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nutritious and inexpensive food ingredients. A relevant food processing waste stream is brewers’ 

spent grain (BSG), the primary byproduct of beer production. BSG is a promising candidate as a 

food ingredient because of its high protein and fiber content, but it must be stored properly and 

dried sufficiently to prevent microbial spoilage. In this study, the effects of four storage 

conditions (Never Stored, Frozen (-20°C), Fridge (2°C), 16°C) and two drying conditions (HT: 

High Temperature, 65°C, 20% RH and LT: Low Temperature, 40°C, 50% RH) on the drying and 

hydration of BSG were analyzed through the determination of moisture sorption isotherms 

(MSIs). MSIs were determined by the climate box method and produced type-II sigmoidal 

curves. The MSIs for the Never-Stored BSG were similar for HT and LT drying, but for the three 

stored samples, LT-dried BSG absorbed more water in the aw = 0.2-0.5 region. This implies that 

LT drying affected the capturing tendency of the BSG in terms of porosity and/or surface 

chemistry. These results provide insight on the hydration properties of oven-dried high-fiber 

food byproducts and discuss important experimental considerations of MSI determination. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

Food Waste 

The growing issue of food loss and food waste must be addressed for the development of 

sustainable food systems. The Food and Agricultural Organization of the United Nations (FAO) 

defines “food waste” as any food intended for human consumption that is “discarded, lost, 

degraded, or consumed by pests”1. This definition also includes food processing byproducts that 

are fed to animals or discarded in landfills1. Waste occurs along every step of the food supply 

chain (agricultural production, food processing, retail, and consumption). The FAO estimates 

that one third of global food production is lost or wasted, which has significant ramifications in 

all three pillars of sustainability: environmental, economic, and social2. Approximately 90% of 

wasted food is sent to landfills or incinerated which contributes to 8% of global GHG emissions 

(methane, carbon dioxide) and consequently, the intensifying climate crisis3. Other 

environmental concerns include the depletion of natural resources (soil nutrients, water, energy) 

and the impact of wasted food packaging materials1,3. From a business perspective, losses in 

marketable product pose a great challenge to food manufacturers; a 2010 study estimated that the 

United States lost $161.6 billion in 2010 due to food loss at the retail and consumer level alone4. 

For smallholder farmers in developing countries, a reduction of food waste has direct impacts on 

their livelihoods2. Waste disposal also comes with a high cost that places a burden on small 

businesses1. Food waste has significant implications in human health and social welfare due to 

food insecurity. An estimated 802 million people were food insecure in 2012, and this number 

will continue to increase due to the growing world population4. Although food insecurity is 

mainly a concern of income and purchasing power, the nutrient loss that occurs (mostly in the 

form of healthier foods, like fresh fruits and vegetables) is a relevant part of the conversation3. In 

developed countries, most food waste occurs at the consumer level, while in low-income 

countries, waste occurs earlier on in the supply chain in production or processing1,2. The 

challenge for industrialized countries lies in educating producers, retailers, and consumers of the 

problems with food waste and creating uses for wasted food that would otherwise end up in a 

landfill2. Source reduction must be considered in every step of the supply chain in order move 

towards more sustainable food production practices.  
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Waste Prevention Strategies 

The United States Environmental 

Protection Agency (EPA) developed a 

Food Recovery Hierarchy that informs 

decisions in food production and waste 

management to best benefit the 

environment, society, and economy. 

The hierarchy is based on the EPA’s 

general Waste Management Hierarchy 

and follows the concept of “reduce, 

recover, and recycle”. The hierarchy 

suggests (in order of preference) source 

reduction, feeding hungry people, 

feeding animals, industrial uses, 

composting, and landfill/incineration as waste prevention strategies (Figure 1)3,5. 

From a food processor’s standpoint, one strategy to reduce food waste and generate additional 

income is through the upcycling of food processing byproducts into food ingredients6. In many 

beverage products like wine, beer, and juice, primary source reduction is challenging or 

unavoidable. The suggested “source reduction” option of the Food Recovery Hierarchy can be 

achieved through repurposing food processing byproducts as ingredients in other foods. 

Byproducts from the food industry have the potential to be untapped sources of macronutrients, 

dietary fiber, and bioactive compounds; they can either be used in their whole form or processed 

to extract specific bioactive compounds6. Foods made with these byproducts can then be used to 

“feed hungry people”, the next preferred option in the Food Recovery Hierarchy after source 

reduction. The utilization of food processing waste materials in novel food products has been 

proposed to provide nutrients to people living in the poorest regions of the world in which 

malnutrition and protein deficiency are a major concern6. This approach to source reduction of 

food waste has been explored in the context of many byproduct/product combinations. A 

challenge common to this approach is ensuring that the byproducts have the functional properties 

Figure 1. EPA Food Recovery Hierarchy5. 
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necessary to be effectively used as ingredients in the targeted final food product and that overall 

consumer acceptance is not compromised.   

Brewers’ Spent Grain 

A relevant food byproduct/processing waste stream is brewers’ spent grain (BSG). BSG is the 

primary byproduct of beer production, comprising 85% of total byproducts obtained in the 

brewing process7. Every year approximately 39 million tons of BSG are generated globally, with 

the United States, China, Germany, and Brazil as the top producers7,8. At the start of beer 

production, malted barley is milled, mixed with water, and heated to enzymatically degrade the 

starch into fermentable sugars. This stage, known as mashing, produces a sweet liquid (wort) that 

is later fermented into beer. Traditionally, the wort is filtered through the insoluble residue of the 

grain in a lauter tun, but some larger breweries are now using mash filters that allow for better 

extraction of wort8. In both cases, the insoluble residue left after filtration is known as brewers’ 

spent grain (Figure 2A)7. BSG consists primarily of the seed coat-pericarp-husk layers of the 

barley grain and other insoluble cell wall materials (Figure 2B)7. Although the specific 

composition of BSG differs based on the barley variety, brewing conditions, and other 

ingredients that may be added, BSG is high in fiber (approximately 50% on a dry weight basis) 

and protein (up to 30%), making it a promising candidate for value-added food applications8. 

The fiber is made up of cellulose, hemicellulose (largely arabinoxylans), and lignin 

(polyphenolic plant cell wall component). Minor elements of BSG include lipids and ash that 

make up 10% and 2-5% of the product, respectively8. 
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Figure 2. (A): Flow chart of BSG production in the brewing process (adapted from Mussatto et 

al.7). (B): Typical composition of BSG produced from barley (adapted from Lynch et al.8).  

Current practices in the waste management of BSG in breweries include use as animal feed, 

composting, or disposal in a landfill. Even if BSG is sent to farms as feed, there is often an 

oversupply for larger breweries9. Because of the high moisture content of BSG (77-81% (w/w)) 

and fermentable sugar content (residual after filtration), BSG is prone to rapid spoilage due to 

microbial activity7. The sheer weight and volume of the material also makes transportation costly 

and cold storage difficult. Dehydration of the spent grain is the preferred processing method to 

reduce weight and prolong the time it can be stored before it spoils. BSG has been dehydrated 

using various methods including freeze drying, oven drying, and superheated steam drying, but 

currently, the only feasible option for most breweries is oven drying due to the lack of specialty 

equipment required for other drying methods and the high cost to operate them8. 

A means of converting BSG to useful food ingredients through dehydration would (1) alleviate 

costly waste handling fees for brewers and (2) create an affordable source of supplemental fiber 

and protein that can be used as ingredients in foods. BSG as a food processing byproduct lends 

itself to value-added processing, as it is already in compliance with all food safety regulations in 

the brewery10. To utilize BSG in this capacity, the development of economically viable 

technologies for fiber preparation (storage, drying, milling, etc.) is necessary to ensure sensory 

and nutritional properties are not diminished. It is essential to understand the hydration properties 

of dried BSG because the incorporation of fiber ingredients into food largely depends on 

rehydration. Hydration properties are influenced by what we are defining as “molecular 

architecture”, which includes porosity, surface chemistry, and bulk density. This work will focus 

on relating experimental results of hydration to these microstructure elements. Answering 

fundamental questions on the chemical basis of BSG hydration may be advantageous for the 

applications of the following experimental findings to other high-fiber food processing 

byproducts. 

