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Abstract 12 

 13 

Arabinoxylans (AX) are hemicellulose polysaccharides comprising a linear backbone of xylose sugars 14 

with arabinose residues attached along the chain.  They offer interesting functional properties that 15 

could have application as a new class of food ingredients or for non-food applications.  The emergence 16 

in recent decades of biorefineries gives a context in which commercial production of a portfolio of AX 17 

products could be feasible, through integration with bioethanol production, using ethanol to 18 

precipitate the AX.  Extending the concept, AX fractions of different functionality can be precipitated 19 

at different ethanol concentrations, giving further scope for efficiencies through bioethanol pinch 20 

analysis, while producing a portfolio of products with different potential markets and end uses.  The 21 

current work demonstrates the potential of AX fractions extracted from sugarcane bagasse as bread 22 

ingredients.  Bagasse AX fractions increased the water absorption in dough formulations, by more 23 

than double their own weight for fractions larger than 10 kDa, and increased dough development time 24 

in a Chopin Mixolab.  As well as promising in their own right, AX also illustrate the more general 25 

opportunity for synergies between biorefining and the food industry, with the rise of biorefineries 26 

giving opportunities to provide the food industry with new ingredients not currently available. 27 

 28 
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1. Introduction 34 

 35 

Biorefineries have emerged in recent decades in response to urgent imperatives to address global 36 

issues of oil depletion, national energy security, rural development and climate change (Peck et al., 37 

2009; Cherubini, 2010; Tomei and Helliwell, 2015).  The embryonic biorefinery industry has had, 38 

however, an uneven and uncertain reception in terms of public perception, political support and 39 

commercial viability (Bissett-Amess, 2007; Peck et al., 2009; Campbell et al., 2009; Rosillo-Calle, 2012; 40 

Mousdale, 2018; Hinson et al., 2019).  Biorefineries suffer from numerous technical, commercial, 41 

political and even philosophical and moral challenges.  On the one hand, it is recognised at a broad 42 

conceptual level that biorefineries have a part to play in alleviating pressure on oil and mitigating 43 

climate change, alongside benefits of national fuel security and resilience and support for agricultural 44 

communities.  On the other hand, the challenges of biorefineries are uniquely specific in terms of 45 

technical implementation and economic viability within the particular local, national and international 46 

political and regulatory contexts.  Entering into the biorefinery business is fraught with uncertainty, 47 

both in relation to how best to design and operate this biorefinery in this local and national context, 48 

and in relation to the likely stability of political support and associated incentives.  Thus, in the UK for 49 

example, the histories of plants such as Ensus and Vivergo have been punctuated by frequent and 50 

disruptive closures in response to changing contexts that impact the marginal commercial viability of 51 

biorefineries (see, for example, Hughes, 2017; Hinson et al., 2019; Sapp, 2021). 52 

 53 

Philosophically, the perception of biorefineries has been damaged by understandable but sometimes 54 

simplistic concerns over “food versus fuel” and whether, in a hungry world, it is ethically and morally 55 

acceptable to be diverting food resources into production of bioethanol and biodiesel for 56 

transportation fuel (Pimental et al., 2009; Graham-Rowe, 2011; Rosillo-Calle, 2012; Tomei and 57 

Helliwell, 2015;  Mousdale, 2018), with UN rapporteur Jean Ziegler famously declaring biofuels as “a 58 

crime against humanity” (Mathews, 2008; Campbell et al., 2009; Peck et al., 2009).  These moral 59 

concerns have been combined with technical concerns claiming that the net energy delivered by 60 

biofuels is in some circumstances marginal or even negative (Pimental et al., 2009), exacerbated by 61 

indirect land-use change (Searchinger et al., 2008).   62 

 63 

In response to the first concern, the great hope has been to move to a situation in which lignocellulosic 64 

biorefineries, which use feedstocks that do not divert resources from the food chain, become 65 

technically and economically feasible, while the second concern has been largely alleviated by 66 

increasingly detailed technoeconomic and life cycle analyses (Zilberman, 2017) as well as broader 67 
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perspectives that note, for example, the benefits biorefining might bring to agriculture in places like 68 

Africa (Mathews, 2008).  Nevertheless, these objections have caused policy changes, such as the 69 

European Union’s abandonment of support for first generation biofuels, that have hindered the 70 

emergence of biorefineries (Mousdale, 2018).  They have also hindered biorefinery research efforts 71 

that have any connection with food, for fear of falling foul of this moral and political objection to 72 

possible adverse effects of biorefineries on food prices. 73 

 74 

The loud fears regarding antagonism between the food supply chain and biorefineries have obscured 75 

the opportunities for synergistic benefits between the food industry and the emerging biorefinery 76 

industry.  In fact, complete divorce from the food industry has become an expedient policy for 77 

biorefineries.  Mousdale (2018) notes this development: “A defining feature of a biorefinery…is 78 

production of market-ready chemicals from non-food resources”, a policy that sounds innocuous and 79 

indeed positively desirable.  However, this political and social imperative to be seen to be distancing 80 

biorefineries from the food supply chain is a mistake, as it precludes seeking or even acknowledging 81 

the substantial synergistic benefits that could be realised through bringing these two sectors, that 82 

share so much similarity, more closely together. 83 

 84 

The key insight that is missing from much of the debate is that genuine, formal process integration has 85 

the power to make the difference to the economics of marginal industries such as food and biorefining. 86 

Process integration also reduces energy and resource usage, enhancing environmental benefits as well 87 

as economics.  The power of process integration tools such as heat and water pinch analysis requires 88 

certain conditions, not least a degree of complexity arising from numerous processes operating 89 

simultaneously, giving scope for integrating material and energy flows.  However, much of the 90 

biorefinery literature, while using the terminology of integration, does so in ways that miss the 91 

importance and power of this concept and its relevance to synergies between food processing and 92 

biorefining. 93 

 94 

Sheppard et al. (2019) highlight the process integration synergies that could arise through co-location 95 

of biorefineries and food and drink manufacturing facilities, such that scope for material and energy 96 

flows between the two facilities could increase integration opportunities, thereby reducing both costs 97 

and emissions.  Thus, for example, a biorefinery could take the wastes from the food facility as its 98 

feedstocks, with co-location eliminating transportation costs and emissions, while heat and water 99 

usage between the co-located facilities could be exploited and integrated more efficiently than within 100 

either facility on its own.  Recent research has highlighted that distance is one of the key technical 101 
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barriers in the implementation of circular business models based on reuse of solid resources (Angelis-102 

Dimakis et al., 2021), encouraging the intentional co-location of complementary facilities.  The 103 

similarities of biomass materials handled in food processing and in biorefining, along with similarities 104 

of temperatures in thermal processes and potential synergies in relation to water usage, and similarly 105 

tight profit margins, make the identification of well-matched facilities a promising basis for enhancing 106 

the environmental credentials and economic viability of both food processing and biorefining. 107 

 108 

Even in the absence of co-location, the rise of biorefineries offers further synergistic benefits for the 109 

food industry.  There are numerous components of plants that, if they could be extracted 110 

economically, would be useful as high value food ingredients of specific and targeted functionality.  111 

For example, one of the current authors was involved in a project on oat fractionation, motivated in 112 

part by the identification of an oat glycolipid emulsifier that had specific promise in chocolate, but for 113 

which the economics of extraction on its own would not have been viable; hence the project 114 

investigated integrated processing that focussed on the major components of oats, starch and bran, 115 

in order to give a context in which extraction of that emulsifier might be technically and economically 116 

viable (South et al., 1999).  Showing that biorefineries can offer ingredients not currently available to 117 

the food industry could help to enhance their “cognitive and sociopolitical legitimacy” (Peck et al., 118 

2009).   119 

 120 

The opportunity presented to the food industry by biorefineries is this: some components of biomass 121 

of particular interest as food ingredients, but not currently economical to produce, might be feasible 122 

in the integrated context of a biorefinery.  Such an integrated context could allow these novel 123 

components to be introduced as commercial products, offering new functional ingredients into the 124 

food industry (and also for animal feed and non-food applications).  This is an exciting possibility 125 

arising from the new processing contexts offered by biorefineries. 126 

 127 

Arabinoxylans (AX) serve as an interesting and promising illustration of this general point: that 128 

biorefineries can offer to the food industry new ingredients not currently available, made feasible 129 

through process integration, while the food industry offers markets for biorefinery products that could 130 

help establish their commercial viability and the associated environmental and social benefits.  The 131 

specific opportunity to produce arabinoxylans at commercial scale has arisen from the emergence of 132 

bioethanol plants, as one approach for producing arabinoxylans uses ethanol to precipitate the AX 133 

