can 167 

expand BSG applications, providing other uses than animal feed. 168 

4.1. Pretreatment advantages 169 

To break down the structure of the material in study it is usual to do a pretreatment stage 170 

such as acid hydrolysis, autohydrolysis, dilute acid, alkaline hydrolysis and others. The 171 

pretreatment improves the extraction efficacy allowing for an improvement of the extraction 172 

yields both in modern high-tech extraction approaches and in classic, less expensive, 173 

methodologies. Moreover, phenolic compounds are contained within the cell vacuole and are 174 

easily extracted if the solvent access to these structures is facilitated (Silva et al., 2017). 175 

Pretreatment methods like autohydrolysis, dilute acid, alkaline or enzymatic hydrolysis and others 176 

can be used to help extract phenolic and carbohydrates compounds. Selection of pre-treatment 177 

method to use will depend on what type of compound that is wanted to extract. The pretreatment 178 

helps to preserve the pentose fractions, limit the formation of degradation compounds that will 179 

prevent the development of fermentative microorganisms and minimize the energy and costs (del 180 

Campo et al., 2006). 181 

Autohydrolysis is a pretreatment used in the extraction of hemicelluloses. In this type of 182 

method, no chemicals are used which makes of it an interesting alternative as it is eco-friendly. 183 



Autohydrolysis has been used to remove hemicelluloses and too high temperatures decrease the 184 

amount of hemicelluloses recovered (Li et al., 2017). 185 

Dilute acid pretreatment helps to deconstruct the cell wall of plants. Despite the fact that 186 

is low cost, it can lead to the production of acetic and formic acid and other inhibitors of enzymatic 187 

saccharification and fermentation microorganisms such as 5-hydroxymethylfurfural. Inorganic 188 

acids such as sulfuric, hydrochloric, nitric and phosphoric can be used, being the sulfuric acid the 189 

one used the most because it is the one with highest hemicellulose degradation efficiency. Dilute 190 

acid pretreatment is used in the production of bioethanol from agricultural waste (Mikulski & 191 

Kłosowski, 2018, Rajan & Carrier, 2014). 192 

Just as autohydrolysis and dilute acid, alkaline acid pretreatment is environmentally 193 

friendly and low cost. The resulted biomass of alkaline pretreatment is enriched in cellulose. 194 

Alkaline pretreatment is normally applied to lignocellulosic materials, improving the 195 

biodegradability of the raw material by removing the lignin and increasing the porosity (Mancini 196 

et al., 2018, Shahabazuddin et al., 2018)  197 

Enzymatic pretreatment is also a low-cost method as it does not require an expensive 198 

equipment, however the high cost of enzymes it is still a challenge when this method is used to 199 

the production of biogas at an industrial scale. This pretreatment can also be used to disrupt cell 200 

walls using low energy. This method uses oxidative and hydrolytic enzymes and most of these 201 

enzymes are not inhibited by the final products (Hosseini et al., 2018, Zhang et al., 2018). 202 

 203 

4.2. Extraction of phenolic compounds 204 

As referenced above, some studies showed that BSG contains phenolic compounds such 205 

as ferulic and p-coumaric acids (Steiner et al., 2015). In general, to extract bioactive compounds 206 

from BSG some extraction techniques have been used, namely solid-liquid extraction, 207 

microwave-assisted extraction, hydrothermal treatment and enzymatic and alkaline reactions 208 

(table 2) (Steiner et al., 2015).  209 

To extract the phenolic compounds with antioxidant properties solid-to-liquid extraction 210 

can be used. Still, it is necessary to take in consideration the extraction solvent as this is an 211 

important factor when recovering these compounds (Meneses et al., 2013). To extract phenolic 212 

compounds as ferulic or p-coumaric acid, different methods have been investigated, namely 213 

alkaline hydrolysis with NaOH, enzymatic extraction by adding esterease from Aspergillus niger 214 

or xylanase from Trichoderma viride (Bartolomé et al., 1997, Mussatto et al., 2007). 215 