Food Preservation via Dehydration 

Dehydration is one of the oldest and most common forms of food preservation11. While once 

limited to sun-drying, humans have developed many more methods for dehydration that have 

allowed for the development of many shelf-stable food products. One limitation that comes with 
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dehydration, however, is that rehydrated foods are often of inferior quality to the pre-dried 

product. The main factors affecting the rehydration of foods are porosity and the presence of 

capillaries and cavities near the surface of the dry material11. Structural changes that can occur 

during drying including shrinkage and the potential collapse of pores, which would impede 

rehydration. One notable drying method is freeze drying which produces very porous products 

with high rehydration rates. Freeze drying requires long processing times and extensive energy 

expenditures, making it a very expensive option for commercial use11. This prompted our interest 

in investigating thermal methods of drying BSG. The motivation for understanding the molecular 

nature of dehydration/rehydration processes is to improve processing technologies for a variety 

of high-fiber food processing byproducts, ultimately to reduce food waste. 

CHAPTER 2. THEORY OF REHYDRATION. 

Water Activity 

For centuries, people have been preserving food by salting, sugaring, freezing, and drying foods: 

all which contribute to the reduction of water activity12. Now we understand that water activity 

(aw) describes the amount of water in a food that is available to act as a solvent, undergo 

chemical reactions, and support microbial growth, which makes it arguably the most important 

property of water in a food system13,14. A food with an aw below 0.6 is considered a dehydrated 

food, and in most cases, will not support microbial growth (bacteria, yeasts, and molds)12. 

Because of this, aw is an important consideration in food safety/processing and is often used as a 

critical limit in food safety plans for food processing facilities. Some of the reactions that are 

affected by aw include nonenzymatic and enzymatic browning, lipid oxidation, protein 

denaturation, starch gelatinization, and starch retrogradation14. Water activity must be carefully 

controlled in foods to maintain quality and prolong shelf life. 

Water activity is a thermodynamic description for water. Water activity is defined as the ratio 

between the equilibrium vapor pressure of water in a food (pf) to the vapor pressure of pure water 

(pw) at the same temperature12: 

 𝑎𝑤 = (
𝑝𝑓

𝑝𝑤
)
𝑇

 
(1) 



6 

 

While vapor pressure is often used in food science to calculate aw, the original equation is related 

to fugacity, or the “escaping tendency of a substance”15. The composition of a food and the 

conditions in which measurements are made affect the apparent aw of a food. While aw does not 

fluctuate much with temperature changes in high-moisture foods, it can increase with an increase 

in temperature for low-moisture foods14.  

In this study, the instrument used to determine aw uses the dew-point method of measurement. In 

this method, a sample is allowed to equilibrate with the air in the headspace of a sealed chamber 

(pf = pair). Once the sample is equilibrated in the chamber, the temperature of a mirrored surface 

in the chamber is lowered until the mirror fogs, indicating the air has reached its saturation vapor 

pressure (dew-point temperature). The condensation is detected by an optical sensor and the 

temperature measured by a thermocouple. The measured dew-point temperature is used to 

determine the aw of the sample (this relationship is well-characterized by psychrometric charts)14. 

The dew-point method is convenient and fast, but one disadvantage is that it only accounts for 

surface aw
13. 

Moisture Sorption Isotherms 

Moisture sorption isotherms (MSIs) are widely used to characterize the hydration properties of 

food products. MSIs relate a food’s water activity to its moisture content. This information is 

important in the food industry because it influences decisions in food processing, storage, and 

even packaging16. Practically, MSIs can be used to determine critical water activities in foods 

(e.g. aw at which a crispy food becomes soft), and predict which chemical reactions may occur15. 

It is generally recognized that there are five types of MSI curves; types I, II, and III are the most 

relevant for foods (Figure 3)15.  
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Figure 3. Characteristic curves of type I, II, and III MSIs. Reproduced from Barbosa-Cánovas 

(2007) with modifications15. The x-axis is aw, and the y-axis is mositure content. Regions in the 

type II isotherm include: A) monolayer, B) multilayer, and C) condensed capillaries17. 

Type I isotherms are usually observed for foods that can absorb large amounts of water at low 

water activities (e.g. anticaking agents). Once this initial absorption occurs, a complete 

monolayer is achieved and moisture content does not change much even with an increase in 

RH15. Type II isotherms describe most foods and their more complex shape is reflective of the 

interaction of capillary effects, solid surface-water interactions, and effects of Raoult’s law on its 

water absorption15. The sigmoidal curves of type II isotherms have “bending regions” in the 

lower (aw = 0.1-0.2; Figure 3A) and upper ranges (aw > 0.5; Figure 3C) in which larger changes 

in moisture are required to change the relative humidity of the food15. Three distinct regions have 

been defined in type II isotherms as the monolayer, multilayer, and condensed water regions (A, 

B, and C, respectively in Figure 3). In the monolayer (Figure 3A), each hydrophilic functional 

group in the food is associated with a water molecule(s); water molecules are tightly bound and 

therefore unavailable to mobilize solutes and allow reactions to occur12,15. Mathematical models 

including the Guggenheim-Anderson-DeBoer (GAB) equation have been used to estimate the 

solid surface area of the sample at the monolayer stage17. The middle region (Figure 3B) is a 

transition phase between the two in which multilayers of water fill the capillaries of a food17. The 

last region of Type II isotherms (Figure 3C) describes “condensed”, “bulk”, or “free” water that 

has similar mobility as pure water15. The term “condensed” refers to the condensation of the 

water molecules in capillaries when the saturation vapor pressure of water is achieved; the 

condensed form of water then dictates the aw of the sample18. Type III isotherms are observed for 

crystalline foods (e.g. sugars, salts), as moisture gain is minimal until enough water is present to 

dissolve the crystal15. 

The shape of moisture sorption isotherms reveals a lot about a material’s ability to rehydrate, 

which is important for dried foods like brewers’ spent grain when considering its storage or use 

as an ingredient. In type II isotherms specifically, the slopes of the curves in each of the 

monolayer, multilayer, and free water regions provide information on the “relative water 

capturing tendency” of the food at different moisture contents and relative humidities. Because 

the vapor pressure of the saturated salt solution is constant (i.e. the collision frequency between 
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water molecules and the surface of the sample is the same), some regions of the food must 

“capture” water better than others (presumably polar regions and within pores). Thinking in 

terms of “capturing tendency” is the inverse way of thinking in terms of the “escaping tendency” 

of water, which relates to the original definition of water activity as a relative fugacity. 

Methods for Determining MSIs 

The simplest method of determining moisture sorption isotherms is the “climate box method”. 

Although it is not as sensitive compared to newer methods (pressure plate method, sorption 

microbalance method, sorption microcalorimetric method), results using the climate box method 

still provide relatively accurate results19. In this method, samples are stored in airtight boxes 

alongside saturated salt solutions of known relative humidities. During this storage period, the aw 

of the samples will slowly equilibrate with the saturated salt solutions due to the migration of 

water vapor from the solutions into the sample or vice versa. Table 1 shows the relative humidity 

values (25°C) of nine saturated salt solutions commonly used for MSI determination because of 

their wide range of RH values20. Equilibration can take weeks to months to achieve depending on 

the size of the sample, and may require the placement of small vials of toluene in the climate box 

to prevent mold growth during this time, particularly for the higher aw salt solutions17,19. 