(Hollmann and Lindhauer, 2005; Swennen et al., 2005, 2006; Peng et al., 2009, 2012; Deutschmann 134 

and Dekker, 2012; Zhang et al., 2014; Solier et al., 2020), such that in the context of a bioethanol plant 135 
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in which the ethanol can be recovered, it is possible that AX production could be economic (Sadhukhan 136 

et al., 2008; Misalidis et al., 2009).  Co-production of AX with bioethanol, optimised through formal 137 

process integration, could contribute positively to the biorefinery’s profits, while delivering new 138 

healthy and functional ingredients to the food industry (Martinez-Hernandez et al., 2018).  AX also has 139 

potential for non-food products including film forming, emulsifiers and stabilisers in the 140 

pharmaceutical and cosmetic industries (Deutschmann and Dekker, 2012; Aguedo et al., 2015; Zhang 141 

et al., 2014; Jacquemin et al., 2015; Izydorczyk, 2021). 142 

 143 

The co-production of AX with ethanol also illustrates the distinctive feature of true biorefineries, that 144 

they gain their status as biorefineries (as opposed to mere bioprocesses) through formal integration 145 

to exploit synergies, in order to achieve commercial viability through a combination of an efficient 146 

process and a portfolio of revenue streams that are well chosen to create integration opportunities 147 

(Campbell et al., 2018).  Biorefineries are by nature marginal in their economic viability, such that small 148 

gains in profits, through process efficiency or through new revenue streams, have large effects on 149 

commercial viability.  However, these are two distinct and separate elements of biorefinery 150 

economics, albeit interacting ones: i) a portfolio of products to generate several revenue streams; and 151 

ii) an integrated process that reduces both costs and emissions.  Frequently the emphasis in the 152 

biorefinery literature has been on the first of these – identifying possible products and their 153 

contributions to the business’s revenues is easy and obvious.  By contrast, identifying and exploiting 154 

integration opportunities, and product combinations that might create such opportunities, is harder, 155 

requiring a way of thinking and a set of tools that distinguish “the biorefinery engineer”. 156 

 157 

Section 2 of the current paper examines how the usage of the term “biorefinery” frequently overlooks 158 

the integration element that is the key to unlocking the potential of biorefineries, including the 159 

opportunity to introduce a new class of ingredients based on arabinoxylans.  Section 3 then introduces 160 

arabinoxylans in more detail, including their integrated production with bioethanol and their potential 161 

as food ingredients and for non-food applications.  Section 4 describes recent work to evaluate AX 162 

extracts as possible bread ingredients, then identifies the scope of research required to introduce this 163 

new class of ingredients as a commercial reality.  Section 5 then stands back to consider the nature of 164 

biorefinery engineering as a discipline and the skills and educational needs of the biorefinery engineer. 165 

 166 

 167 
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2. Inadequate and confusing views of the biorefinery concept 168 

 169 

Since its inception, many have sought to define “the biorefinery concept”.  In many cases, and certainly 170 

in the early days, while integration may be mentioned or even highlighted in such definitions and 171 

associated discussions, it has often been obscured by a more prominent emphasis on the multiple 172 

products of a biorefinery.  Thus for example, Cherubini et al. (2009) and Cherubini (2010) considered 173 

the “most exhaustive” definition to be that of the IEA Bioenergy Task 42 (Biorefining): ‘‘Biorefining is 174 

the sustainable processing of biomass into a spectrum of marketable products and energy”. Kamm et 175 

al. (2010) reviewed several definitions, including those that noted the integration element such as the 176 

NREL definition (see below), but the US Department of Energy definition stands out as another that 177 

focusses on a range of products as the defining characteristic: “A biorefinery is an overall concept of 178 

a processing plant where biomass feedstocks are converted and extracted into a spectrum of valuable 179 

products”.  The examples shown by Kamm et al. continue to emphasise a range of products rather 180 

than formally integrated processes (nowhere in the book do the terms “heat integration”, “water 181 

integration” or “pinch analysis” occur, for example, while “process integration” occurs just twice).  182 

Fernando et al. (2006), reviewing the “current status, challenges, and future direction” of 183 

biorefineries, use “integrated” numerous times, and in fact their Figures 6 and 8 do imply extensive 184 

process integration; even so, the words “heat” and “pinch” again are not mentioned, and their 185 

biorefinery diagrams emphasise a great spectrum of products, with as many as 21 different product 186 

classes listed from a single facility.  187 

 188 

Ferreira (2017), in a chapter called “Biorefinery Concept”, attempts to define biorefineries and 189 

employs the word “integrated” and its cognates frequently.  However, the usage betrays a meaning 190 

of “integrated” as little more than “operated together”, rather than the stronger meaning of “A holistic 191 

approach to process design and optimisation that exploits the interactions between different units in 192 

order to employ resources effectively and minimise costs” (widely quoted, e.g. Campbell et al., 2018) 193 

or “A holistic approach to process design, retrofitting and operation that emphasises the unity of the 194 

process [and that] offers a unique framework along with an effective set of methodologies and 195 

enabling tools for sustainable design” (El-Halwagi, 2017, p4).  Again, Ferreira’s chapter does not 196 

mention such concepts as “heat integration” (although to be fair, Chapter 6 of that book does have 197 

brief generic sections on Process Integration and Pinch Analysis).  This weak usage of “integrated” is 198 

evident in the several examples of so-called biorefineries that are in fact simple linear processes with 199 

no scope for integration (see Figure 1.3, for example), and in phrases such as “This type of biorefinery 200 

integrates all technologies mentioned in previous subsections”, “Basically, the concept of an 201 
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integrated biorefinery is similar to a petroleum refinery, where oil is refined into many marketable 202 

products including chemicals, energy, and fuels” and “An integrated biorefinery produces various 203 

products, which include electricity produced from thermochemical and bioproducts from the 204 

combination of sugar and other existing conversion technology platforms”, with no suggestion of 205 

formal process integration.  As this example illustrates, “integration” is used ubiquitously when 206 

discussing and defining biorefineries, but it is frequently employed in this loose way that overlooks 207 

the full power of proper process integration. 208 

 209 

Mousdale (2018) notes the degradation and confusion of the term “biorefining”, reflecting the earlier 210 

report by Peck et al. (2009) of “considerable confusion in research, agricultural, forestry, industrial, 211 

regulatory and political circles regarding [concepts, definitions, benefits and tradeoffs]”.  The Circular 212 

Economy concept is the current dominant influence on biorefineries and on encouraging more 213 

integrated thinking (Mousdale, 2018), but again in the loose sense, not strengthened and empowered 214 

by the strong sense of process integration.  A misunderstanding of genuine process integration 215 

threatens to miss leveraging its full power in order to optimise efficiency and maximise 216 

competitiveness and viability.   217 

 218 

Interestingly, Walmsley et al. (2019) identify equivalent terminological confusion in relation to the 219 

Circular Economy, noting “A recent survey of the [Circular Economy] literature points to a lack of 220 

agreement on its definition, suggesting a lack of firm scientific foundation.”  They conclude “the 221 

Circular Economy concept currently lacks robust engineering design methods, leading many 222 

researchers to question its effectiveness.  In contrast, Process Integration is lesser known publicly, 223 

despite being widely applied in industry to achieve substantial reductions in industrial energy, water, 224 

and utility use… The research communities from these areas… have operated mainly in parallel 225 

universes with minimal overlap and cross-pollination.”  They therefore propose “the unifying 226 

framework of Circular Integration to encourage greater transdisciplinary research.”  The parallels with 227 

the biorefinery and process integration communities are obvious, the former, like the Circular 228 

Economy community, often using the language of integration while missing its power. 229 

 230 

Failure to fully recognise and exploit process integration will leave biorefineries at a sustained 231 

disadvantage with respect to oil refineries, which provide both the model and the competition for the 232 

emerging biorefinery industry.  As Lynd et al. (2009) noted: “When considering such biorefineries, 233 

today’s oil refining industry is a natural point of reference.  In particular, we may look for lessons from 234 

oil refineries that may be valuable to apply to biomass refineries… An important factor contributing 235 
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to the high efficiency of modern oil refining… is extensive heat integration… Such integration – and 236 

process optimization in general – takes time to incorporate; the high efficiencies realized by today’s 237 

petroleum refineries are the result of decades of process improvements.”  Unless formal process 238 

integration is embraced consciously and comprehensively in biorefineries, they risk remaining decades 239 

behind the competition from oil refineries (Campbell et al., 2006, 2009). 240 

 241 

In seeking to make the appreciation of proper process integration more prominent, Campbell et al. 242 