 216 

4.2.1. Supercritical carbon dioxide 217 

In the extraction of phenolic compounds, supercritical fluid extraction can be a possible 218 

alternative. As this is a high cost process, it is mainly used as a technique to obtain high valuable 219 

substances and is fast, selective and there’s no residual solvents. Carbon dioxide can be used as a 220 



solvent in supercritical fluid extraction. It has good solvation power when it is in the supercritical 221 

state and also it has gas-like and liquid-like qualities in this state. Carbon dioxide is cheap and is 222 

generally recognized as safe by the Food and Drug Administration (FDA) and EFSA. On the other 223 

hand, carbon dioxide has disadvantages being the main one its lower polarity. This problem can 224 

be solved with the use of co-solvents. However, the co-solvents might affect the efficiency of the 225 

extraction of antioxidants. One of the most used co-solvents in this kind of extraction is ethanol. 226 

The phenolic compounds extracted from this method can give to BSG a re-use (Junior et al., 2014, 227 

Spinelli et al,. 2016). 228 

Spinelli et al. (2016) used supercritical carbon dioxide extraction to extract bioactive 229 

compounds from BSG using ethanol as a co-solvent. In this study, the conditions utilized to 230 

extract bioactive compounds from BSG were: pressure (15-35 MPa), temperature (40-60 ºC) and 231 

CO2 + ethanol (0-60% ethanol concentration v/v). The best conditions to extract antioxidant 232 

compounds were 240 min., a temperature of 40 ºC, pressure of 35 MPa and CO2 + 60% ethanol 233 

(v/v), achieving a high phenolic (0.35 ± 0.01 mg/g BSG) and flavonoid (0.22 ± 0.01 mg/g BSG) 234 

content and good antioxidant properties (2.09 ± 0.04%/g BSG). 235 

 236 

4.2.2. Autohydrolysis  237 

Autohydrolysis, also called hydrothermal treatment, is a technique that does not use 238 

chemical agents thus being a better option in comparison with the techniques that use chemical 239 

agents. This process uses liquid water under high temperature and pressure. In order to obtain the 240 

target compounds, the best reaction conditions need to be studied as these conditions are going to 241 

influence the products obtained by autohydrolysis (oligosaccharides, monosaccharides, sugar 242 

degradation products and acetic acid). Autohydrolysis is more environmentally friendly, not 243 

requiring chemical catalysts. The compounds extracted could be used in other industries such as 244 

food industries (Carvalheiro et al., 2005, Meneses et al., 2011, Ruiz et al., 2013). 245 

Meneses et al. (2011) carried out BSG autohydrolysis (under different conditions) in 246 

order to extract aroma compounds. The autohydrolysis reactions were carried out in an autoclave 247 

under different solid/liquid ratios (1/10 and 1/30 g BSG/ml water) at 121 ºC, during 10 or 90 min. 248 

A group of untrained panelists attributed a value for the intensity of aroma perceived in each 249 

sample and additionally they also selected the sample considered having the most pleasant aroma. 250 

In this study aroma compounds were extracted and the condition to extract the most pleasant 251 

aroma was 1 g BSG/10 ml water with either 10 or 90 min of extraction. 252 

 253 

4.2.3. Alkaline hydrolysis 254 

Alkaline reagents disrupt the cell wall dissolving lignin and hemicelluloses. By removing 255 

lignin, the enzymatic hydrolysis yields improve (higher access of cellulolytic enzymes to 256 

cellulose) and lowers the probability of non-productive enzyme binding to lignin. When using 257 



alkaline hydrolysis not-bonded ferulic acid and p-coumaric acid can be released (Mussatto et al. 258 

2007, Wilkinson et al. 2014, Xiao et al. 2001). 259 

Mussatto et al. (2007) studied the extraction of ferulic and p-coumaric acids using 260 

alkaline hydrolysis. Different concentrations of NaOH (1,0; 1,5 and 2,0% w/v), different 261 

temperatures (80, 100 and 120 ºC) and different reaction times (30, 60 and 90 min.) were used. It 262 

was concluded that the hydrolysis conditions that extracted more quantity of the compounds were 263 