Temperature should be held constant among all climate boxes, as the relative humidities of 

saturated salt solutions are temperature dependent. Once the samples have reached equilibrium, 

moisture content is determined gravimetrically. 

Solution RH at 25°C 

LiCl 11.30 ± 0.27 

CH3COOK 22.51 ± 0.32 

MgCl 32.78 ± 0.16 

K2CO3 43.16 ± 0.39 

Mg(NO3)2 52.89 ± 0.22 

NaCl 75.29 ± 0.12 

KCl 84.34 ± 0.26 

KNO3 93.58 ± 0.55 

K2SO4 97.30 ± 0.45 
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Table 1. Water activities of saturated salt solutions used in moisture sorption isotherm 

determination (adapted from Greenspan, 1976)20. 

CHAPTER 3. APPLICATIONS OF BSG IN FOODS. 

The incorporation of BSG has been studied in many different food systems including bread, 

pasta, snacks, and even frankfurters21,22. BSG contains dietary fibers, proteins (with essential 

amino acids), minerals, polyphenols, vitamins, and lipids, making it a healthful addition to 

existing food formulations21. The primary non-cellulosic polysaccharides in BSG are 

arabinoxylans, which are known to have cholesterol-lowering properties, fecal bulking effects, 

and also the ability to enhance the absorption of certain minerals7,23. The addition of 30% BSG in 

bread formulations can increase the dietary fiber content up to fivefold10. Despite these health 

benefits, there are challenges in using BSG as a food ingredient due to its flavor, color, and 

texture; consumer studies show that foods containing BSG are only acceptable if BSG is 

incorporated in small quantities (5-10%)7.   

Most applications of BSG are in bread products which require drying and milling of the BSG 

into flour8. In general, the addition of dietary fiber to breads is known to have a negative impact 

on quality parameters10. High-fiber flours tend to absorb more water than typical wheat flours, 

which decreases the availability of water for the hydration of starch and gluten in bread-making. 

This also affects starch gelatinization and hinders the development of a strong starch-gluten 

network, contributing to lower loaf volumes24–26. Dietary fiber also affects mixing properties 

(increase of dough development time and dough stability) and fermentation, which make 

adjustments in processing necessary10. Some studies have shown that the addition of enzymes 

(e.g. amylases, pentosanases, lipases, etc.) to doughs containing BSG can improve loaf volume, 

texture, and even increase shelf life25.  

An additional consideration is the pre-processing (drying, milling) of BSG before it is used in 

food formulations. Prentice & D’Appolonia (1977) analyzed the effects of drying temperatures 

on the final bread quality and consumer acceptance. They found that heating dried BSG at high 

temperatures (150°C) causes the final bread product to be less desirable by consumers overall27. 

This is in agreement with Mussatto et al. (2006) that suggest BSG should be dried below 60°C to 

prevent the development of off-flavors7. This low drying temperature reflects BSG flour recipes 
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posted online, in which various organizations including the American Homebrewers Association, 

Brewers Association, and Brooklyn Brew Shop recommend drying BSG in the oven at 150-

200°F (66-93°C) for 6-7 hours28–30. These organizations also advocate for the use of BSG in 

brewpub kitchens or for baking at home, which shows that the incorporation of BSG into food 

items is possible and acceptable. The Brewers Association echoes that the use of 5-10% of BSG 

in baked goods will not be noticed by consumers29. 

Water Holding Capacity of BSG 

To our knowledge, there have not been published studies that analyze the hydration properties of 

BSG from a theoretical standpoint of microstructure and porosity, but there have been several 

reports on the water absorption capacity (WAC) and water holding capacity (WHC) of BSG 

flours and how they affect rheological properties of bread doughs26,31. WAC is measured by 

mixing a sample with excess water and measuring the volume of the hydrated sample with a 

graduated cylinder; it is expressed as the volume of the hydrated sample divided by the sample 

weight (mL/g)32. WHC is measured by mixing a sample with excess water for a given time, then 

centrifuging and draining the supernatant. The pellet is weighed, then dried to determine its dry 

weight. WHC is expressed as the mass of the water that is retained by 1 g of sample (i.e. mass of 

retained water divided by mass of dry sample)33. WHC specifically is of interest when 

considering the nutritional benefits of dietary fibers in general, but not all fibers improve colonic 

health with the same efficiency. The relative strength of water binding to dietary fibers largely 

affects stool weight, which makes WHC and the understanding of moisture sorption isotherms 

important for foods intended to improve colonic function17. Aprodu et al. (2017) found that the 

WAC and WHC of BSG were very similar to those of commercial fibers (oat, pea, wheat), and 

Ktenioudaki et al. reported slightly lower values26,31. Variation is not surprising as the exact 

chemical nature of BSG changes depending on the malt and processes used in that specific brew. 

While many of the physiochemical properties of BSG have been explored, they have not been 

explained in the context of microstructure and particle size.  

CHAPTER 4. HYDRATION PROPERTIES OF BSG 

Study 1: Drying and equilibration curves of BSG  

Materials and Methods 
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BSG Preparation and Storage. Fresh brewers’ spent grain from a lager-style malt mash was 

collected from the Pilot Brewery at Oregon State University (Figure 4A). Following sample 

collection, BSG was either dried immediately or stored in plastic bags at -20°C (Frozen), +2°C 

(Fridge), or 16°C for three days (Figure 4B). 

BSG Drying and Milling. BSG was spread in a thin, uniform layer on metal sheet pans (Figure 

4C) and dried in a forced-air dryer (MP-2000, Enviro-Pak Division of Tech-Mark, Inc., 

Clackamas, OR, USA) under two conditions: HT (High Temperature, 65°C; 20% RH), and LT 

(Low Temperature, 40°C; 50% RH). Small samples of BSG were collected every 30 min for HT 

drying and every 60 min for LT drying to track changes in aw. Water activity (measured at 25.0 ± 

0.4°C, AquaLab PRE Water Activity Meter, Decagon Devices, Inc., Pullman, WA) was 

determined after allowing samples to cool to room temperature in sealed containers. Drying 

ended when the aw of the collected sub-sample was less than 0.5 (aw < 0.5 was sufficient to 

prevent microbial spoilage during storage). The longest drying time was overnight (~16 h); aw 

values ranged from 0.413 to 0.672 for the dried samples. Dried BSG was milled into a fine 

powder using a knife mill fitted with a 2.00 mm mesh (SM100, Retsch GmbH, Germany). 

 

Figure 4. BSG sample preparation. (A): Fresh BSG collected from the lauter tun; (B): BSG 

stored in a temperature-controlled room; (C): BSG spread on trays before drying in the oven. 

Water activity equilibration between BSG and saturated salt solutions in sealed containers. 

Initial experiments were done to estimate the time required for the aw of oven-dried BSG 

samples to equilibrate with that of selected saturated salt solutions in sealed containers 

(desiccators). This type of information was deemed necessary for the experimental design of 
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subsequent MSI experiments. In the first experiment, a ~1 g sample of milled BSG (Frozen, LT 

drying) was placed in an open-topped plastic water activity measurement container (cylindrical 

cups purchased from the manufacturer of water activity measurement instrument, AQUALAB; 

~3.89 cm diameter, 1.14 cm height, ~5 mm sample thickness) and stored in a sealed desiccator 

alongside an uncovered beaker of saturated LiCl solution (aw = 0.113) at room temperature. 

