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Abstract: In an increasingly resource-constrained era, the utilization approach of waste and by-products from
grain processing, is attractive widely, considering both nutritive value and economic aspects and move
towards more sustainable food systems. Following the fundamentals of a circular economy, the need of the
hour lies in its effective utilization as a grain waste and by-products conversion into value-added products in
food industry. The aim of this study is twofold: 1. Understanding the progress of grain waste and by-products
to valorization in human nutrition, using bibliometrics; different literature databases namely Google Scholar,
Web of Science and Elsevier Scopus have been evaluated for their merits and values; 2. Exploration of
knowledge-based strategies, by reviewing the literature concerning the possible use of grain waste and by-
products for food processing industry, reducing burden on virgin raw materials. The review allowed to unlock
the latest-advances of upcycling side streams and waste from grain processing industry.

Keywords: grain waste; grain by-products; valorization; circular economy

1. Introduction

In the era of anthropogenic wastes generation, the exponential increase of need to fulfill the
nutritional basis of humans, has prompted the scientific community to study growing themes and
hot issues regarding this global challenge.

Worldwide, the human diet is filled by staple cereals obtained from seeds of Gramineae family
such as wheat (Triticum spp.), corn or maize (Zea spp.), barley (Hordeum spp.), rice (Oryza spp.), rye
(Secale spp.), oat (Avena spp.), millet (Pennisetum spp.), sorghum (Sorghum spp.) and a hybrid of wheat
and rye, namely triticale (x Triticosecale Wittmack). The cereal grains contribute significantly to the
global food pool in terms of global food security and nutrition. Most cereals are staple source for
different amounts of proteins, fats, minerals and vitamins, and also are an important provider of
dietary energy [1]. In total, the percentage of dietary energy provided by cereals appears to have
remained relatively the same over time, representing about 50% of dietary energy supply [2,3].
Worldwide, for over 1 billion people, maize is a staple and its grain energy contribution to the diet
can exceed 50% [4]; in second place as cultivated areas and human consumption, wheat represents
almost 20% of the total dietary calories and proteins globally [5]; rice contributes 20% of global
calories and is an important source of minerals, vitamins and not in the last place, bioactive
phytochemicals and essential food components contained in bran [6].

Worldwide, corn is the most cultivated and used plant, being a basic ingredient in many
gastronomic cultures, in addition to being important in animal feed, in the production of biofuel and
many other industrial uses. As staple food, it is estimated that its production is over 1136.3 million
metric tons (from Sep.2020, to Aug.2021), which is much more than wheat production (776.8 million
metric tons) or rice production (504.4 million metric tons) [7]. In the latest revised forecast for globally,
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according to the FAO, the total production of cereals in 2022 stands at the value of 2,774 million
tonnes, at the value of 1.3% less than the previous year [8].

The forecast for global cereal utilization in 2022/23 is 2 780 million tonnes and is not only
pointing to a decline of 0.6 percent below the 2021/22 level, but it is above the 2022 total cereal
production [8]. One of the reasons that triggered bibliographic research is the fact that, according to
the latest data, published by the FAO in March 2023 (Figure 1), this excess of cereal consumption,
more than the quantity produced, the demand and stocks, is predicted. Therefore, under the
conditions of an increased demand for resources to feed a continuously growing population,
solutions must be sought for the use of all natural sources, making the most of their potential. With
this desire, the United Nations established in 2015, the Sustainable Development Goal 12, to “Ensure
sustainable consumption and production patterns”. Therefore, target 12.3, which refers to food waste,
stipulates that by 2030, per capita global food waste at the retail and consumer levels will be halved
and food losses from the production flow will be reduced along with those from the supply chains,
including post-harvest losses. The European Commission consider food waste as a priority area, in
order to achieve the Sustainable Development Goal target in the European Circular Economy Action
Plan [9]. In addition, the European Commission amended the Waste Framework Directive
2008/98/EC, establishing as mandatory the monitoring and reporting of food waste by member states
in order to establish a baseline for monitoring the achievement of waste reduction objectives food
and help identify relevant food waste streams to be utilized in a circular economy perspective [9]. In
the European Union, the main grains processed are wheat, maize, rice, rye, barley and oat and their
products, in the order shown in Figure 2, depending on the quantity, from 2010 to 2020.
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Figure 1. Cereal production, utilization and stocks [8]. Release date 03/03/2023, retrieve date
03/06/2023.