2% NaOH concentration, 120 ºC and 90 min., being obtained 145.3 mg/l ferulic acid and 138.8 264 

mg/l p-coumaric acid. The obtained products can be used in food, cosmetic and pharmaceutical 265 

fields. 266 

4.2.4. Solvent Extraction 267 

When using solvents to recover antioxidants, solid-to-liquid extraction is one of the most 268 

common methods used. The solvent, the temperature used, and the time of the extraction will 269 

influence the extraction efficiency. 270 

Meneses et al. (2013) studied the extraction of phenolic compounds from BSG with 271 

different solvents (methanol, ethanol, acetone, hexane, ethyl acetate, water and mixtures of 272 

methanol, ethanol or acetone with water). The antioxidant potential and contents of phenols, 273 

flavonoids, reducing sugars and proteins in the extracts was also determined. Aqueous solutions 274 

- 100%, 80%, 60%, 40% and 20% - of methanol, ethanol and acetone were evaluated as well as 275 

pure ethyl acetate and hexane. All the extracts showed antioxidant activity but the one that had 276 

the highest content of total phenols and antioxidant potential was the one obtained with the 277 

aqueous solution of 60%. The extract obtained using the solvent extraction method can be applied 278 

in food, pharmaceutical and cosmetic industries as it is an inexpensive alternative to synthetic 279 

antioxidants. 280 

 281 

4.3.  Extraction of carbohydrates 282 

Various types of carbohydrates, like β-glucan, oligosaccharides or dietetic fiber can be 283 

found in BSG (table 3). 284 

In the process of extraction of AX, the BSG is pre-treated with a solution of ethanol 285 

following two water extractions and pronase treatment. Arabinoxylans can be also extracted 286 

without the pre-treatment using alkaline reagents. The AX can be recovered by the addition of 287 

ethanol and it is also possible to recover proteins by precipitation (Vieira et al., 2014). 288 

Mild hydrothermal treatment of BSG might selectively release and degrade xylans (main 289 

component of hemicelluloses). This hydrothermal treatment of BSG may result in xylans and 290 

many differently substituted xylooligosaccharides. This treatment yields chains of (1-4)-β-xylan 291 

(single and double branched) with arabinose and xylooligosaccharides branched with arabinose. 292 

The reaction conditions of the treatment will influence the molecular weight and the amount of 293 

oligosaccharides released (Carvalheiro et al., 2004, Kabel et al., 2002, Steiner et al., 2015). 294 



 Using an alkali extraction method, AX will also be obtained (treatment with Na2CO3 and KOH). 295 

The extracts obtained using an alkali method have an aggregation of feruloylated AX that is 296 

heterogeneous and has an extensive molecular weight (from 2,000,000 to 2,000 Da). Microwave-297 

assisted extraction can be used to fractionate more the AX recovered from BSG. Microwave-298 

assisted extraction has advantages in comparison to the conventional methods as the solvent 299 

mixture is heated rapidly (it takes only between 15 to 30 min) and it uses small volumes of solvent 300 

(Steiner et al., 2015). 301 

In addition to the above-mentioned methods, there are also methods to extract (1-3,1-4)-302 

β-glucan from BSG. The removal of (1-3,1-4)-β-glucan can be made with microwave-assisted 303 

extraction. There is a pre-treatment of the BSG at mild temperature, removing the starch that it is 304 

mixed with (1-3,1-4)-β-glucan. Then, temperatures of 140 ºC are used to extract β-linked glucans 305 

without affecting the structure of the AX. Methods such as alkaline, solvent and enzymatic 306 

extraction have been used to extract (1-3,1-4)-β-glucan from barley and may be also used in the 307 

extraction of (1-3,1-4)-β-glucan from BSG (Coelho et al., 2014, Steiner et al., 2015). 308 

 309 

4.3.1. Autohydrolysis  310 

As mentioned before, autohydrolysis can be used to obtain carbohydrate-rich fractions. 311 