Water activity measurements were made throughout the equilibration time, with the of the 

sample in the same desiccator after the measurement was taken (91 h total). A second experiment 

was done to compare water activity equilibration times for HT and LT oven-dried samples stored 

at analogous relative humidities. In this experiment, ~1 g samples of milled BSG (Never Stored, 

HT and LT drying) were first “pre-dried” to low aw using the method described above with 

saturated LiCl for 2 days. The term “pre-dried”, as used here, refers to the removal of water and 

consequent lowering of water activity from already oven-dried BSG samples. This step was 

necessary to lower the water activity of the samples for subsequent adsorption isotherm 

experiments. Following the pre-drying, samples (one each of LT and HT dried BSG) were 

transferred to desiccators containing uncovered beakers of either saturated K2CO3 (aw = 0.432) or 

KCl (aw = 0.859) and stored at room temperature. All saturated salt solutions were prepared by 

dissolving the salt in DI water in excess (visible precipitate). Water activity measurements were 

made periodically throughout equilibration (166 h total). 

Results 

Time courses for oven-drying of BSG. Typically, drying curves are determined using the 

moisture content rather than water activity, but we chose to use water activity due to its 

convenience and relevance to BSG spoilage. The propensity of microbial spoilage is largely 

determined by water activity, making it a suitable parameter for the purposes of this study. 

Visually, there was no perceptible difference in appearance or color of any of the samples after 

drying (HT versus LT, Figure 5). 
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Figure 5. Samples of BSG (before milling) in each storage condition before and after drying in 

LT conditions. 

The LT conditions (lower temperature, higher %RH) and HT conditions (higher temperature, 

lower %RH) were chosen to demonstrate two extremes of drying. Never stored BSG samples 

were well below the target water activity (aw = < 0.031, target aw = 0.5) within 3 h of drying in 

HT conditions. In contrast, the water activity of the same starting material only reached 0.406 

after 13.5 h in the LT condition. However, this LT drying trial result most certainly represents a 

minimum rate of drying for the specified type of dried because the dryer fan settings were 

incorrect (lower air circulation than anticipated), which likely increased the drying time required 

to achieve the target aw. For HT drying with the stored samples, the curve for the 16°C stored 

BSG most resembled that of the Never Stored sample. Target aw values were reached after 240 

min, 180 min, and 180 min for the Frozen (aw = 0.087), Fridge (aw = 0.075), and 16°C (aw = 

0.338) stored BSG respectively. For the LT samples, even after 450 min of drying, the Frozen 

and Fridge stored BSG was still not under aw = 0.5. 
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Figure 6. Drying curves of BSG at (A) HT: 65°C, 20% RH and (B) LT: 40°C, 50% RH for each 

storage condition (3 days storage). Note: no data was available for the Never Stored BSG at LT 

conditions so it is not depicted in part B of this figure.  

Desorption equilibration experiments using a Frozen/LT oven-dried BSG sample having a 

starting aw of 0.727 and a saturated LiCl solution as the target aw demonstrate the extended 

periods of time required for samples to truly achieve equilibrium. The data presented in Figure 7 

show that even after 91 h of storage, the milled BSG only reached aw = 0.137, which is slightly 

above the expected aw = 0.113 (Figure 7). Adsorption equilibration experiments showed that 

similar, relatively long periods of time were required for samples to reach equilibrium. Pre-dried 

samples (aw approx. 0.15) stored in the desiccator with the saturated K2CO3 solution reached an 

aw of 0.428 after almost 2 days of storage, which is very close to the expected aw of the solution 

(0.432). The aw of this sample was maintained at approximately 0.430 for 5 additional days with 

only minor fluctuations, which may have been caused by slight temperature changes. For 

samples in the desiccator with the saturated KCl solution (aw = 0.859), the aw values of all 

samples were lower than expected (HT aw = 0.799, LT aw = 0.792) even after 166 h (~7 days) of 

drying (Figure 8). 
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Figure 7. Time course of changes in water activity for BSG samples (Frozen 3 days, LT drying) 

stored in a sealed desiccator alongside saturated LiCl solution (aw = 0.113) at room temperature. 

 

Figure 8. Time course of changes in water activity for pre-dried BSG samples (Never Stored, 

HT (solid lines), LT (dashed lines)) stored in sealed desiccators alongside saturated salt 

solutions: K2CO3 (aw = 0.432; triangles) and KCl (aw = 0.859; circles).  

Discussion 

Drying Curves. The purpose of this study was to estimate the time it takes to dry BSG to aw < 

0.5, and to observe differences in drying kinetics among the BSGs stored under four plausible 

conditions. This information was to be used as an aid in the design of approaches for sample 

preparation for subsequent moisture sorption isotherm studies. It is widely accepted that 
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microbial proliferation does not occur below aw = 0.612, so a value of 0.5 was chosen because it 

is well below that threshold and provides a buffer in the case of moisture absorption from the 

atmosphere during storage. For HT drying, the Fridge and Frozen samples took longer to dry 

than the Never Stored and 16°C BSG (Figure 6A). This can be explained by the fact that the 

Frozen and Fridge samples were at a lower starting temperature than the other two samples and 

required more time to heat before evaporation could begin; in fact, the Frozen sample was only 

partially thawed when put in the drying oven and some BSG remained in frozen clumps. The 

water activity of the Frozen sample did not change in the first 140 min of drying, which is likely 

because the ice in the same was melting. In the case of LT drying (Figure 6B), the aw fluctuated 

greatly, even increasing at some time points. Variability is expected in both drying conditions 

due to the non-homogenous nature of BSG and sampling from different parts of the tray. 

Because the LT dried BSG decreased in aw at a slower rate (i.e. smaller decrease of aw from one 

time point to the next), the variability is much more apparent. The undried samples in Figure 4 

show the different anatomical fractions of BSG, with the husk layer and fragments of the starchy 

endosperm being the most visually apparent8. Visual examination of the samples during the 

drying cycle suggested the starchy and husk components dried at different rates, therefore the 

ratio of husk to starch in a sample is likely a large determinant of measured water activity. In 

future drying kinetics studies, multiple samples should be taken to assure representative 

sampling; separate experiments could be done in which the anatomical fractions are separated 

and the drying kinetics of each fraction determined independently. 

Equilibration with Saturated LiCl. Early on in the equilibration of samples with LiCl (could be 

thought of as a secondary drying; referred to as pre-drying), aw measurements show that the 

initial drying happens very quickly, then slows. It is interesting to note the slight increase of 

water activity from t = 18 h to t = 20 h; this suggests that once the BSG dries to a sufficiently 

low aw, then even the act of removing it from the desiccator and measuring the aw could allow 

detectable adsorption of moisture from the atmosphere. Based on the results from these 

experiments, a pre-drying time of 3 days was chosen for future MSI experiments. 

Equilibration with Saturated K2CO3 and KCl. There was no appreciable difference between the 

adsorption rates (as measured by aw) of the LT and HT dried samples (Figure 8). It is important 

to note that the similarities in adsorption could be an artifact resulting from the fact that both 
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samples were pre-dried via equilibration with the LiCl solution after having already been dried in 

the oven. This secondary drying (pre-drying) may obscure the differences in the sorption 

properties of the BSGs if non-reversible changes in microstructure occurred. The samples stored 

with the saturated KCl solution seemed to plateau in their extent of hydration well before 

equilibrating with the salt solution. One consideration would be the incomplete saturation of the 

KCl solution. This explanation is not plausible, however, as lower concentrations of the salt 

would lead to aw values of over 0.859. Perhaps simply more time was needed to reach this 

equilibrium, which is a common issue for this method of MSI measurement. Basu et al. (2006) 

also note that in the climate box method (as used in these experiments), it is difficult to maintain 

high relative humidity environments34. Choi et al. (2001) suggest that there is decreased surface 

diffusion of the water after achieving full monolayer coverage, which might explain that 

equilibrium for samples with K2CO3 solution (aw = 0.432, which approximates the aw for 

monolayer/multilayer coverage) was reached much quicker than with KCl (aw = 0.859, which 

approximates the aw for relatively dilute aqueous solutions)35. In addition, the dew-point method 

of measuring water activity only measures surface equilibrium relative humidity, so this may 

also be a contributing factor13. In a moisture sorption isotherm study of food fibers by Cadden 

(1988), samples of an unspecified mass were allowed 4-6 weeks to equilibrate with the salt 

solutions17. Another study by Yan et al. (2008) stored dried banana samples with saturated salt 

solutions until constant weight (15-30 days), but had larger samples than this study (5 g)36. 