(2018) highlighted the US National Renewable Energy Laboratory’s (NREL) widely-quoted definition of 243 

a biorefinery:  244 

 245 

“A facility that integrates biomass conversion processes and equipment to produce fuels, power and 246 

chemicals from biomass. The biorefinery concept is analogous to today’s petroleum refineries, which 247 

produce multiple fuels and products from petroleum.” 248 

 249 

They emphasise three lessons from this definition: 250 

 251 

i)  petroleum refining gives the pattern against which biorefining must be modelled; 252 

ii)  an “integrated” processing facility means one in which interactions between separate parts of the 253 

system are consciously and systematically exploited: “It is the extent to which, and sophistication 254 

with which, interactions are exploited that define whether or not an industrial-scale biological 255 

processing facility is a biorefinery”; 256 

iii)  a biorefinery produces multiple products, which is a necessary (but not sufficient) condition for 257 

integration, as the resulting complexity gives opportunities for process integration. 258 

 259 

They conclude “Unless this complex facility – with its multiple products – is deliberately integrated, it 260 

remains just a biological processing facility. It is not a biorefinery.”  261 

 262 

Peck et al. (2009) note that, “With regard to definitions, some proposals are sufficiently broad to 263 

include almost any imaginable biomass processing facility.”  A strong understanding of integration can 264 

help to address this confusion, by clarifying that a biorefinery must feature significant formal process 265 

integration.  Thus, despite the book of this name by Stuart and El-Halwagi (2012), Campbell et al. 266 

(2018) argue that “The term ‘integrated biorefinery’ is a tautology – a biorefinery is, by definition, 267 

integrated, and to add this adjective is redundant.”  They go on to emphasise: 268 

 269 
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“The relevance of this distinction is important, because without exploiting integration, 270 

biorefineries will fail to achieve their potential – their commercial potential in competing viably 271 

with petroleum refineries that enjoy the economic benefits of extensive process integration; their 272 

environmental potential in reducing greenhouse gas emissions and alleviating climate change 273 

and oil depletion; and their social potential in supplying the food needs of society along with 274 

material and energy needs.” 275 

 276 

Mousdale (2008, p354), quoting the above NREL definition of a biorefinery along with several other 277 

definitions, concluded starkly and unambiguously that “In early 2008, no such biorefineries exist”, 278 

going on to state, “but the concept provides a fascinating insight into how biofuel production facilities 279 

could develop…”  Mousdale’s current judgement is, "In 2021, the situation is not much changed; a few 280 

facilities might just about stretch to sufficiently deliberate process integration to meet the definition 281 

of a genuine biorefinery, but the majority remain, despite producing a spectrum of products, as largely 282 

linear bioprocesses with little meaningful integration." (David Mousdale, personal communication).   283 

 284 

It is helpful to pause to consider the possibility that the biorefinery concept, that has become so 285 

familiar as terminology, may in fact still not yet exist, and that therefore, unwittingly, we have not yet 286 

in fact realised the power of the concept.  This pause allows us to reconsider, are there elements of 287 

the biorefinery concept we have not yet fully appreciated and developed competency in, and that we 288 

need to appreciate urgently in order to turn the concept, and its benefits, into reality?  In particular, 289 

have we underappreciated the key role of the integration element?  As El-Halwagi (2017, p4) writes, 290 

“The question is how to methodically and effectively achieve the objectives of a sustainable design.  291 

The answer is process integration!” 292 

 293 

Although this strong concept of integration is not adequately articulated in much of the biorefinery 294 

literature, the process integration community itself has turned its attention to biorefineries, with 295 

many papers applying the standard tools of process integration, such as heat and water pinch analysis, 296 

to biorefinery contexts (for early examples, see Dias et al., 2011; Fujimoto et al., 2011; Pham and El-297 

Halwagi, 2012; Modarresi et al., 2012; Shenoy and Shenoy, 2014), plus the recent review by Clauser 298 

et al. (2021), and the books by Stuart and El-Halwagi (2013) “Integrated Biorefineries: Design, Analysis, 299 

and Optimization”, and Sadhukhan et al. (2014) “Biorefineries and Chemical Processes: Design, 300 

Integration and Sustainability Analysis”.  In the case of the latter authors, their move into biorefinery 301 

integration was first prompted by arabinoxylans and the key question of “Would it be economically 302 

feasible, in plausible scenarios, to co-produce arabinoxylans through integration with bioethanol 303 
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production?”  The tentative “yes” from these initial investigations (Sadhukhan et al., 2008; Du et al., 304 

2009; Misailidis et al. 2009) formed the basis for subsequent experimental investigations (e.g. 305 

Chatzifragkou et al., 2015; Campbell et al., 2019), and for the development of bioethanol pinch 306 

analysis (Martinez-Hernandez et al., 2013, 2018), possibly the first formal process integration 307 

technique arising specifically from the biorefinery context (Klemeš et al, 2013; Shenoy and Shenoy, 308 

2014).   Biorefineries must adopt and exploit standard process integration tools such as heat and water 309 

integration, while the introduction of bioethanol pinch analysis illustrates how there is also scope to 310 

conceive new process integration tools that address specific issues of biorefining in creative new ways. 311 

 312 

Biorefining remains dominated by biofuels, i.e. bioethanol, biodiesel and biomethane (Mousdale, 313 

2018).  In this respect they are again similar to oil refining, which is also characterised by a dominance 314 

of fuel production that supports a smaller scale of petrochemical production (Lynd et al., 2009).  The 315 

situation in conventional oil refining, likely to be true also of biorefining, is that fuel production 316 

supports the economics of the chemical production through economies of scale and the integration 317 

opportunities that arise, while the chemicals make a disproportionately large contribution to the 318 

profitability of refining because of their higher profit margins relative to fuel (Worldwatch Institute, 319 

2012, p75).   320 

 321 

Identification of co-product candidates that arise from integration opportunities can therefore take as 322 

a helpful starting point those for which the biofuel itself offers natural synergies.  In the case of 323 

biodiesel, these might be products from fermentation of the glycerol, for example (Mousdale, 2008, 324 

p370-371), while for bioethanol or biomethanol, products that exploit differential solubility in these 325 

solvents may be worth scrutinising.  This brings us back to arabinoxylans as a helpful illustration; the 326 

motivation for exploring these as possible co-products of bioethanol production was that their 327 

precipitation in ethanol is a key part of the production process. 328 

 329 

The current paper describes the specific vision of the introduction of a new class of food ingredients 330 

based on arabinoxylans, made possible through integration with bioethanol production.  In doing so, 331 

it illustrates the more general point, that biorefineries offer synergistic benefits with the food industry, 332 

by making feasible ingredients that are not currently available to the food industry, in addition to the 333 

integration opportunities that could arise through co-location of biorefining and food processing.  The 334 

paper emphasises the centrality of process integration for the successful deployment of biorefineries 335 

generally, and for the specific goal of delivering the benefits of reduced emissions and new ingredients 336 

to the food industry, as well as for animal feed and non-food applications.  It thereby illustrates the 337 
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required skills of the “biorefinery engineer” to deliver the integrated thinking required to realise this 338 

vision of a future in which food processing and biorefining synergise in this way. 339 

 340 

 341 

3. Arabinoxylans as co-products of bioethanol production 342 

 343 

This section introduces the key features of arabinoxylans that underpin their potential as food 344 

ingredient and as co-products of bioethanol production.  It emphasises that different fractions 345 

(precipitated at different ethanol concentrations) will have different functionalities and markets, and 346 

that their co-production allows economic savings through bioethanol pinch analysis, as well as giving 347 

a portfolio of revenue streams. 348 

 349 

3.1 Arabinoxylan structure and properties 350 

 351 

Arabinoxylans (AX) are polysaccharides that comprise a linear backbone of xylose sugar units to which 352 

arabinose sugar units are attached along the chain.  They are described by Courtin and Delcour (2002) 353 

as a “peculiar group of molecules [with] unique physicochemical properties”.  Xylose and arabinose 354 

are both five-carbon sugars, hence arabinoxylans have in the past been referred to as pentosans 355 