Carvalheiro et al. (2005) used isothermal autohydrolysis treatments to the production of 312 

xylooligosaccharides and solubilization of hemicellulose. Different temperatures (150 to 190 ºC) 313 

and liquid-to-solid ratios (8 and 10 g/g) were used to determine the time course of the 314 

concentrations of residual hemicelluloses and reaction products. 315 

 316 

4.3.2. Ultrasound assisted extraction 317 

This kind of extraction uses ultrasounds of high intensity. These ultrasounds cause 318 

pressure variations that form microscopic bubbles that collapse almost after their formation. After 319 

the collapse of the bubbles, the generated shear forces will act on anything that is nearby resulting 320 

in a temperature increase. The ultrasound waves and the resulting cavitation occurrence break the 321 

cell walls, and, in result, the content of the cell wall will be released to the extraction medium. 322 

Ultrasound extractions take less time, use less solvent and lower extraction temperatures when 323 

compared with alternative extraction methods. All mentioned advantages result in higher 324 

extraction yields and higher purity polysaccharides. However, the intensity of the ultrasound can 325 

break down polymers which can affect the integrity of the polysaccharides, This method can be 326 

used to remove the starch from the final AX-rich extracts and thus enhance the prebiotic 327 

application of these extracts (Feng et al., 2015, Reis et al., 2015). 328 

Ultrasound assisted extraction (UAE) can be used to extract xylans. Reis et al. (2015) 329 

used ultrasound assisted extraction to extract AX from BSG. In this study, the extraction time and 330 

energy consumption were compared to conventional alkaline extraction. With UAE the extraction 331 



time of AX was reduced from 7 h to 25 min., recovering 60% of AX (similar amounts when 332 

compared to conventional alkaline extraction) from BSG. 333 

 334 

4.3.3. Dilute acid hydrolysis 335 

In this hydrolysis, the heterocyclic ether bonds between sugar monomers in the polymeric 336 

chains formed by hemicelluloses and cellulose are broken by the protons released by the acid. 337 

When the above bonds break, there are compounds that are released (xylose, arabinose and 338 

glucose mainly). As the bonds in hemicellulose are weaker than the ones in cellulose, there is 339 

almost no damage in the cellulose and therefore a quantitative hydrolysis of the hemicelluloses 340 

can be made. With this process, the sugar yield is bigger and there is a low formation of 341 

degradation products. However, it is necessary to use the adequate reaction conditions to prevent 342 

sugar decomposition (Mussatto & Roberto, 2005, Mussatto & Roberto, 2006).  343 

Mussatto & Roberto (2005) used this kind of hydrolysis to produce a liquor with high 344 

xylose content, used to produce xylitol. Different conditions of liquid/solid ratio (8-12 g g-1), 345 

sulfuric acid concentration (100-140 mg g-1 dry matter) and reaction time (17-37 min.) were used. 346 

The best condition for BSG acid hydrolysis was a liquid/solid ratio of 8 g g-1, 100 mg of H2SO4 347 

g-1 dry matter and 17 min. of reaction time. The extraction efficiency of hemicellulose sugars was 348 

92.7%. 349 

This hydrolysis method was also used by Mussato & Roberto (2006) to recover 350 

hemicellulose sugars from BSG. The liquid-to-solid ratio and acid concentration conditions were 351 

changed to verify the influence on the hydrolysis of hemicellulose. The best conditions of 352 

hemicellulose hydrolysis were: liquid-to-solid ratio of 10 g g-1 and 120 mg H2SO4 g-1 dry matter. 353 

Under these conditions 76.2% of hemicellulose was hydrolyzed, and xylose and arabinose were 354 

recovered with 67 and 97.8% efficiency respectively. 355 

This method can be useful as the products obtained can be applied in various applications, 356 

e.g. the production of cellulosic paste, the generation of glucose solutions by enzymatic 357 

hydrolysis, dietary fiber-rich and protein-rich flours, production of value-added products (xylitol, 358 

organic acids, amino acids, vitamins, ethanol or butanediol). 359 

White et al. (2008) used acid hydrolysis combined with enzyme treatments to produce 360 

bioethanol. Pretreatment of dried BSG was made with 0,16 N HNO3 at 121ºC during 15 min. 361 

followed by enzymatic digestion (for 18 h with cellulase and hemicellulase preparations). The 362 

final results showed a final composition 27 g L-1 of glucose, 16.7 g L-1 of xylose and 11.9 g L-1 of 363 