Ertugay and Certel (2000) only equilibrated cereal samples with saturated salt solutions for 5 

days16. Variation in equilibration times is expected because of different sample sizes and 

densities. One reason for the extended equilibration time reported by Cadden in particular, was 

that water activities were not measured after equilibration; moisture contents of those samples 

were related to the theoretical aw of the saturated salt solution, making complete equilibration 

crucial for MSI determination. Although equilibrium may not be reached, we chose a storage 

time of 5 days and measured the true aw of the samples immediately before preparing the 

samples for moisture determination. Even if equilibrium is not achieved, the true aw of the 

sample at that moisture content would be reflected through this measurement. 

The results from Study 1 provided a basis for the BSG preparation methods used in Study 2, 

which focuses on the moisture sorption isotherms of representative BSG preparations. It also 



18 

 

suggests that changes in BSG microstructure that result from drying may impact rates of 

equilibration with saturated salt solutions. 

Study 2: Moisture Sorption Isotherms of Milled BSG 

Materials & Methods 

Milled BSG Sample Preparation. Fresh brewers’ spent grain from a lager-style malt mash was 

collected from the Pilot Brewery at Oregon State University. Storage and drying conditions were 

identical to those used in Study 1. Frozen samples were thawed slightly before spreading on the 

sheets to dry; this allowed for the distribution of BSG in a thin layer (rather than large pieces). 

HT samples were dried for 3 hours, and LT samples were dried for 16 hours to aw < 0.5. Halfway 

through drying, the BSG was stirred. The aw of the dried BSG was measured after cooling to 

room temperature in a sealed container. Dried BSG was milled to pass a 2 mm screen (i.e. 

relatively fine powder) as described in Study 1. Milled BSG samples were stored in air-tight 

glass jars at room temperature until being used. 

Moisture Adsorption Isotherms. To determine the moisture adsorption isotherm of dried and 

milled BSG, the climate box method was used. Approximately 1 g samples were pre-dried in a 

desiccator with saturated LiCl solution (aw = 0.113) for 3 days. Samples were then transferred 

into desiccators alongside open containers of saturated salt solutions that yielded varying relative 

humidities (Table 1). Samples were stored at RT for 4-5 days. Saturated salt solutions were 

prepared by dissolving salts in DI water in excess (visible precipitate). All salts used in the MSI 

analysis were reagent grade. 

Water activity measurements of each BSG sample was taken immediately after removing the 

sample from the specified desiccator. Immediately after measuring water activity, the same 

sample was transferred to an aluminum moisture determination cup and weighed to the nearest 

0.1 mg for subsequent gravimetric moisture determination. Moisture content was determined 

gravimetrically according to standard procedures adapted from the AOAC Official Method 

925.09 (vacuum drying at 70°C, 29 mmHg, 16 h)37. 

Results  
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Initial Conditions of Dried BSG. The initial water activities of all BSG samples were under the 

target (aw < 0.5) after forced-air oven drying in both conditions. Compared to Study 1, the aw 

values of the BSG after drying were much more consistent among the storage and drying 

conditions (Study 1 final aw values ranged from 0.0315 to 0.672, while Study 2 final aw values 

ranged from 0.211 to 0.381). This could be because the samples in Study 2 experienced 

continuous drying without changes in heat and humidity from periodic sampling, as well as more 

uniform spreading of the Frozen BSG sample on the sheet pans by allowing it to thaw before 

drying. There could also have been impacts of oven position, as there were multiple trays dried at 

the same time (2 trays for Never Stored, 6 trays for Stored). For samples of all storage 

conditions, the HT samples had a lower aw than the LT samples. After milling, the aw of all 

samples (except the Frozen-HT sample) increased slightly due to absorbance of moisture from 

the atmosphere, but all remained under the aw < 0.5 target value. 

 Whole BSG Milled BSG 

Sample ID aw Temp (°C) aw Temp (°C) 

Never Stored-HT 0.3275* 25.2 0.332 25.3 

Never Stored-LT 0.34* 25.3 0.405 24.9 

Frozen-HT 0.296 25.3 0.277 25 

Frozen-LT 0.381 25.2 0.387 24.9 

Fridge-HT 0.211 25.3 0.245 25 

Fridge-LT 0.351 25.2 0.363 24.8 

16°C-HT 0.25 25.3 0.289 25 

16°C-LT 0.347 25.2 0.359 24.9 

Table 2. Water activities of whole and milled HT and LT oven-dried BSG samples used for MSI 

determination. HT samples were dried for 3 h and LT samples were dried for 16 h. *These 

values are expressed as the average of aw values measured from two trays. 

Equilibration. Pre-dried samples (stored with LiCl, 3 days) were equilibrated undisturbed for 4-5 

days in desiccators with saturated salt solutions. Although some samples reached equilibrium 

with the saturated salt solutions they were stored with (LiCl, CH3COOK, MgCl, K2CO3), 

equilibrium was never achieved for higher aw solutions, particularly KCl, KNO3, and K(SO4)2 

(aw values are given in Figure 9). The highest aw achieved with K(SO4)2 was 0.878 for the Never 
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Stored samples, which is ~0.1 units less than the expected aw of 0.979 at room temperature. The 

greater the RH of the saturated solution, the greater the deviation between the actual aw of the 

BSG samples and the theoretical aw for the saturated salt solutions they were incubated with 

(Table 1). Samples stored in desiccators with either KNO3 or K(SO4)2 for the complete 

incubation period exhibited powder caking as a result of water absorption. 

Moisture Sorption Isotherms. The moisture adsorption isotherms of all samples appeared to 

follow a type-II sigmoidal curve, which is characteristic for most foods that behave like non-

porous or macroporous adsorbents38. In Type II MSIs, the beginning of the linear middle section 

(around aw = 0.2) is understood to indicate complete monolayer coverage and the start of 

multilayer adsorption38.  Interestingly, in the MSIs of stored BSG samples, there appears to be a 

difference in this region of the curve between the HT and LT isotherms for the three stored 

samples (Figure 9; comparing the blue versus orange lines within each plot). The LT samples 

seem to require a higher moisture content to achieve complete monolayer coverage compared to 

the HT BSG samples. In all three stored samples, the LT and HT curves seem to overlap once aw 

> 0.5 and hence, their final moisture contents are very similar. In contrast, the Never Stored 

sample appears to have been impacted by the oven-drying conditions (LT versus HT) in a 

different region of the MSI. In the higher water activity regions (aw > 0.8) of the Never Stored 

sample curves, the moisture content (MC) of the samples dried under LT conditions are 

significantly higher than the analogous samples dried under HT conditions. It is not clear 

whether or not these differences are significant, as only one replicate of each treatment was done, 

but trend established by the higher MC/aw data points certainly argues that it is significant. There 

are several possible explanations for the differences in water absorption in the different BSG 

samples that will be explored below.  



21 

 

 

Figure 9. Moisture sorption isotherms of HT (65°C, 20% RH, 3 h) and LT (40°C, 50% RH, 16 

h) dried/milled BSG stored under different conditions: (A) Never Stored, (B) Frozen, 3 days, (C) 

Fridge, 3 days, and (D) 16°C, 3 days. Moisture contents are expressed on a dry basis. Dotted 

lines trace back to the 0% MC, aw = 0 point (curve shape unknown). Data points represent single 

measurements for each experimental condition. 