(Izydorczyk et al., 1991; Izydorczyk and Biliaderis, 1995; Faurot et al. 1995; Delcour et al., 1999; Courtin 356 

and Delcour, 2002; Saulnier et al., 2007; Bastos et al., 2018; Izydorczyk, 2021).  Wheat bran contains 357 

typically 20-30% AX (Maes and Delcour 2002); hence, when trying to add value to this low value 358 

component of wheat, extraction of AX is an attractive prospect.  AX arise in combination with cellulose 359 

and lignin to form the structural components of plant tissues, and are an example of the more generic 360 

term “hemicelluloses”, which encompass a wide range of plant cell wall heteropolysaccharides (Huang 361 

et al., 2008; Deutschmann and Dekker, 2012; Peng et al., 2012).  Hemicelluloses are the second most 362 

abundant polysaccharides in plants after cellulose and a promising source of diversely functional 363 

molecules (Peng et al., 2012; Deutschmann and Dekker, 2012). 364 

 365 

Several extensive reviews have described the complex biochemistry of AX as affected by plant origin 366 

and the different tissues within plants, and their range of physical properties and technological 367 

applications including as bread ingredients (Izydorczyk and Biliaderis, 1995; Courtin and Delcour, 2002; 368 

Saulnier et al., 2007; Deutschmann and Dekker, 2012; Zhang et al., 2014; Bastos et al., 2018; 369 

Izydorczyk, 2021).  For the purposes of the current paper, it is sufficient to understand that AX are 370 

associated with cellulose and lignin, such that their recovery entails releasing them from the plant cell 371 
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wall matrix; that yields and purities tend to be low; that AX from different sources and recovered in 372 

different ways vary in chain length and structure; that xylanases hydrolyse AX to reduce chain length; 373 

and that chain length and structure affect physical properties such as solubility and viscosity, and 374 

hence functional behaviour and technological applications.   375 

 376 

AX are present in wheat flour typically at levels of 1.5-2.5%, of which 25-30% is water-extractable 377 

(WEAX) and the rest water-unextractable (WUAX); the latter can be released via alkaline or xylanase 378 

enzyme treatment to give alkali-solubilised arabinoxylans (ASAX) or enzyme-solubilised arabinoxylans 379 

(ESAX) (Courtin and Delcour, 2002).  The various extracts have different chain lengths and structures, 380 

which are also affected by the extraction conditions.  In bread, medium molecular weight WEAX is 381 

generally beneficial for loaf volume and crumb structure, while high molecular weight WUAX is 382 

generally detrimental (Courtin and Delcour, 2002).  Xylanase enzymes added to bread formulations 383 

can improve bread quality by hydrolysing large WUAX into medium size AX, which act to stabilise the 384 

liquid film surrounding bubbles in the proving dough, or can damage bread quality by hydrolysing 385 

medium AX into smaller AX that is no longer functional (Courtin and Delcour, 2002).  The precise 386 

interactions between AX and xylanases in bread are complex and depend on enzyme dosage and the 387 

nature of the endogenous or added AX.  388 

 389 

Figure 1(a) illustrates the xylose repeating unit in the xylan chain.  Figure 1(b) shows a simplified 390 

illustration of the four structural elements that can feature in different proportions in AX: 391 

unsubstituted xylose (X) to which no arabinose (A) is attached; mono-substituted X with a single A 392 

attached at the O-2 position of the xylose sugar molecule; mono-substituted X with a single A attached 393 

at the O-3 position; and di-substituted X to which A residues are attached at both the O-2 and O-3 394 

positions.  The ratio of A:X monomers is an important factor influencing the functional properties of 395 

an AX polysaccharide.  In Figure 1(b) there are 4 arabinose residues in a chain of 10 xylose units, giving 396 

an A:X ratio of 0.4, while Figure 1(c) illustrates an A:X ratio of 1.3, giving a bulkier molecule.  Wheat 397 

bran AX has an A:X ratio typically in the range 0.5-0.6 (Courtin and Delcour, 2002; Ordaz-Ortiz and 398 

Saulnier, 2005; Campbell et al., 2019; Izydorczyk, 2021), while AX from sugarcane bagasse has a much 399 

lower A:X ratio of around 0.2 (de Souza et al., 2013; Campbell et al., 2019).  A lower A:X ratio implies 400 

a “cleaner” xylan backbone that would be more susceptible to attack by xylanase enzymes, and would 401 

have lower solubility, as the unsubstituted regions can more easily aggregate and precipitate out of 402 

solution (Courtin and Delcour, 2002; Saulnier et al., 2007; Zhang et al., 2014; Izydorczyk, 2021). 403 

 404 
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Figure 1(c) also illustrates a ferulic acid moiety esterified to O-5 of an arabinose linked to O-3 of the 405 

xylose.  Ferulate esters can dimerise to give covalent crosslinks between AX chains.  Crosslinking via 406 

diferulate esters affects the solubility of AX and gives rise to the capacity for gel formation (Courtin 407 

and Delcour, 2002; Saulnier et al., 2007; Izydorczyk, 2021). 408 

 409 

The length of the xylan chain, the A:X ratio, the pattern of substitution, the molecular weight 410 

distribution and the presence of ferulic acid affect the physical properties of the AX: solubility, viscosity 411 

of solutions, and gelation (Izydorczyk and Biliaderis, 1995; Courtin and Delcour, 2002; Saulnier et al., 412 

2007; Zhang et al., 2014; Mendez-Encinas et al., 2018; Izydorczyk, 2021).  Briefly, and broadly speaking, 413 

increased molecular weight gives lower solubility, higher viscosity, and greater gelation potential and 414 

gel strength.  Increased A:X ratio increases solubility and lowers gel strength, but has less direct effect 415 

on viscosity than molecular weight.  A high ferulic acid content decreases solubility and increases gel 416 

strength, as a result of crosslinking.   417 

 418 

 419 

 420 

   

(a) (b) (c) 

 421 

Figure 1. (a) A xylose unit within the xylan chain, showing the numbering of the carbon atoms; (b) the 422 

four structural elements of AX (no arabinose; mono-substituted at the O-2 position of the xylose; 423 

mono-substituted at the O-3 position; and di-substituted), showing an A:X ratio of 0.4; and (c) an AX 424 

chain with an A:X ratio of 1.3, and illustrating ferulic acid esterified to an arabinose residue. 425 

 426 

 427 

Meanwhile, xylo-oligosaccharides (XOS) and arabinoxylo-oligosaccharides (AXOS) are small chains 428 

that have no functionality in relation to viscosity or gelation, but have prebiotic properties, 429 

encouraging the growth of healthy bacteria and suppressing pathogenic organisms in human and 430 

animal digestive systems (van Craeyveld et al., 2008; Broekaert et al., 2011; Damen et al., 2012; 431 

Deutschmann and Dekker, 2012; Brienzo et al., 2016; Ribeiro et al., 2018; Mendez-Encinas et al., 2018; 432 

Bastos et al., 2018; Chatzifragkou and Charalampopoulos, 2018; Alyassin and Campbell, 2019).  XOS 433 
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and AXOS therefore represent additional potential product streams co-produced alongside larger AX 434 

fractions, for sale into the animal feed industry or for human health supplements.   435 

 436 

Recently Gonzalez-Ortiz et al. (2019, 2021) and Cho et al. (2020) introduced the “stimbiotic” concept, 437 

prompted by the finding that XOS is able to stimulate a fibre-degrading microbiome even at doses too 438 

low to contribute a direct prebiotic effect; “unlike prebiotics that are quantitatively fermented by the 439 

microbiome, [stimbiotics] simply improve the fermentation of fiber that is already present in the diet” 440 

(Cho et al., 2020).  The stimbiotic effect implies that XOS are extraordinarily efficient in promoting 441 

animal growth, prompting even greater interest in XOS and similar stimbiotics as commercial products 442 

for the animal feed industry.  Stimbiotic XOS thus represents a further high value AX-derived product 443 

that could be co-produced alongside a range of larger AX fractions, thereby providing mutual support 444 

as markets are developed for all of these fractions, and enhancing the economics of each product 445 

stream and of the overall biorefinery. 446 

 447 

3.2 Arabinoxylans integrated with bioethanol production 448 

 449 

Martinez et al. (2018) described a vision, shown in Figure 2, for an integrated biorefinery process 450 

producing several fractions of AX of varying molecular weight along with an oligosaccharide fraction, 451 

alongside bioethanol and Distillers Dried Grains with Solubles (DDGS), which comprises the residual 452 

wheat bran, yeast cells and other unfermented material.  The various AX fractions and AXOS are 453 

precipitated in ethanol at different concentrations, allowing bioethanol pinch analysis to minimise the 454 

input of fresh bioethanol and reduce costs.  This approach extends naturally to the graded ethanol 455 

precipitation reported by several workers as a basis for producing AX fractions of graded functionality 456 