Grain processing must and can be a sustainable option to convert waste and by-products into
value-added resources for Food Industry and the need of valorization is instrumental for advocating
Circular Economy. So, the other reason of this review seeks to provide an overview of Food Industry
sustainable applications from the recovery and reutilization of cereal processing underutilized waste
and by-products.

Humanity must develop and apply innovative methods on industrial scale, for the recovery of
food waste, instead of its disposal. Currently, only conventional methods are applied on industrial
scale, providing animal feed, biofuel production, or composting, which represents only a partial
utilization of cereal processing waste.


https://doi.org/10.20944/preprints202304.1274.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 April 2023 doi:10.20944/preprints202304.1274.v1

I
\

o
[

Figure 2. Processing wheat, maize, rice, rye, barley, oat and products in European Union (27 member
states). Source: Computed by authors, based on FAOSTAT online database, February 20, 2023.

2. Bibliometric Analysis

A bibliometric analysis was performed to identify, screen and analyze published research
articles and reviews [10]. The aim was to retrieve and select those papers that investigate and define
the current state of the art on grain by-products and grain waste recovery, with benefits for Food
Industry, in order to evaluate the research trends based on literature in the Google Scholar, Web of
Science and Elsevier Scopus databases, over the last decade (since 2012, until 2023). To ensure the
quality of the research [11] , were selected only peer-reviewed articles. Criteria used for article
selection were title, abstract, keywords, and document type limited to "articles" and "reviews," as well
as year of publication from 2012 to 2023. The investigation took place in February 2023 using the
terms ‘Grain AND Waste AND By-products’. The list obtained after the initial search was screened by
reading the title and abstract (duplicates were excluded and also were excluded articles that only
consisted of an abstract), following a full-text reading. All articles and reviews about grain waste
and/or grain by-products were included, while other, not relevant papers were discarded. After
database exploring, a flowchart was produced, summarizing the obtained results (Figure 3).

Following the bibliometric analysis, 520 works represented by full research articles and reviews
were selected, of which 228 (44%) were published starting from 2019.

Measurements of the quality and quantity of the scientific production [12] were accomplished
using VOS Viewer science mapping software tool [13]. Previously, selected data for VOS Viewer
supported files types (Web of Science and Elsevier Scopus) were exported to Microsoft 365 Excel and
then saved on .txt format. After a bibliographic coupling analysis (the relatedness of items is based
on the number of references they share), the articles and reviews from the search, were assessed and
classified according to average of documents per year (for the last decade) and distribution by
journals, depicted in Figure 4. There is an increase in the number of articles related to the use of waste
resulting from grain processing, starting with 2018, according to the red circles, whose diameter is
proportional to the number of articles published per year, in the most productive journals, in the
field. This is due to the continuous concerns at the level of the European Union, but also at the world
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level, regarding the regulations and also the scientific approach, to facilitate the use and valorization
of grain waste and by-products from the food chain, without compromising food and feed safety.

Google Scholar
9.730 documents

. ] 520 full-text articles and reviews: 232
Web of Science | 4~I ~ from Google Scholar and 288 from Web
474 documents of Science & Elsevier Scopus
441 documents

Figure 3. Flowchart representing the selection process of articles and reviews from Google Scholar,
Web of Science and Elsevier Scopus databases.
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Figure 4. Average publications per year (overlay visualization), for the last decade.

The top of 16 most productive journals, is ranked in Table 1, with the aim to display the results
more conveniently, not only in terms of the number of articles related to grain waste conversion, but
also the number of related citations.

A word cloud related by searched keywords is represented by Figure 5. The font size of the given
keywords means the number of times it appears in literature records. The most numerous
occurrences are naturally represented by the keywords (grain waste and by-products), but also by
the terms used most often in the management of waste resulting from grain processing, such as
‘circular economy’, ‘food waste’, ‘biomass’, ‘brewers spent grain’, ‘phenolic compounds’, ‘dietary
fiber’, ‘pretreatment’, ‘extraction’.
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Table 1. Top 16 productive Journals.