Discussion 

Initial Conditions of Dried BSG. One relationship that was observed in both Study 1 and Study 2 

is that for a BSG sample at a given moisture content, the measured water activity is positively 

correlated with temperature. When considering the relative humidities of HT and LT drying 

(20% and 50% respectively), the lowest possible water activity for BSG dried in these conditions 

is 0.2 when measured at 65°C for HT conditions, and 0.5 when measured at 40°C for LT 

conditions. In Study 1, HT-dried BSG samples were at water activities far below 0.2, and in 

Study 2, LT-dried BSG samples were at aw values far below 0.5 when measured at 25°C. This 

signifies that the aw of the sample decreases as the temperature of measurement decreases. This 
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relationship is important for manufacturers to consider if they are drying BSG to a specific water 

activity. 

Equilibrium. Results from Study 1 showed that the BSG samples stored with higher aw salt 

solutions did not reach the expected aw values in the allotted time. The same phenomenon 

occurred in Study 2. As previously discussed, it is not likely that the aw values for the saturated 

salt solutions themselves were off, or that temperature fluctuations caused this discrepancy. In 

the case that equilibrium was reached between the BSG samples and saturated salt solutions in 

the chambers, one possible explanation for the low aw is that during the transfer of the sample 

from the chamber to the water activity meter, the loosely-bound water on the surface of the 

sample evaporated. Care was taken to transfer the sample from the desiccator to the water 

activity measurement instrument as quickly as possible, but the results from Figure 7 (in Study 1) 

show that the act of removing the BSG sample from the desiccator can cause fluctuations in aw. 

Authoritative texts indicate that a limitation of the dew-point method of water activity 

measurement is that it only accounts for surface aw
13. We interpret this to mean that equilibrium 

is only achieved between the air in the measurement chamber and the surface of the sample (it is 

unclear what is defined as “surface”). Because surface water molecules would most readily 

evaporate, the surface would be slightly drier than the rest of the sample; this may explain why 

the measured aw was lower than the theoretical aw of the saturated salt solution. An alternative 

consideration is that BSG samples may never have reached equilibrium with the saturated salt 

solutions during the storage period. Because the adsorption of water vapor starts from the surface 

of the BSG flour (~ 5 mm sample bed in the water activity sample cup) and diffuses inward, an 

unequilibrated sample would exhibit a higher surface aw than overall aw. This increased 

adsorption on the surface of the BSG flour sample is supported by previous observations of 

caking in the BSG incubated with the two highest aw saturated salt solutions. “Humidity caking” 

occurs when water is absorbed from the environment and makes surface particles “sticky”. This 

allows for the formation of liquid bridges that drive particle attraction, while the interior parts of 

the powdered sample bed are still dry39. Unfortunately, incomplete equilibration and the caking 

phenomenon would both cause the aw of the sample to be higher than the theoretical value, 

which is not what we observed.  
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More information is necessary to determine why the aw of the samples did not align with 

theoretical values. With modified climate boxes that allow for the weighing of BSG samples, the 

equilibration of the sample with the saturated salt solutions could be ensured by incubation until 

constant weight. Future experiments to determine the effect of humidity caking on the measured 

aw could include incremental incubation of BSG samples with saturated salt solutions of 

increasing relative humidities (effectively slowing water adsorption to allow time for water 

molecules to diffuse to the interior of the sample bed), or by measuring aw before and after 

mixing a caked sample. In the case that samples were not truly equilibrated, the limitation of 

surface aw measurements when using the dew point method of water activity measurement must 

be factored into the interpretation of the resulting MSIs.  

Effects of Drying Conditions on MSIs. Porosity is one of the main drivers of rehydration. Pore 

structure (e.g. pore volume, pore density) defines surface area, and therefore impacts the 

opportunities for hydrophilic binding and capillary condensation of water17. Typically, drying 

food at a lower temperature (specifically below the glass transition temperature, Tg) results in the 

maintenance of pore structure40. Higher temperatures may cause shrinkage of the entire product 

and the collapse of pores as well40. Our experimental results suggest that at a given relative 

humidity, more moisture has been absorbed by the LT dried BSG than the HT dried samples for 

the Frozen, Fridge, and 16°C stored samples. This means that the LT samples had a higher 

“capturing tendency” of water vapor during the equilibration with the saturated salt solutions for 

aw values ranging from 0.2 to 0.5. This increased absorption is consistent with the preservation of 

porosity with drying at lower temperatures. When considering the results in Figure 9 from the 

perspective of monolayer formation, the linear portion of the LT samples start at a higher MC 

than for the HT samples for the stored samples. This suggests that the LT samples had a higher 

surface area per unit weight, therefore requiring more water molecules to form a monolayer. 

There are mathematical models that can determine the linear portion of the MSI in a more 

rigorous way but are beyond the scope of this study. 

It is important to note that porosity may not be the only factor that accounts for the difference in 

water absorption. Xiong et al. (1991) argue that rather than porosity, the composition and surface 

chemistry of samples is the defining factor of absorption. Their findings on desorption isotherms 

of extruded pasta suggest that monolayer adsorption is driven by the polar groups that exist 
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throughout the sample, which is independent of pore size41. This could be an explanation for the 

similarity in the LT and HT dried MSIs for the Never Stored samples in the low and intermediate 

aw regions. LT dried BSG had increased water adsorption in different regions of the MSI 

depending on the storage conditions, specifically the high aw region (> 0.8) for the Never Stored 

sample and intermediate aw region (0.2-0.5) for the stored samples. The trend observed in the 

Never Stored sample appears to be significant because all four points of the LT curve are higher 

than those of the HT curve. If this trend is real, the molecular rationale for this behavior is still 

unclear at this point. This leads to the conclusion that the differences between LT and HT dried 

stored samples could be a result of changes that occurred in storage (see comments on microbial 

growth in the following section). 

Effects of Storage Conditions on MSIs. Figure 9 shows that all three storage conditions (Frozen, 

Fridge, and 16°C) yielded very similar MSIs in terms of the observation that a higher moisture 

content is required for complete monolayer coverage of the LT samples. Having not done 

chemical analyses of the BSG samples, we can only infer changes in BSG composition due to 

microbial and endogenous enzyme activites42, but these are not likely to occur to any great extent 

under some of the storage conditions (i.e. Frozen and Fridge). Robertson et al. (2010) found that 

after five days of storage at 20°C, microbial populations increased 1000-fold42. Due to microbial 

activity, there was a noticeable decrease in total sugar and starch content for samples stored at 

both 4°C and 20°C, but no compositional changes were observed in the frozen (-20°C) sample42. 

Faulds et al. (2008) reports that endogenous carbohydrases and proteases can be active during 

BSG storage43. Another group demonstrated that endogenous enzymes can solubilize 2% of the 

total carbohydrates in BSG to glucose and trace amounts of other sugars44. Solubilization was 

determined by suspending BSG in 50 mM ammonium acetate buffer at pH 5 for 5 h at 50°C44; 

the pH is similar to that of the BSG used in this study (pH = 5.4), and 50°C is even higher than 

the LT drying temperature (40°C) , signifying that enzymes may have been active during drying. 

Marousis et al. (1989) suggests that the presence of sugars or soluble carbohydrates decreases the 

porosity of dried starch due to precipitation of sugars45. The presence of these sugars or 

oligosaccharides could effectively “clog” the pores during drying. If this is the case, the samples 

with the highest sugar content (Never Stored and Frozen, based on minimal microbial activity) 

should have the least accessible pores and therefore, lower overall absorption and a lower 

monolayer MC. In the case of the frozen sample, freeze-thawing could also have effects on 



25 

 

porosity. As water expands upon freezing, existing pores in the BSG may have been enlarged, 

contributing to increased porosity after drying (assuming that cell structure was not destroyed 

when the ice melts). These larger pores could offset the effects of the sugar still present in the 

sample and therefore allows the Frozen sample to absorb water with similar efficiency as the 

samples with lower sugar (Fridge, 16°C). 