(Swennen et al., 2005, 2006; Peng et al., 2009, 2012; Deutschmann and Dekker, 2012; Zhang et al., 457 

2014). 458 

  459 
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 460 

 461 

Figure 2. Biorefinery process for the production of bioethanol, DDGS, arabinoxylan (AX) and 462 

arabinoxylan oligosaccharides (AXOS) showing the streams (dashed lines) to be integrated in a 463 

bioethanol network.  Red lines represent demands for bioethanol of a defined purity; green lines 464 

represent sources.  Bioethanol pinch analysis allows the sources and demands to be integrated in 465 

relation to their purities, to minimise the requirement for fresh high purity bioethanol. (Reproduced 466 

from Martinez et al. (2018), with permission (tbc).) 467 

 468 

 469 

In addition to its potential technological functionality, AX also has health functionality as a component 470 

of dietary fibre (Mendez-Encinas et al., 2018; Bastos et al., 2018; Alyassin and Campbell, 2019).  A 471 

feature of human health is that most of us should consume more dietary fibre, to help combat the 472 

“diseases of Western civilisation” such as obesity and cancer (Fisher and Berry, 1980; Buttriss and 473 

Stokes, 2008; Mann and Cummings, 2009; Alyassin and Campbell, 2019).  Animal nutrition is the 474 

opposite, in that too much dietary fibre interferes with rapid growth of the animal, particularly in 475 

monogastrics such as pigs and poultry (de Vries et al., 2012; Rosenfelder et al., 2013; Koegelenberg 476 

and Chimphango, 2017; Alyassin and Campbell, 2019).  DDGS is the major animal feed co-product of 477 

bioethanol production, as shown in Figure 2, and is high in dietary fibre that is mostly AX (Srinivasan 478 

et al, 2008; Rosenfelder et al., 2013; Chatzifragkou et al., 2015; Kosik et al., 2017; Chatzifragkou and 479 
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Charalampopoulos, 2018).  Extracting AX reduces the fibre content of DDGS and enhances its value as 480 

animal feed.  Removing fibre from the animal feed supply chain, where it isn’t needed, and diverting 481 

it to the human food chain, where it is needed, represents a further win-win. 482 

 483 

As noted above, the great hope is for lignocellulosic biorefineries, which use feedstocks that do not 484 

divert resources from the food chain, to become technically and economically feasible.  Extracting AX 485 

from lignocellulosic feedstocks leaves a partially degraded residue that is likely to be less recalcitrant 486 

to further treatment, easing the processing of this residue compared with the virgin feedstocks, and 487 

again facilitating the economic viability of lignocellulosic biorefineries (Campbell et al., 2019).  Huang 488 

et al. (2008) note that hemicellulose has a lower heating value than lignin, such that its combustion 489 

along with lignin is an uneconomical use of this component of biomass; they therefore encourage pre-490 

extraction of hemicelluloses for the production of value-added products. 491 

 492 

 493 

4. Arabinoxylans as a potential bread ingredient 494 

 495 

Like the historical development of the oil industry, the creation of a new class of AX-based food 496 

ingredients from biorefineries is likely to start with some initial products that begin to establish 497 

markets and give a basis for ever greater refinement of products and identification of new markets.  498 

The obvious first ingredient would be into the bread industry, for four reasons:  499 

 500 

i)  most of the current knowledge of AX has been developed in relation to wheat AX and its 501 

behaviour in bread systems (although the opportunity described here is for AX-based ingredients 502 

from non-wheat sources, opening up a wider ingredient range and new fields of enquiry);  503 

ii)  an AX-based product of low purity would be acceptable, provided it contained sufficient AX of 504 

sufficient functionality and consistency to give benefits in bread;  505 

iii)  a successful bread ingredient could be readily extended to other bakery sectors such as cakes and 506 

biscuits;  507 

iv)  the scale of the bread sector is sufficient large to serve as the initial market for AX-based products.  508 

The UK bread sector uses around 5 million tonnes of flour per year (Federation of Bakers, 2021); 509 

usage of AX at a level of 1% would give a market of around 50,000 tonnes per year.  A wheat 510 

biorefinery processing 346,000 tonnes/annum wheat and producing 100,000 tonnes/annum of 511 

bioethanol could co-produce 2100 tonnes/annum of an 80% purity AX product (Misailidis et al., 512 

2009), sufficient to supply AX at a level of 2% into around 2% of the bread market.  In other words, 513 
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the size of the bakery sector is well matched to the potential scale of AX production from 514 

biorefineries. 515 

 516 

However, fibre in bread is a two-edged sword that can convey health and quality benefits, but that 517 

can also cause detriment to bread quality, in ways not fully understood and that compromise 518 

consumer acceptance (Campbell et al., 2008; Quiles et al., 2018; Duţă et al., 2018).  The functionality 519 

and performance of AX products as fibre ingredients in bread therefore needs to be carefully 520 

elucidated. 521 

 522 

The extensive literature on AX has reported a range of extraction approaches delivering varying yields 523 

and purities from a range of feedstocks (Faurot et al., 1995; Bataillon et al., 1998; Maes and Delcour, 524 

2001; Hollmann and Lindhauer, 2005; Swennen et al., 2006; Du et al., 2009; Peng et al, 2009; Zhang 525 

et al., 2014; Aguedo et al., 2015; Jacquemin et al., 2015; Campbell et al., 2019).  A common theme, 526 

however, is low yields and purities, even in the laboratory environment and with extensive post-527 

extraction treatments that may not be economically feasible at the commercial scale.  In addition, the 528 

different feedstocks and treatments yield AX molecules that vary in size and structure, and are likely 529 

to vary in end-use functional properties, particularly in breadmaking.  There is therefore a need for a 530 

small-scale test suitable for screening small amounts of extract, in order to identify feedstocks and 531 

processes likely to yield extracts that give positive quality benefits as bread ingredients, for which 532 

scaled-up trials could then be justified.   533 

 534 

This section describes such a system, based on the Chopin Mixolab 2, which measures the 535 

development of 75 g bread doughs under controlled mixing and temperature conditions, and infers 536 

from the resulting torque trace features relevant to breadmaking quality (Rosell et al., 2007; Collar et 537 

al., 2007; Huang et al., 2010; Banu et al., 2011; Anon., 2016; Aprodu et al., 2019).  The system is 538 

illustrated using AX extracted from sugarcane bagasse and fractionated into three size ranges.  The 539 

potential of sugarcane bagasse as a feedstock for AX production is briefly described, followed by the 540 

methods used in the current work to extract AX fractions from bagasse and evaluate their effects in 541 

the Chopin Mixolab 2. 542 

 543 

 544 
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4.1. Sugarcane bagasse as a source of AX 545 

 546 

Global sugarcane production for the sugar and alcohol industries is around 1.9 billion tonnes per year 547 

(https://www.statista.com/statistics/249604/sugar-cane-productionworldwide/), with Brazil as the 548 

leading country producing around 700 million tonnes per year, followed by India, China and Thailand 549 

(Brienzo et al., 2016; Solier et al., 2020). Approximately 270-310 kg sugarcane bagasse is generated 550 

per tonne of sugarcane, which leads to about 570 million tonnes of wet bagasse per year, or half this 551 

amount if dried, typically containing around 40-50% cellulose, 25-35% hemicelluloses (predominantly 552 

xylans) and 20-30% lignin (Brienzo et al., 2009; Peng et al., 2009; Campbell et al., 2019; Solier et al., 553 

2020). About 50% of the bagasse residue is burned for the production of energy, while the rest is 554 

stockpiled, creating environmental problems around sugar mills (Peng et al., 2009). Sugarcane bagasse 555 

thus represents the world’s largest food waste problem or, alternatively, a large opportunity to 556 

produce AX-based ingredients extracted from bagasse.   557 

 558 

The fact that bagasse arises in the context of ethanol production means that, like wheat AX, extraction 559 

of bagasse AX could be made economic through integration with ethanol production (Campbell et al., 560 