Journal! Document/year Citation
Waste and Biomass Valorization 18 200
Journal of Cleaner production 15 410
Bioresource Technology 9 1800
Waste Management 8 172
Sustainability 8 59
Animals 8 133
Foods 7 57
Applied Sciences - Basel 7 48
Food Chemistry 6 273
Trends in Food Science & Technology 6 312
Molecules 6 49
Journal of the Institute of Brewing 5 338
Process Biochemistry 5 203
Animal Feed Science and Technology 5 220
Materials 5 30
Resources Conservation and Recycling 5 166
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Figure 5. Word cloud based on the main keywords in cereal waste and cereal by-products research
documents (overlay visualization).

Grain waste and by-products resulted across the technological chain can have a negative impact
ecologically, socially and economically. Upcycling grain process side streams and waste into
ingredients with added value for food, represents a challenge in ensuring increased stability of food
supply chain, in the conditions of global political insecurity, severe climate change and continuously
demographic growing. As a consequence, the academic world reported an increase in the number of
researches during the last twenty years, related to cereal by-products and wastes [14]. This significant
increase in the number of research and review articles in the field of waste recovery from cereal
processing, must be closely related to the unitary legislative and food safety measures.
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3. It is waste, only if we waste it!

The growing demand for food, as a result of the increase in the global population, is directly
related to the growth in the amount of food waste [15]. Food waste was defined by Food and
Agriculture Organization of the United Nations (2019) according to the following two indices:” Food
Loss Index represented by food lost in production or in the supply chain before it reaches the retail level and
Food Waste Index regarding food that is subsequently wasted by consumers or retailers”. 14% of the world’s
food is lost before it reaches the retail level [16]. Food losses also include food processing by-products,
which result as side streams during the obtaining of final products, in all sectors of the food industry
[17,18].

Grain processing generates approximately 12.9% of all food waste worldwide [19]. Figure 6
shows the cereal losses on the last decade, according to FAOSTAT online database, for the main
cereals processed in European Union, namely wheat, maize, rice, rye, barley and oat, in descending
order of quantities.
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Figure 6. Cereal losses for wheat, maize, rice, rye, barley, oat and products in European Union (27
member states). Source: Computed by authors, based on FAOSTAT online database, February 20,
2023.

Although they are rich in nutrients, cereal waste and by-products are mainly used in animal
feed, the production of biofuels, or discarded. Nowadays, the grain processing industry is striving
not only for the reduction of the volume of waste and by-products, but also for the sustainable
valorization of the existing ones, through the recovery of compounds with added value, useful in the
food industry.

The waste and by-products arise during dry milling (which, mainly, produce flour), wet milling
(dedicated mainly for starch and glucose production) and brewing process. These cereal waste and
by-products may be used for the extraction of bioactive compounds or may be directly used with
some modifications for different purposes [20]. Food applications often try to utilize the by-product
as whole, whereas within a biorefinery concept, the strategy targets specific compounds [18].
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3.1. Conventional milling, the major supplier of grain losses, reused in Food Industry

Milling process has two ultimate aims: first, to provide the specified product quality and, second,
to efficiently separate the main parts of the grain (bran, germ and endosperm).

First steps of milling, such as grading, storage, cleaning and conditioning are the source of grain
waste represented by damaged grains (shrunken, broken, puny or sprouted grains), wild plants
seeds, substandard grains (predominantly starchy), chaff, remnants of straw and weeds (with a
predominance of fiber), dust. The main stages of cereal dry milling, represented by breaking,
grinding and sieving, produce side streams like germ, bran and middling (Figure 7).

A Storage & Cleaning & 8 oo F Flour Handling &
Cereal Grading et i ‘ ’ Breaking ‘ ’ Grinding ‘ ’ Sieving Blendi
‘ Damaged grains ‘ ’ Straw ‘ | Dust ‘ ’ Germ ‘ ’ Bran | ’ Middling ‘
‘ Food products ‘ ’ Food Packaging

Figure 7. Food Industry valorization of by-products and waste from dry milling.

Unlike dry milling, wet milling consists of grinding the soaked grains and then separating the
chemical compounds of the grains (starch, protein, fiber and oil) [21]. According to Serna Saldivar
[22], industrial-scale wet milling of rye, barley and oats is very limited or practically non-existent
today, because the extraction of starch from rye is difficult due to its higher pentosan content and low
gluten forming capacity; in the same way, wet milling of oats is limited due to difficulties in fully
separating the starch because of the hydrated bran and protein layers [21].