arabinose. Fermentation of this hydrolysate by Pichia stipitis and Kluyveromyces marxianus led 364 

to 8.3 g L-1 and 5.9 g L-1 of ethanol corresponding to conversion yields of 0.32 and 0.23 (g 365 

substrate)-1, respectively.  366 

 367 



4.3.4. Enzymatic hydrolysis 368 

Enzymatic hydrolysis can be used to produce fermentable sugars from cellulosic 369 

materials. The enzymes used are a mixture in which at least three major groups are involved in 370 

the hydrolysis of cellulose. There needs to be contact between the enzyme and the substrate (the 371 

hydrolysis is heterogeneous) so the enzymes have to pass through barriers (e.g. lignin), adsorb on 372 

the surface of the substrate and, in the end, catalyze the hydrolysis. The properties of the substrate, 373 

the contents of lignin and hemicelluloses affect the hydrolysis reaction. This method applied with 374 

other methods as dilute acid hydrolysis can be used in the production of bioethanol from BSG 375 

(Mussatto et al., 2008, White et al., 2008). 376 

Mussatto et al. (2008) studied the effect of hemicelluloses and lignin on enzymatic 377 

hydrolysis of cellulose from BSG. In this study BSG was pretreated before the hydrolysis in order 378 

to obtain samples with different chemical composition. The pretreatments served to break the 379 

lignocellulosic structure. Diluted acid (removes hemicellulose part giving rise to a solid residue 380 

made of cellulose and lignin) and dilute alkali (removes the lignin) are pretreatments that can be 381 

used with this method. Mussatto et al. (2008) used three forms of BSG to study enzymatic 382 

hydrolysis: an untreated sample (original form), cellulose and lignin sample (pretreated with 383 

dilute acid) and cellulose pulp sample (sequential pretreated using dilute acid and dilute alkali 384 

solutions). Cellulose and lignin had a cellulose conversion ratio 3.5 times higher than the 385 

conversion ratio from the untreated sample. The cellulose pulp had a cellulose conversion 4 times 386 

higher: 91.8% (with a glucose yield of 85.6%). This study concluded that for a higher efficiency 387 

of cellulose hydrolysis the content of hemicelluloses and lignin should be lowered. 388 

 389 

4.3.5. Microwave assisted extraction 390 

In microwave-assisted extraction the energy of the microwave is used to heat the solvent 391 

in contact with the sample. This causes the analytes to separate from the sample matrix and pass 392 

to the solvent. This kind of extraction uses more elevated temperatures which make this extraction 393 

faster than other kind of extractions, also consuming less energy. Additionally, wastes are not 394 

produced during this process. The quantity of solvents (solvents should have high selectivity 395 

towards the analyte of interest) used is also smaller when compared to the other techniques. This 396 

technique can be used to extract AX and AXOS from BSG. The compounds extracted can make 397 

BSG a source of nutraceuticals with potential prebiotic effect and antioxidant activity (Aguilar-398 

Reynosa et al., 2017, Coelho et al., 2014, Rocha et al., 2011). 399 

Coelho et al. (2014) used microwave superheated water extraction to extract 400 

quantitatively AX and AXOS from BSG. In this study, the yield of AX and AXOS increased with 401 

the increase of temperature (140 ºC to 210 ºC for 2 min.). However, the higher temperatures 402 

promoted depolymerization, debranching and deesterification of the polysaccharides and the 403 



formation of brown products due to Maillard reactions. The yield of AX and AXOS extracted at 404 

180 ºC for 2 min. was of 62%. 405 

Rocha et al., (2011) evaluated the adequacy of this technology for the quantitative 406 

extraction of AX or AXOS from BSG. It was used a range of temperatures from 140 to 210 ºC 407 

during 2 min. In this study, the yield of AX extraction increased with the increase of the 408 

temperature. It was possible to extract 43% of total AX at 210 ºC during the 2 min of procedure. 409 

 410 

4.4. Others – proteins 411 

Proteins can also be extracted from BSG. In order to recover proteins, alkaline extraction 412 

followed by precipitation by acidification can be used, However, the temperature used may 413 

denature proteins and the salt could not be completely removed by dialysis. Ultrafiltration and 414 

ultrasound assisted extraction are two techniques that have been used to recover proteins from 415 