2019; Solier et al., 2020).  As noted above, the A:X ratio in bagasse AX is around 0.2, much lower than 561 

for wheat AX, and likely to give different functional performance.  Campbell et al. (2019) found that 562 

bagasse released AX more readily than wheat bran and released a wider size range of AX molecules, 563 

giving scope for separation into fractions with different properties.  Solier et al. (2020) were able to 564 

achieve a yield of 85% of the available AX from bagasse, almost identical to the 86% reported by 565 

Brienzo et al. (2009). 566 

 567 

Most research on the behaviour of AX in bread has been, understandably, focussed on wheat flour AX 568 

and its interactions with endogenous or added xylanases (Courtin and Delcour, 2002). The prospect of 569 

producing AX from sugarcane bagasse (or from other promising sources such as oat husks, barley 570 

husks and brewer’s spent grains) illustrates the opportunities: (a) to create ingredients from the 571 

different types of AX present in a wider range of sources than just wheat, with greater control (through 572 

feedstock selection and processing conditions and treatments) over the structure of the AX, and with 573 

more targeted and consistent functionality; and (b) to add AX at levels greater than the levels that 574 

arise naturally in wheat flour.  Thus the functional and health benefits of AX in bread are no longer 575 

limited to wheat AX of uncertain and variable size, structure and level. 576 

 577 

 578 
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4.2. Materials and Methods 579 

 580 

AX was extracted via the alkaline oxidative extraction method from sugarcane bagasse and 581 

fractionated through ultrafiltration membranes, resulting in three size fractions. The total 582 

carbohydrate concentration was determined using the phenol sulphuric acid method, and sugar 583 

analysis was performed to determine the monosaccharide content in the extracts. 584 

 585 

Sugarcane bagasse was kindly provided by AB Agri (Peterborough, UK), sourced from Brazil.  The 586 

extraction procedure was adapted from Campbell et al. (2019), extracting at a slightly higher 587 

temperature in an attempt to increase the yields and purity of extracts.  10 g of milled sugarcane 588 

bagasse (moisture content 9.3%) and 290 mL of distilled water were added into a 1L Duran bottle with 589 

15 mL of 5M NaOH while stirring at 200 rpm. 5-10 drops of antifoaming agent were added followed 590 

by the gradual addition of 30% H2O2 to avoid foaming. The bottles were placed in a preheated water 591 

bath at 55°C for 4 hours with constant stirring, then cooled to room temperature and neutralised with 592 

10M H2SO4. The solution was centrifuged for 15 min at 3400 rpm using a Beckman GS-6S centrifuge 593 

(Beckman Coulter Life Sciences, USA) and filtered through a cotton pad. The pellets were washed with 594 

200 mL water, centrifuged and filtered again. 595 

 596 

Ultrafiltration was used to concentrate the solution before ethanol precipitation in order to reduce 597 

the amount of ethanol needed (Hollmann and Lindhauer, 2005; Misailidis et al., 2009; Campbell et al., 598 

2019). Three Vivaflow 200 polyethersulfone ultrafiltration membranes (Sartorius Stedim Biotech 599 

GmbH, Germany), with molecular weight cut-offs (MWCO) of 5 kDa, 10 kDa and 30 kDa, were used to 600 

create three size fractions of sugarcane AX, as described in Figure 3. After the alkaline oxidative 601 

extraction and centrifugation, the supernatant was filtered with the 30 kDa MWCO membrane. The 602 

retentate was recycled and ultimately collected as the first size fraction, MW >30 kDa.  The permeate 603 

was filtered with the 10 kDa MWCO membrane, and the retentate collected as the second size fraction 604 

of MW 10-30 kDa.  This permeate was filtered with the 5 kDa MWCO membrane and the retentate 605 

collected as the third size fraction of 5-10 kDa, with this final permeate discarded because the material 606 

smaller than 5 kDa yielded less than 1%. 607 

 608 

After ultrafiltration, the >30 kDa fraction was precipitated with 60% ethanol, the 10-30 kDa fraction 609 

with 70% ethanol and the 5-10 kDa fraction with 80% ethanol and left overnight, then the precipitated 610 

solids were recovered by centrifugation and air dried in a fume-cupboard. 611 

 612 
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 613 

 614 

 615 

Figure 3. Experimental method and yields for the extraction, fractionation and ethanol precipitation 616 

of AX from sugarcane bagasse. 617 

 618 

 619 

The total carbohydrate concentrations of the bagasse and its extracts were determined via the phenol 620 

sulphuric acid (PSA) method (Nielsen, 2017).  High pressure anion exchange chromatography with 621 

pulsed amperometric detection (HPAEC-PAD) was used for monosaccharide analysis (Alyassin and 622 

Campbell, 2019). The bagasse and extracts were hydrolysed using 4M Trifluoroacetic acid (TFA) at 623 

120°C for 2 hours, The HPAEC Instrument used was a Dionex ICS–3000 Ion Chromatography System 624 

(Dionex Corporation, CA, USA), which comprises a Dionex Auto Sampler, Dionex ICS 3000 Detector 625 

Chromatography and Dionex ICS 3000 Dual Pump System.  The column used was a CarboPac® PA20 626 

analytical column, 3×150 mm 6.0 μm particle size.  The chosen mobile phase was 10mM NaOH with a 627 

flow rate of 0.3 mL min–1 and an injection volume of 20 μL. Chromeleon® Xpress software was utilised 628 

for data processing. 629 

 630 
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The Chopin Mixolab 2 (Chopin, Tripette et Renaud, Paris, France) was used to characterise the effects 631 

of addition of AX to bread dough formulations. The Chopin+ protocol characterises the rheological 632 

behaviour of dough by mixing 75 g of dough over 45 minutes, with an imposed temperature profile, 633 

and measuring the torque over the course of mixing (Rosell et al., 2007; Collar et al., 2007; Banu et al., 634 

2011; Anon., 2016; Aprodu et al., 2019).  Figure 4 shows a typical Mixolab curve, and Table 1 lists the 635 

parameters used under the Chopin+ protocol.  The parameters shown on the curve are: 636 

 637 

C1 – maximum torque during mixing, which is used to determine water absorption; 638 

C2 – torque following protein weakening due to mechanical work and increased temperature; 639 

C3 – maximum torque following starch gelatinisation on heating; 640 

C4 – torque value after viscosity reduction on continued heating, which indicates the stability of the 641 

starch gel formed; 642 

C5 – torque value following cooling, which indicates starch retrogradation during the cooling stage; 643 

α – the slope of the curve between the end of the period of 30°C and C2, indicating thermal weakening 644 

of the protein; 645 

β – the slope of the curve between C2 and C3, indicating starch gelatinisation; 646 

γ – the slope of the curve between C3 and C4, indicating enzymatic hydrolysis of gelatinised starch. 647 

 648 

The Mixolab software determines the following parameters from the curve: 649 

 650 

Water absorption – Percentage water, based on flour weight, to achieve a torque at C1 of 1.1  0.05 651 

N m; 652 

Dough development time (minutes) – time to reach maximum torque at 30°C; 653 

Stability time (minutes) – elapsed time at which the torque is maintained at 1.1 N m. 654 

 655 

A standard strong white flour (12% protein, Allinson, Peterborough) was prepared as a Control using 656 

a 14% hydration base and an initial water absorption of 60%.  Following the Chopin Mixolab 2 protocol, 657 

this equates to 46.875 g of flour, which was weighed and added to the mixing bowl, after which the 658 

Mixolab automatically metered the remaining (46.875  60%) = 28.125 g in order to form a dough of 659 

75 g.  In order to determine the actual water absorption for the wheat used in the experiment, an 660 

initial run was performed for 8 minutes, after which the integrated calculation tool predicted the 661 

actual water absorption of the sample to give a C1 torque of 1.1  0.05 N m.  The test was repeated 662 

with the new water absorption value (and corresponding flour weight, to give once again a constant 663 

dough weight of 75 g), confirming that the calculated water absorption achieved a C1 torque of 1.1  664 



 Arabinoxylans: A new class of food ingredients  
 

 
 

22

0.05 N m, or if not, iterating again until this value was achieved, at which point the trial was continued 665 

for the full 45 minutes under heating to 90°C and cooling, with three replicates. 666 

 667 

For trials with AX, 1% or 2% of the flour weight was replaced with one of the three AX fractions, >30 668 

kDa, 10-30 kDa and 5-10 kDa, and the same iterative procedure followed to determine the water 669 

absorption and to follow the torque trace over the 45-minute heating and cooling test.  Five replicates 670 

were undertaken for each fraction. The significance of the differences observed was assessed by the 671 