3.1.1. Dust

Beside impurities and extraneous matter disposed on the first steps of milling process, there are
large amounts of dust generated during grain brushing and filtration process. There are studies on
the feasibility of using organic residues from the milling industry as a fibrous component for bio
composite materials and as a culture medium for a microbial cellulose with the aim to develop bio-
packaging and bio-disposable items for the Food industry [23]. Awareness to reduce the
environmental impact of single-use plastic items has led to the investigation of alternatives to fossil-
based polymers and the exploration of the opportunities offered by green polymers [24] . There are
tests done with lignocellulosic wastes from milling, such as rice husk, for their use as fillers for bio
composites as a material used in food packaging and the production of disposable plates [25] . A
procedure reported by Torres et all by which starch was extracted from the potato peel (a by-product
of food processing), resulted in obtaining a matrix; to reinforce this starch-based matrix obtained
from food waste, wheat dust was tested as a filler [26]. The experimental result consisted of
biodegradable plate-shaped materials for food use. The opportunity of using wheat dust as a cheap
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raw material for bacterial cellulose culture medium was also explored [23], using a static cultivation
method [27]. As a result of the experimental approach, a biofilm was obtained, used as plant-derived
cellulose to obtain a biodegradable food packaging.

3.1.2. Grain bran and germ

Worldwide, the annual production of grain bran, obtained as a by-product of grain milling, is
about 150 million tons [28], which represents 3-30% of the weight of the kernel in case of dry milling.
Also, by-products of the dry grinding of cereal grain, are hulls, husks (4-14%), germ, broken grains
(6-13%) and powders (7-12%) [29]. The most used of these by-products as a food ingredient are cereal
bran, especially in bakery products, and its inclusion was specifically aimed at increasing the dietary
fiber content, by replacing part of the flour in bread, muffins, shortbread cookies and cakes [30].

Maize bran as a milling by-product (60-70 g/kg) represents a low-cost source of dietary fiber and
natural dietary antioxidants [31]. Often, in the production of bread, the high presence of fiber in the
bran and the co-presence of lipids and lipase in the germ is considered a disadvantage. Due to the
use of fermented by-products, through the fermentation of lactic bacteria (Lactobacillus plantarum and
Weissella confusa), as ingredients, the nutritional, textural and sensory properties of wheat bread
(containing 25% fermented by-products) have been improved, in the sense of a higher concentration
in dietary fiber and proteins of 11 and 13% of the dry matter, of a significant increase in protein
digestibility (up to 60%) and a relevant decrease in the starch hydrolysis index (13%) [32].

Maize germs from dry and wet milling processes are used in the food industry for the extraction
of edible oil. For the recovery of edible oil, from the germ fraction obtained after dry milling of corn,
mechanical screw presses or a combination of screw presses and solvent extraction are used [21]. In
the case of bread fortification with corn germ protein hydrolyzate (1%—4%), an improvement in bread
texture was demonstrated, by reducing hardness and chewiness during storage [33]. By-products
rich in fiber, protein and antioxidants, obtained from the processing of corn starch, can also be added
as low-calorie and low-cost agents in food products to partially replace fat or sugar [34]. A recent
study concluded that dietary fiber from corn bran can be added to emulsion-based meat products
without reducing their sensory and textural quality [7]. Corn bran (5-15 g) added to chicken nuggets
improved the texture of the products, in terms of firmness and hardness, directly proportional to the
amount of bran added [35]. Another study demonstrated that by replacing lean meat with 3% corn
bran, chicken sausages had improved acceptability, higher dietary fiber content, and a longer shelf
life [36].