Milling. The collapse of pores during the milling process is intuitive. Milling or grinding reduces 

BSG particle diameter and may also effect other physiochemical properties, including surface 

chemistry and hydrophilicity46. Cadden found that in the case of a highly processed fiber (oat 

bran), particle size reduction did not affect physiochemical properties (i.e. density, water holding 

capacity). For wheat bran, however, the grinding effect of the roller mill caused its matrix 

structure to collapse. In beer production, malted barley is first milled then mashed—both of 

which likely caused significant damage on the fiber matrix even before post-drying milling. 

Although the mill used in this study was a knife mill (less damaging than a roller mill), we 

assume that very little of the original cellular structure of the barely is maintained. Milling also 

increases the surface area of fibers, which could be a contributing factor to water absorption46. 

Particle size distribution is also an important consideration and can be determined using a sieve 

analysis. Measurements of bulk density and particle density would also be of interest, as both of 

these parameters are related to porosity47. 

It is also important to note that all the samples underwent a secondary drying phase during the 

pre-equilibration of the samples in the desiccator containing LiCl. This was necessary to obtain a 

moisture adsorption isotherm (starting from low MC) but may have had effects on the porosity of 

samples (e.g. collapse of pores). Secondary drying with saturated salt solutions has been used by 

other groups, and is a better alternative to oven drying (a harsher drying method)36. This type of 

drying is a relatively slow process that occurs at room temperature. Changes in sample properties 

due to this treatment per se are not known. The important thing to keep in mind is that this type 

of drying was the final step for all the samples prior to the actual MSI experiments. Therefore, 

differences in the hydration properties of the various samples prior to the pre-drying step could 

be somewhat obscured by this treatment. 
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CHAPTER 5. CONCLUSION & FUTURE INVESTIGATION  

The results presented in this study provided insight into the nature of experimental methods 

aimed at understanding the hydration properties of potential byproduct ingredients in foods and 

the hydration properties of brewers’ spent grain in particular. The results were interpreted based 

on well-accepted molecular models used to explain the adsorption/absorption of water by 

foodstuffs; in particular, surface hydrophilicity/hydrophobicity and porosity/surface area.  

Through drying experiments, we observed a positive correlation between water activity and 

temperature for samples at a given moisture content. All the MSIs followed the sigmoidal shape 

of the classic type II isotherm. The MSI results indicate that for the stored BSG dried under LT 

conditions, more water was required to achieve full monolayer coverage in the aw range from 0.2 

to 0.5. This suggests that storing BSG and drying it at a lower temperature can allow for 

increased water adsorption at a given relative humidity; some explanations include the 

preservation of porosity in LT drying, and the decrease of soluble solids (sugars) in the stored 

samples due to microbial activity. Results also indicate that for the Never Stored BSG dried 

under LT conditions, more water was adsorbed in the sample at high aw regions (aw > 0.8) in 

condensed capillaries. It is difficult to make conclusions regarding the effects of porosity on the 

observed increase in water adsorption in these regions without explicit measurement of pore 

sizes and densities.  

In a more general sense, results from both Study 1 and 2 provide information about experimental 

methods used in MSI determination, particularly with the dew point method. Incomplete 

equilibration with saturated salt solutions as well as humidity caking can be sources of error that 

carry through to the interpretation of MSIs. If the removal of low aw or high aw samples from 

desiccators for only a short time can cause a significant change in the measured sample aw, it is 

vital that precautions are taken to prevent vapor exchange with the atmosphere in the widely 

used climate box method of MSI determination. In terms of water adsorption, MSI results 

suggest that storage and drying conditions can have an impact on the hydration properties of 

fibrous foods. 

There are still questions that have yet to be answered regarding other elements of microstructure 

and molecular architecture. The priority is to perform more replicates of the MSI experiments to 
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confirm the accuracy of the results presented in this thesis. Temperature control is something that 

must be considered in the future, as MSIs are sensitive to temperature changes16. It would also be 

of interest to see the extent to which the parameter effects observed for BSG are applicable to 

other byproduct/fiber ingredients. 

Future studies should include actual measurements of surface chemistry parameters 

(hydrophilicity/hydrophobicity) and porosity so that correlations can be documented. It would 

also be informative to see how other functional and physiochemical properties relate to the water 

adsorption characteristics of these samples. This includes measurements of water absorption 

capacity, water holding capacity, bulk density, particle density, and particle sizes of the BSG 

samples. Visualizing the pores of the LT and HT samples through scanning electron microscopy 

would also allow estimates of pore size. The characterization of pores as micropores (< 2 nm 

diameter), mesopores (2-50 nm diameter), and macropores (>50 nm diameter) is important 

because it defines adsorption behavior (e.g. dominance of surface forces or capillary forces)35. If 

the BSG samples are macroporous, then pore size is likely insignificant in relation to surface 

chemistry; in such cases surface adsorption is likely the dominant factor dictating the differences 

in absorbance observed through the MSIs.  

With the final goal being the incorporation of BSG into different food products as a high-fiber 

ingredient, it is also important to compare how LT and HT dried BSG responds in food systems 

and whether the postulated increased porosity of LT dried samples is significant in the 

processing and quality of the final product. In addition, due to the variation among the BSG from 

different brews, it would be interesting to see if the trends observed in this study also apply in 

other cases. An energy usage analysis also needs to be conducted to understand whether LT 

drying for such a long time (16 h versus 3 h for HT drying) is worth the potential increase in 

water adsorption at low water activity ranges in the dried BSG. This would be important 

information for breweries that need to consider the upfront cost of industrial drying equipment, 

cost of operating the dryer, as well as the energy and time expenditure necessary for BSG 

processing. 

Repurposing brewers’ spent grain as a food ingredient is an environmentally and socially 

responsible alternative to using it as animal feed or compost. It is important to understand the 

hydration properties of BSG to inform decisions in storage, processing, and product formulation. 
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By applying the basic theory of rehydration, capillary action, and porosity, this information may 

be applied to other high-fiber food processing byproducts that have the potential to be food 

ingredients as well.  

 

REFERENCES 

(1)  Papargyropoulou, E.; Lozano, R.; K. Steinberger, J.; Wright, N.; Ujang, Z. Bin. The Food 

Waste Hierarchy as a Framework for the Management of Food Surplus and Food Waste. 

J. Clean. Prod. 2014, 76, 106–115. https://doi.org/10.1016/j.jclepro.2014.04.020. 

(2)  Gustavsson, J.; Cederberg, C.; Sonesson, U.; Van Otterdijk, R.; Meybeck, A. Global Food 

Losses and Food Waste; Rome, 2011. 

(3)  Spang, E. S.; Moreno, L. C.; Pace, S. A.; Achmon, Y.; Donis-Gonzalez, I.; Gosliner, W. 

A.; Jablonski-Sheffield, M. P.; Momin, M. A.; Quested, T. E.; Winans, K. S.; et al. 

Annual Review of Environment and Resources Food Loss and Waste: Measurement, 

Drivers, and Solutions. 2019. https://doi.org/10.1146/annurev-environ-101718. 

(4)  Buzby, J. C.; Wells, H. F.; Hyman, J. The Estimated Amount, Value, and Calories of 

Postharvest Food Losses at the Retail and Consumer Levels in the United States; 2014. 

(5)  Food Recovery Hierarchy | Sustainable Management of Food | US EPA 

https://www.epa.gov/sustainable-management-food/food-recovery-hierarchy#about 

(accessed Apr 10, 2020). 