Least Significant Difference test, using IBM® SPSS® Statistics 26, guided by Assaad et al. (2015). 672 

 673 

 674 

 675 

Figure 4. Typical Mixolab Curve divided into 5 sections: 1) dough development; 2) protein weakening 676 

during heating; 3) starch gelatinisation; 4) amylase activity on gelatinised starch; and 5) starch gelling 677 

during cooling.  (Source: Banu et al., 2011, with permission (tbc).) 678 

  679 
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Table 1. Mixolab Chopin+ Protocol details. 680 

 681 

Mixing speed 80 rpm 

Target torque 1.10 Nm 

Dough weight 75 g 

Tank temperature 30°C 

Temperature 1st step 30°C 

Duration 1st step 8 min 

Temperature 2nd step 90°C 

1st temperature gradient 4 K/min 

Duration 2nd step 7 min 

2nd temperature gradient – 4 K/min 

Temperature 3rd step 50°C 

Duration 3rd step 5 min 

Total analysis time 45 min 

  682 
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4.3 Results and discussion 683 

 684 

Table 2 reports the average yields, purities and absolute yields of each AX fraction recovered from 10 685 

g of bagasse.  Purities were estimated by combining the results from phenol sulphuric acid for total 686 

carbohydrate and HPAEC results to estimate the proportion of the total carbohydrate that was AX (as 687 

HPAEC results implied much lower AX contents than the PSA method, probably because of 688 

unoptimized hydrolysis into monosaccharides (Ranganathan et al., 1985; Willför et al., 2009; Campbell 689 

et al., 2019; Alyassin and Campbell, 2019), such that the PSA results were considered more accurate). 690 

 691 

The AX content of the bagasse was 22.30.2% on a dry basis, implying 2.05 g AX in 10 g at 8.00.1% 692 

moisture.  The total recovery of 0.510 g thus represents a 24.9% yield of the available AX, lower than 693 

the two-thirds release reported by Campbell et al. (2019), indicating that not all the AX released is 694 

recovered.  The greatest yield was for the largest fraction, nearly three-quarters of the total, with 695 

around 18% of the 10-30 kDa fraction and 8% of the <5 kDa fraction.  Purities for the three extracts 696 

were in the range 52-60%.  The A:X ratio of the smaller fractions was around 0.2, in line with 697 

expectations, while the larger fraction showed a slightly higher degree of arabinose substitution, 698 

which may slightly offset the expected lower solubility for the larger molecular weight. 699 

 700 

 701 

Table 2. Yields, purities and absolute yields of AX fractions. 702 

Fraction Average 

yield 

(g) 

Purity 

(%) 

Absolute 

yield 

(g) 

Absolute 

yield 

(%) 

A:X ratio 

Large:          >30 kDa 0.720 52.2 0.376 73.7 0.28 

Medium:        10-30 kDa 0.152 59.8 0.091 17.8 0.21 

Small:            5-10 kDa 0.076 56.2 0.043 8.4 0.19 

Very small:  <5 kDa 0.004 – – –  

Total 0.952  0.510 99.9  

 703 

 704 

Sufficient of each fraction was recovered to allow five replicates of Mixolab trials at 1 and 2% flour 705 

substitution.  Figure 5 illustrates the averaged Mixolab torque profiles for the Control flour and with 706 

substitution of flour with 2% of the three fractions.  Note that from here, the three AX fractions are 707 

referred to as Large, Medium and Small. 708 
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 709 

Figures 6 and 7 show the parameters determined from the Mixolab torque profiles.  Figure 6 shows a 710 

consistent effect of AX addition on the water absorption, as expected, with the Medium fraction 711 

appearing to give the largest increase, and the Small fraction giving the lowest.  The increases appear 712 

not to be linear with level of AX addition.  This may reflect hydration effects, as the AX was added in 713 

powder form, such that it takes some time for the particles to hydrate (as is also true for flour 714 

particles).  Ideally AX would be solubilised in water before addition, but practical operation of the 715 

Mixolab precluded this.  716 

 717 

 718 

 719 

 720 

Figure 5. Mixolab torque profiles for the Control flour (averaged from three runs) and with substitution 721 

of flour with 2% of the three fractions (averaged from five runs). 722 
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 724 

Figure 6.  Effect of fraction size and level on water absorption.  (Note that the standard deviation could 725 

not be calculated for the water absorption, as this is the value specified by the Mixolab after iteration 726 

to a C1 value of 1.1  0.05 N m; hence no error bars are shown.) 727 

 728 

 729 

The water absorption for the Medium fraction at 1% was 63.3%, compared with 61.8% for the Control, 730 

an increase of 1.5%.  The Medium fraction purity of nearly 60% implies that substitution of flour at 1% 731 

corresponds to an increase in water absorption of around 1.5/0.6 = 2.5 times the level of AX 732 

substitution (assuming that the increase is entirely contributed by the AX and not by the remaining 733 

40%, which is probably mostly ash).  Similarly, the Large fraction gave a water absorption increase of 734 

1.2% with a purity of 52%, corresponding to an increase of 1.2/0.52 = 2.3 times the level of 735 

substitution, similar to the Medium fraction, while for the Small fraction the calculation is 0.8/0.56 = 736 

1.4 times the level of substitution.  All three fractions thus absorb more than their own weight of 737 

water, more so for the larger fractions, as expected, as AX exhibit high water holding capacities.  The 738 

increase is at the low end of the 2-10 times their weight typically reported for wheat AX (Courtin and 739 

Delcour, 2002). However, it should be noted that in the current work, 1 or 2% flour was replaced with 740 

AX (c.f. Koegelenberg and Chimphango, 2017), rather than adding AX to the flour (c.f. Biliaderis et al., 741 

1995), which would have yielded larger increases in water absorption.  Taking this into account, if 100 742 

g flour requires 61.6 g water, then 99 g flour would require 60.98 g water, the rest being attributable 743 

to the 1 g AX.  The observed requirement of 63.3 g for the Medium fraction therefore implies 1 g of 744 
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AX was responsible for 2.32 g of water.  Once again dividing by the 60% purity gives 2.32/0.6 = 3.86, 745 

implying the AX contributed nearly four times its own weight of water. 746 

 747 

However, Figure 7-C shows that, although the C1 values were all within 1.1  0.05 N m, as required 748 

for the MIxolab test, they were consistently lower than the Control at 1%, and significantly lower at 749 

2%, implying a systematic error in the iterative procedure.  The low values, compared with the Control, 750 

suggest a little too much water was added and slightly lower water absorption values should have 751 

been used in order to get consistent C1 values.  Thus the reported increases in water absorption are 752 

slightly inflated. 753 

 754 

Addition of bagasse AX also significantly increased the development time in the Mixolab from 7.8 755 

minutes for the Control to nearly 9 minutes for all the fractions at both 1 and 2% (Figure 7-A).  Closer 756 

inspection of Figure 5 also shows that the AX slowed the initial development of the dough, compared 757 

with the Control, more so for the Small and Medium fractions.  The slowing of dough development 758 

and increase in the development time are related to the increase in water absorption, as AX and flour 759 

compete for water (Michniewicz et al., 1991; Biliaderis et al., 1995; Courtin and Delcour, 1998, 2002; 760 

Koegelenberg and Chimphango, 2017). 761 

 762 

Rosell et al. (2007) discuss the meaning of the various features of the Mixolab curve in terms of starch 763 

and gluten behaviour and interactions with hydrocolloids, which is relevant to interpreting the effects 764 

of AX, which exhibit hydrocolloid behaviour (Izydorczyk, 2021).  Their results for hydroxypropyl-765 

methylcellulose similarly showed increased water absorption and development time, as well as 766 

increased stability and decreased dough weakening on heating, as seen for the Large fraction in the 767 

current work.  Significant increases in the β parameter at 2% addition (Figure 7-I) suggests that the 768 

extra water is released during heating, such that starch gelatinisation is able to take place more 769 

rapidly, which may have consequences for baked loaf quality.  The significant reduction in the γ 770 

parameter compared with the Control (Figure 7-J) suggests the presence of AX helps maintain viscosity 771 

at high temperatures following starch gelatinisation, possibly by hindering amylase activity, which is 772 

likely to have effects on gas cell coalescence during baking.  Banu et al. (2011) concluded that the 773 