Adding wheat bran to flour is considered a way to improve the nutritional value of bakery
products. One of the negative effects of this addition of wheat bran is the fact that a high content of
insoluble dietary fibers will affect the quality of the bakery products, namely their color will be darker
after the baking process, the texture will be coarse and the volume will be reduced, which leads to
limitations in its application [37]. Wheat bran slows down the formation of the gluten network, if too
high a percentage is added. But by adding up to 24% bran content, the dough development time was
increased. Another positive consequence of adding wheat bran to flour is the decrease in the
electricity consumption required during mixing and the maximum power consumed, due to the
weakening of the gluten structure. Regarding dough rheology, the stickiness and extensibility
decreased with the increase in the amount of bran. Wheat bran added-flour improved dough aeration
during mixing and dough expansion rate during fermentation. As a downsize, adding wheat bran
decreased the specific volume of bread up to 10.81%, because wheat bran changes the pore size
distribution in the crumb [38]. Wheat bran aqueous extracts obtained by ultrasound-assisted
technology, have been used in pasta-making; the study found that enriched pasta had significantly
higher antioxidant activity and improved sensory properties than control sample pasta [39]. In the
case of meat food products, chicken sausages treated with 6% wheat bran showed a significant
increase in gumminess and chewiness; the sensory acceptability of sausages to which 3% fiber was
added was comparable to the control sample, but a further increase in fiber level resulted in a
decrease in sensory acceptability [40].
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Wheat germ is another major by-product of wheat milling. Although it is rich in bioactive
components, it has rarely been used in food composition, mainly because of its high lipid content,
which makes it subject to rancidity and reduced shelf life [41]. In another study, wheat flour bread
was fortified with 15% fermented milling by-products (using Lactobacillus plantarum and Lactobacillus
rossiae), using a dough composed of wheat germ and bran, obtaining a product with 6.53% dietary
fiber, which means 5% more than in wheat flour bread [42]. The glycemic index in vitro and,
especially, in vivo was lower for fortified bread, reaching 36.9%, a value far below the threshold
required for a food product to be considered "low glycemic index” [42].

Compared to other cereals, rice is mainly consumed as a whole grain. Therefore, the rice milling
industry focuses on reducing the percentage of broken grains, so that apart from the rice bran, there
is no significant waste and by-products to be reused in the food industry. Rice is an important food
ingredient in Asia, so there is commercial use also for rice bran as main by-product of rice processing.
For example, there is a Japanese dish made from fermented rice bran called “Nukazuke”, basically it
is a pickling dish prepared from a rice bran bed combined with different vegetables for improved
flavor [43]. An important source of edible oil is rice bran, which can represent up to 20% of its weight
[44]. Recent study indicated that substituting stabilized rice bran (after grinding a stabilization
process is required to prevent rancidity) for wheat flour, resulted in a significant increase in total
antioxidant activity, total dietary fiber content, ashes and bioactive compounds, however, the results
indicated that up to 15% replacement of wheat flour affects the overall physical properties of the
dough and the sensory attributes of the bread [45]. Stabilized rice bran improves the nutritional value,
the texture characteristics and promoting bakery and pastry products that contribute to a healthy
diet, such as biscuits [46,47] and muffins [48]. Another study concluded to application of the probiotic
L. casei strain with rice bran, in yoghurt formulations: probiotic viability was higher as the amount of
rice bran added increased (3%); rice bran enrichment resulted in an increase in water holding capacity
and pH and a decrease in syneresis and viscosity values, however, rice bran yogurts had lower
sensory scores compared to plain yogurt [49].

Bread containing up to 10% oat bran had acceptable properties [50] . For a higher oat bran
percentage, with the intention of improving the quality of bread incorporated with 15% oat bran,
individual and combined enzymes were used. In this study, to improve the rheological behavior of
the dough during the bread making process, three enzymes were used: a-amylase, xylanase and
cellulase [51]. A similar study stipulates that 15% oat bran added to wheat flour dough for, with an
enzyme combination (a-amylase and xylanase) can significantly improve the quality of Chinese
steamed bread [52]. A recent study reported the effect of adding oat bran to spaghetti pasta dough,
from the point of view of cooking quality, product digestibility, antioxidant, nutritional and textural
characteristics; pasta dough obtained by replacing 50% durum wheat semolina with oat bran resulted
in higher cooking losses and higher water absorption index compared to the control sample prepared
with 100% durum wheat semolina; also, it has been reduced the caloric content and the digestibility
of its starch components, so it may represent a healthy option for food diets [53].

Rye is the cereal used predominantly in the diet of the peoples of northern Europe and it is often
used as whole meal flour in the manufacture of bakery products [54]. Rye bran is a by-product of
milling and can be used as a valuable additive to increase the nutritional and health properties of
food [55].