BSG (Tang et al., 2009, Tang et al., 2010). 416 

 417 

4.4.1. Ultrafiltration 418 

Ultrafiltration is a technique used to separate various compounds, however the 419 

concentration polarization and fouling may lower the permeate flux and interferer with the 420 

membrane selectivity. Both depend on the properties of the feed, membrane molecular weight cut 421 

off (MWCO), transmembrane pressure and cross-flowrate.  422 

Tang et al. (2009) applied ultrafiltration in the recovery of protein from BSG and 423 

compared it with rotary evaporator concentration. Two membranes of MWCO were used (5 and 424 

30 kDA) and the protein content was of 20.09±1.40% for the 5 kDA membrane and 15.98±0.58% 425 

for the 30 kDA. 426 

 427 

4.4.2. Ultrasound assisted extraction 428 

As mentioned before, UAE can be used to extract value-added compounds like 429 

carbohydrates, but it can also be used to extract proteins from BSG.  430 

Tang et al., (2010) used UAE to extract proteins from BSG. Three variables were used 431 

(extraction time, ultrasonic power and solid-liquid ratio). The best conditions to perform the 432 

extraction of proteins from BSG were 81.4 min. of extraction time, 88.2 W/100 ml of extractant 433 

of ultrasonic power and solid-liquid ratio of 2.0 g/100 ml being the yield of protein obtained of 434 

104.3 mg/g of BSG. In the control experiment (extraction time of 81.4 min, ultrasonic power of 435 

98.2 W/100 ml of extractant and solid-liquid ratio of, the yield of protein was of 96.4 ±3.5 mg/g. 436 

 437 

4.5. Electric-field based technologies 438 

Electric-field technologies are emergent and novel technologies in which electric current 439 

is applied to the biomaterials. The use of these technologies has advantages (higher extraction and 440 



diffusion of compounds, stabilization of the biomaterials and others). Electric-field based 441 

technologies can be differentiated depending on the electric flow, the application of pulses, the 442 

strength of the electric field, heat extension and others. Electric-field technologies can be 443 

separated in: pulsed (pulsed electric fields – non-thermal inactivation of microbial cells, extraction 444 

of thermal labile compounds, among others; pulsed ohmic heating – thermal extraction of 445 

compounds; high voltage electric discharges – extraction of biocompounds) and non-pulsed 446 

(ohmic heating – high temperature short time pasteurization and sterilization, thermal extraction, 447 

among others; moderate electric fields – non thermal inactivation of microbial cells, extraction of 448 

biocompounds; electrofiltration – separation of biocompounds; electrophoresis – protein 449 

separation). These techniques bring advantages to the re-use of by-products (Rocha et al., 2018). 450 

 451 

5. Conclusions 452 

From an economical and environmental point of view there has been an effort to find a 453 

re-use to agro-industrial by-products. BSG is the most abundant by-product of the brewing 454 

industry and still has a low cost with very limited applications, being mainly applied in animal 455 

feed despites its high value mainly as source of bioactive molecules. In order to use this by-456 

product as a value-added resource considering the number of bioactive compounds available with 457 

a wide range of applications, it is necessary to further develop the existing techniques of extraction 458 

and find new techniques and new possible applications to the BSG. 459 

Techniques described above as supercritical carbon dioxide extraction, autohydrolysis, 460 

ultrasound assisted extraction, dilute acid hydrolysis, alkaline hydrolysis, solvent extraction, 461 

enzymatic extraction, microwave assisted extraction and ultrasonic assisted extraction, can be 462 

used to extract the bioactive compounds present in BSG. The choice of extraction method will 463 

depend on target compound as well as the extraction conditions combined with the economic and 464 

environmental impact. Techniques as electric-field based should also be taken in consideration 465 

has they bring advantages to the re-use of the by-products. However, the re-use of the BSG as a 466 

value-added by-product is inevitable in the circular economy perspective and in future integrated 467 

approaches to get zero waste must be considered.  468 
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