Mixolab parameters β, C2, C3, and C4 were positively correlated with the specific volume of bread for 774 

different wheats.  As these parameters were in general highest for the Large fraction, we might 775 

conclude, not unexpectedly, that this fraction is most likely to be beneficial in breadmaking. 776 

 777 

  778 
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 779 
Figure 7.  Effect of fraction size and level on Mixolab parameters.  (Error bars are 1 standard 780 
deviation of the mean.  Bars with different letters are significantly different (p < 0.05).) 781 
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4.4 Co-creation of AX products and markets: A chicken-and-egg situation 782 

 783 

The current work underlines the complexity of AX interactions in bread systems and the need for small 784 

scale tests to identify promising candidates for production at commercial scale in an integrated 785 

biorefinery.  Courtin and Delcour (2002) observed, “In spite of early reports of their beneficial impact 786 

in breadmaking, AX have remained only a theoretical candidate for addition to the bread-recipe. This 787 

is related to the fact that studies of their functionality have sometimes yielded contradictory results 788 

and to their unavailability on a commercial scale.”  A chicken-and-egg situation exists; creation of a 789 

commercial source of AX-based ingredients requires concurrent creation of markets for these novel 790 

products (Du et al., 2009), based on a confident understanding of their processing and functionality. 791 

The required research to create this confidence and usher in this new class of ingredients is, not 792 

unreasonably, extensive, in order to understand progressively: 793 

 794 

i)  from what feedstocks might AX suitable as bread ingredients, or for other uses, be extracted; 795 

ii)  how might these feedstocks be processed (in terms of times, temperatures, peroxide levels and 796 

enzyme treatments) in order to optimise yields of a range of AX fractions; 797 

iii)  what are the purities, compositions and structures of these fractions; 798 

iv)  leading to what functionality and potential end uses; 799 

v)  with what scope for further enzymatic or chemical treatments to give additional or refined 800 

functionality;  801 

vi)  how best integrated into the biorefinery; 802 

vii) giving what technoeconomic performance; 803 

viii) and what social, environmental and economic benefits? 804 

 805 

 806 

5. Arabinoxylans as an example of biorefinery integration  807 

 808 

The identification of AX as a potential new class of food ingredients arising from the emergence of 809 

biorefineries was sparked by the realisation that the use of ethanol in the AX extraction process gives 810 

a natural process integration opportunity.  AX co-produced with bioethanol serves as an illustration 811 

of the knowledge and skills required by the biorefinery engineer, whose task is to design biorefineries 812 

that can operate profitably within tight economic margins while delivering products of defined and 813 

consistent functionality from variable raw materials.  Thus the biorefinery engineer needs to be 814 

knowledgeable about biomass fractionation, extraction and conversion technologies, as well as skilled 815 
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in the tools of process integration, to design technically feasible processes that maximise both 816 

environmental benefits and business profitability.  The biorefinery engineer must also have an 817 

appreciation of the complex and variable nature of biological raw materials, the strict and demanding 818 

hygiene and consistency requirements of ingredients for the food industry, and the complexity of food 819 

systems and ingredient interactions.  The latter introduces a new scope of awareness that has been 820 

absent as long as food and biorefineries were kept at arm’s length; the thesis of this paper is that 821 

bringing these two sectors together offers synergistic benefits, and will require a new scope of skills 822 

and knowledge for the biorefinery engineer. 823 

 824 

In a practical sense, one of the guiding principles for designing a biorefinery is to ask, not just “Is this 825 

component present in the biomass or readily converted from biomass components, and therefore a 826 

theoretical candidate for co-production?”, but “Is there an integration opportunity that makes this a 827 

particularly appropriate candidate for co-production?”  Asking this question will help eliminate 828 

product candidates that offer no integration advantage, while allowing candidate combinations that 829 

create opportunities for the efficiency benefits of integration to emerge more clearly. 830 

 831 

Similarly, asking “Is there a component that offers unique value as a food ingredient that does not 832 

currently exist commercially?” is more directive than aiming to separate all components, whether they 833 

have a viable market or not; here is where the opportunities for synergistic benefits are most 834 

promising.  Biorefineries start with biomass, an inherently “natural” source of functional molecules 835 

that plays into the food industry’s demands for all-natural ingredients (as well as the food industry’s 836 

own commitments to sustainability (Ehgartner, 2018; Adams et al., 2021).  Identifying uniquely 837 

functional molecules that the food industry currently cannot access, and matching these to integration 838 

opportunities, is likely to lead to more creative and strategic biorefinery designs, and more novel and 839 

lucrative markets, than those that describe indiscriminate separation of all components. 840 

 841 

 842 

  843 
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6. Conclusions 844 

 845 

The vision and promise of arabinoxylan co-production with bioethanol constitute an “arabinoxylan 846 

manifesto” that illustrates several distinct lessons, opportunities, needs and benefits, both specific 847 

and general: 848 

 849 

i) The emergence of bioethanol production gives a context in which AX could be economically 850 

feasible, as ethanol is used to precipitate the AX; 851 

ii) Revenue streams from AX would enhance marginal biorefinery economics and facilitate the 852 

sustained commercial viability of biorefineries;  853 

iii) The co-production of a portfolio of AX fractions of differing molecular weights and functional 854 

properties gives greater scope for developing markets and revenue streams than from a single 855 

AX product; 856 

iv) The co-production of a portfolio of AX fractions precipitated from ethanol at different 857 

concentrations gives scope for enhanced integration using bioethanol pinch analysis, further 858 

improving the economics of the integrated process; 859 

v) The previous two points highlight that success is more likely through pursuing several AX-based 860 

products together than one on its own; 861 

vi) Commercial sources of AX products and markets for these products need to be co-created, with 862 

research providing the confidence to invest in these new products and markets; 863 

vii) Bakery and prebiotic/stimbiotic markets give promising initial opportunities for larger AX 864 

fractions and for smaller XOS and AXOS, respectively, as examples of AX-based ingredients; 865 

viii) Creation of commercial products to serve these markets initially would give a platform for 866 

introduction and refinement of further AX-based products for other applications; 867 

ix) Preliminary results show that AX extracted from sugarcane bagasse increases water absorption 868 

and influences dough properties in ways likely to lead to quality benefits in bread; 869 

x) AX-based bread ingredients could be created from wider range of feedstocks and with more 870 

specific, targeted and consistent functionality, and added to bread formulations at higher levels, 871 

than the endogenous AX in wheat flour; 872 

xi) Remaining research issues include identifying: what feedstocks; and how processed; give rise to 873 

what fractions; of what purity, composition and structure; with what functionality; suitable for 874 

what end uses; and with what scope for further modification to create new functionalities; 875 

xii) The above observations also apply to other hemicelluloses that could be co-produced in 876 

biorefineries; 877 
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xiii) A new class of healthy and functional food ingredients arising from the biorefinery context is a 878 

rare opportunity and an exciting prospect for the food industry; 879 

xiv) Supporting the emergence of biorefineries, by creating markets for these new food ingredients, 880 

also helps the food industry address its own commitments to sustainability; 881 

xv) Diversion of AX fibre from the animal feed chain, where it is not needed, into the human food 882 

chain, where it is needed, represents a further win-win; 883 

xvi) Extraction of AX from lignocellulosic feedstocks could make the residual material less recalcitrant, 884 

enhancing the move to commercially feasible lignocellulosic biorefineries; 885 

xvii) AX illustrate the more general opportunity for synergistic benefits between biorefining and the 886 

food industry, helping biorefineries to be viewed more acceptably by politicians and society; 887 

xviii) AX also illustrate the potential for creative new process integration approaches, such as 888 

bioethanol pinch analysis, developed specifically for the biorefinery context; 889 

xix) AX illustrate the defining features of the biorefinery engineer, which include: awareness of the 890 

(sometimes conflicting) natures and needs of bioprocessing and the food industry (particularly in 891 

relation to hygiene and ingredient performance); awareness of the variability and sensitivity of 892 

biomass, and how to process for consistent product quality and performance; familiarity with 893 

biomass processing technologies and their design methodologies; proficiency with process 894 

integration tools; and the ability to design and operate processes with flexibility, agility and 895 

responsiveness to varying feedstocks and markets; 896 

xx) The commercial success of biorefineries, based on successful co-production of a portfolio of AX 897 

products, delivered by biorefinery engineers who have assimilated these skills, would give a basis 898 

for a stronger emergent biorefinery industry that can play its part in alleviating oil depletion, 899 

enhancing national energy security and combatting climate change, while also delivering new 900 

benefits to society in relation to food quality, health and well-being. 901 
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