3.2. Brewing process and its wastes

The brewing process generates three intrinsic wastes: the brewers spent grain (BSG), the hot trub
and the residual yeast. Approximately 85% of total by-products generated by brewing industry is
represented by brewers spent grain. As the main by-product, brewers spent grain is rich in cellulose
and non-cellulosic polysaccharides and is the result of mashing process, which is one of the early
stages in the distillery, with the role of solubilizing the malt and cereal grains to ensure proper
extraction of the wort (water with the extracted matter) [56].
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Brewers' spent grain consists of husk, pericarp and seed layers with residual amounts of
endosperm and aleurone from barley, used mainly as raw material [57]. Due to its properties and
content of essential nitrogen-containing nutrients, it is mainly sold as animal feed, but brewers' spent
grain has also been shown to have a desirable nutritional value for the human diet as well [58].
Several researches have shown that brewers' spent grain can successfully been incorporated into flour
used for production of bread, waffles, cookies (40% of brewers' spent grain into flour), breakfast
cereals, pasta, pancakes or tortillas; the obtained results have revealed that the addition of brewers'
spent grain to wheat flour bread, increases the amount of fiber and changes the fat content of the
product, increases the water holding capacity and texture of the products and gives to the product a
slightly sweeter taste [59-63]. The addition of brewers' spent grain does not adversely affect the
sensory characteristics and physicochemical quality indicators of meat products, moreover, it
enhances the health-promoting properties of food, such as meat sausages [64,65].

Hot trub is another brewing process by-product, represented by sediments formed in the
brewing process during the boiling of the wort and is the least used by-product in the food industry
due to the bitterness that comes from its ingredients [58]. There are studies focused on the
development of an extraction process that leads to the reduction of the bitter taste, without changing
the characteristics, even improving them; as a result, hot trub with modified composition and
functionality can be used in the food industry to enrich high-fat products or as an alternative source
of plant-based proteins [66].

The use of the third brewery by-product, the spent yeast, is reduced due to the presence of hops
in the boiled wort which gives a strong bitter taste, although there are methods to mitigate this taste
[67] . There are also studies about food products with brewer’s spent yeast used as food additive.
This by-product has also been used in addition-fortified vegan cakes, resulting in higher vegetable

protein, lipid and carbohydrate content [68]. According to another study, experiments were made in
which spent dry yeast was added as an ingredient to homemade bread, which resulted in an increase
in B-glucan intake [69]

4. Added-value Compounds for Food Industry

Grain processing wastes and by-products can be used not only directly incorporated in food
products, but also for the extraction of value-added compounds that can be introduced into the
production process in the food industry as functional food ingredients (Figure 8). The treatment of
cereal industrial waste consists in physico-chemical and biological methods, but at high conversion
costs [70]. Therefore, the extraction and use of these valuable compounds are less applied on an
industrial scale in the food industry and more in biorefineries for conversion into fuel as a renewable
source of energy.

Currently, cereal by-products have been linked to health promotion, due to their content rich in
fiber, minerals, vitamins, phenolic compounds, phytosterols, policosanols and other phytochemicals
responsible for reducing oxidative stress, mediating the inflammatory process and the excretion and
absorption of lipids [71]. That is why the researches related to the recovery of the biological
compounds from grain processing waste and by-products are also addressed to the benefits brought
to the improvement of products in the food industry.
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Figure 8. Food Industry applications of added-value compounds from grain waste. and grain by-
products.

4.1. Carbohydrate fraction

The grain processing chain generates significant amounts of waste known as lignocellulosic
biomass [9,72]. Of the total agricultural waste, 20-35% is hemicellulose, a dietary fiber that represents
the most promising source for valuable applications [73]. Industrial scale applications of
hemicelluloses are still underutilized at this point [74]. Hemicellulose demonstrates excellent
properties, including biodegradability, biocompatibility, bioactivity, which enable it to be applied
also in food industry [75]. Grain wastes that include carbohydrate fractions, especially
hemicelluloses, are bran, straw, hulls/husks. The extraction of hemicelluloses (such as arabinoxylans
and -glucans) from the cell walls, fractionation and purification can lead to use in various food
applications. Extraction process is possible through four main types of methods: water extraction
which can be done at low temperatures or at high temperatures, chemical extraction (with acids,
alkalis or organic solvents), specific enzymes extraction or mechanical treatments (microwave,
ultrasound, extrusion) [73,76]. There are studies that demonstrated that it is possible to add impure
hemicellulose fractions to food products to improved sensory and chemical properties; for example,
according to a study, the addition of 0.15% and 0.30% nixtamalized corn bran can increase the
antioxidant capacity, phenolic content and physicochemical properties of frankfurter sausages [77].

Organic acids (lactic and succinic acids), another carbohydrate fraction, obtained by
fermentative production are used as acidulant, flavoring agent or as preservative in the food industry
[78].

4.2. Non-carbohydrate fraction

The food industry mainly exploits the non-carbohydrate fraction represented by proteins and
phenolic compounds extracted from grain processing waste and by-products.

The protein extracted from corn by-products has a unique structure, molecular shape and
solubility, forming a uniform, transparent and soft film with good oil and water retention,
characteristics that make it useful in food preservation [7]. One of the best potential sources of
vegetable protein for the food industry is brewers' spent grain, due to its high protein content which
represents about 20% in dry matter [79]. The food industry can benefit from the use of protein
hydrolysates as texture improvers and as food additives [80].
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Phenolic compounds can be found mainly in bran, so after its separation from the grain, an
extraction process is required. The extraction of polyphenols from cereal by-products can be done
with different techniques, such as: acid and alkaline hydrolysis [81,82], ultrasound assisted extraction
[83,84] microwave assisted extraction [85], extraction with supercritical carbon dioxide [86],
extraction by steam explosion treatment of grain by-products [87], enzymatic hydrolysis [88]. Wheat
and oat bran contain the main phenolic compounds, represented by phenolic acids (ferulic acid,
caffeic acid, vanillic acid, p-coumaric acid, dihydroxybenzoic acid and avenanthramide) and
flavonoids sub-classes [89]. In rye bran, the most important phenolic compounds, important for
antioxidant activity, include the group represented by p-hydroxybenzoic acid and its derivatives
(especially vanillic and syringic acid) and the group represented by p-coumaric acid and its
derivatives (ferulic and caffeic acid) [90]. Phenolic acids as antioxidant recovered compounds from
grain waste and by-products, are used in the food industry as additives to extend the shelf life of food
[91]. Vanillin produced through biotechnical processes from ferulic acid, it is very often used as a
flavoring in the food industry [78].

5. Conclusions

Food sustainable consumption and production is an important target of circular economy, in
order to sustain the livelihoods of current and future generations. In this direction, upcycling of food
processing by-products and waste, is a primary duty of humanity, for securing the food supply chain
of an increasing world population, due to inevitable diminishing of fossil resources.

The large volume of the low-cost by-products and waste from grain processing, gives
economical advantage of its potentially valuable components for food industry benefits. The review
of the literature about grain waste and by-products recovery and industrial applications in the food
industry, showed that the majority of the researches focus on restricted examples and pilot-scale
laboratory experiences, which are currently too costly to upscale, while just few cases contain data
about economic and technical feasibility on existing full-scale studies. Main application on an
industrial scale, consist in direct incorporation of grain by-products waste together with classic
ingredients from the bakery, meat and dairy industries, in order to improve the nutritional,
rheological or sensory properties of the final product. The review highlighted the use of grain waste
and by-products mainly as additives, for texture improvement, acidulant, flavoring agent, as
preservative in the food production or as biodegradable materials and biofilm for food package.

More insights and more in-depth investigations are needed to explore the applications that
involve the added-value compounds from grain by-products and waste, for the production of food;
there is an imperative need to develop new and innovative technologies for efficient treatment and
extraction, on industrial scale and fulfill the “zero waste economy’ principles.

Not many specific case studies in the field of grain processing, are related to logistic concerns of
industrial symbiosis, for example: the quantitative and qualitative indicators of grain processing
waste and by-products obtained by a company, the geographical distribution of possible beneficiary
from that grain losses, worldwide same regulatory restrictions, safety concerns, well established
logistics associated with grain waste collection, transport and handling. Improving the efficiency of
the food value chain could also help bring down the cost of food products directed for human
consumption.
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