(6)  Torres-León, C.; Ramírez-Guzman, N.; Londoño-Hernandez, L.; Martinez-Medina, G. A.; 

Díaz-Herrera, R.; Navarro-Macias, V.; Alvarez-Pérez, O. B.; Picazo, B.; Villarreal-

Vázquez, M.; Ascacio-Valdes, J.; et al. Food Waste and Byproducts: An Opportunity to 

Minimize Malnutrition and Hunger in Developing Countries. Front. Sustain. Food Syst. 

2018, 2 (52), 1–17. https://doi.org/10.3389/fsufs.2018.00052. 

(7)  Mussatto, S. I.; Dragone, G.; Roberto, I. C. Brewers’ Spent Grain: Generation, 

Characteristics and Potential Applications. J. Cereal Sci. 2006, 43 (1), 1–14. 

https://doi.org/10.1016/j.jcs.2005.06.001. 



29 

 

(8)  Lynch, K. M.; Steffen, E. J.; Arendt, E. K. Brewers’ Spent Grain: A Review with an 

Emphasis on Food and Health. J. Inst. Brew. 2016, 122 (4), 553–568. 

https://doi.org/10.1002/jib.363. 

(9)  Steiner, J.; Procopio, S.; Becker, T. Brewer’s Spent Grain: Source of Value-Added 

Polysaccharides for the Food Industry in Reference to the Health Claims. Eur. Food Res. 

Technol. 2015, 241 (3), 303–315. https://doi.org/10.1007/s00217-015-2461-7. 

(10)  Stojceska, V. Dietary Fiber From Brewer’s Spent Grain as a Functional Ingredient in 

Bread Making Technology. In Flour and Breads and their Fortification in Health and 

Disease Prevention; 2011; pp 171–181. https://doi.org/10.1016/B978-0-12-380886-

8.10016-9. 

(11)  Rahman, M. S. Handbook of Food Preservation, 2nd ed.; CRC Press: Boca Raton, FL, 

2007; Vol. 35. https://doi.org/10.1016/s0963-9969(00)00143-5. 

(12)  Labuza, T. P. The Effect of Water Activity on Reaction Kinetics of Food Deterioration. 

Food Technol. 1980, 34 (JANUARY 1980), 36-41,59. 

(13)  Mathlouthi, M. Water Content, Water Activity, Water Structure and the Stability of 

Foodstuffs. Food Control 2001, 12 (7), 409–417. https://doi.org/10.1016/S0956-

7135(01)00032-9. 

(14)  Fontana, A. J. Dew-Point Method for the Determination of Water Activity. Curr. Protoc. 

Food Anal. Chem. 2001, 00 (1), A2.2.1-A2.2.10. 

https://doi.org/10.1002/0471142913.faa0202s00. 

(15)  Barbosa-Cánovas, G. V; Fontana, A. J.; Schmidt, S. J.; Labuza, T. P. Water Activity in 

Foods: Fundamentals and Applications, 1st ed.; Blackwell Publishing Inc. and Institute of 

Food Technologists: Ames, IA, 2007. 

(16)  Ertugay, M. F.; Certel, M. Moisture Sorption Isotherms of Cereals at Different 

Temperatures. Nahrung - Food 2000, 44 (2), 107–109. https://doi.org/10.1002/(sici)1521-

3803(20000301)44:2<107::aid-food107>3.3.co;2-6. 

(17)  Cadden, A.-M. Moisture Sorption Characteristics of Several Food Fibers. J. Food Sci. 

1988, 53 (4), 1150–1155. https://doi.org/10.1111/j.1365-2621.1988.tb13550.x. 



30 

 

(18)  Tamon, H.; Okazaki, M.; Toei, R. Flow Mechanism of Adsorbate through Porous Media 

in Presence of Capillary Condensation. AIChE J. 1981, 27 (2), 271–277. 

https://doi.org/10.1002/aic.690270214. 

(19)  Johannesson, B.; Janz, M. Test of Four Different Experimental Methods to Determine 

Sorption Isotherms. J. Mater. Civ. Eng. 2002, 14 (6), 471–477. 

https://doi.org/10.1061/(ASCE)0899-1561(2002)14:6(471). 

(20)  Greenspan, L. Humidity Fixed Points of Binary Saturated Aqueous Solutions. J. Res. Natl. 

Bur. Stand. Phys. Chem. 1977, 81A (1), 89–96. 

(21)  Fărcaş, A.; Tofană, M.; Socaci, S.; Mudura, E.; Scrob, S.; Salanţă, L.; Mureşan, V. 

Brewers ’ Spent Grain – A New Potential Ingredient for Functional Foods. 2014. 

(22)  Özvural, E. B.; Vural, H.; Gökbulut, I.; Özboy-Özbaş, Ö. Utilization of Brewer’s Spent 

Grain in the Production of Frankfurters. Int. J. Food Sci. Technol. 2009, 44 (6), 1093–

1099. https://doi.org/10.1111/j.1365-2621.2009.01921.x. 

(23)  Mendis, M.; Simsek, S. Arabinoxylans and Human Health. Food Hydrocoll. 2014, 42 

(P2), 239–243. https://doi.org/10.1016/j.foodhyd.2013.07.022. 

(24)  Steinmacher, N. C.; Honna, F. A.; Gasparetto, A. V.; Anibal, D.; Grossmann, M. V. E. 

Bioconversion of Brewer’s Spent Grains by Reactive Extrusion and Their Application in 

Bread-Making. LWT - Food Sci. Technol. 2012, 46 (2), 542–547. 

https://doi.org/10.1016/j.lwt.2011.11.011. 

(25)  Stojceska, V.; Ainsworth, P. The Effect of Different Enzymes on the Quality of High-

Fibre Enriched Brewer’s Spent Grain Breads. Food Chem. 2008, 110 (4), 865–872. 

https://doi.org/10.1016/j.foodchem.2008.02.074. 

(26)  Ktenioudaki, A.; O’Shea, N.; Gallagher, E. Rheological Properties of Wheat Dough 

Supplemented with Functional By-Products of Food Processing: Brewer’s Spent Grain 

and Apple Pomace. J. Food Eng. 2013, 116 (2), 362–368. 

https://doi.org/10.1016/j.jfoodeng.2012.12.005. 

(27)  Prentice, N.; D’Appolonia, B. L. High-Fiber Bread Containing Brewers’ Spent Grain. 

Cereal Chem. 1977, 54, 1084–1095. 



31 

 

(28)  Bryant, D. How to Make Spent Grain Flour 

https://www.homebrewersassociation.org/how-to-brew/make-spent-grain-flour/. 

(29)  Miller, D. Using Spent Grain in Your Brewpub’s Kitchen | Brewers Association 

https://www.brewersassociation.org/brewing-industry-updates/using-spent-grain-

brewpubs-kitchen/. 

(30)  Brooklyn Brew Shop. Spent grain flour 

https://brooklynbrewshop.com/blogs/themash/recipe-spent-grain-flour?sscid=41k4_wfr02. 

(31)  Aprodu, I.; Simion, A. B.; Banu, I. Valorisation of the Brewers’ Spent Grain Through 

Sourdough Bread Making. Int. J. Food Eng. 2017, 13 (10), 1–9. 

https://doi.org/10.1515/ijfe-2017-0195. 

(32)  Bonnand-Ducasse, M.; Della Valle, G.; Lefebvre, J.; Saulnier, L. Effect of Wheat Dietary 

Fibres on Bread Dough Development and Rheological Properties. J. Cereal Sci. 2010, 52 

(2), 200–206. https://doi.org/10.1016/j.jcs.2010.05.006. 

(33)  McConnell, A. A.; Eastwood, M. A.; Mitchell, W. D. Physical Characteristics of 

Vegetable Foodstuffs That Could Influence Bowel Function. J. Sci. Food Agric. 1974, 25 

(12), 1457–1464. https://doi.org/10.1002/jsfa.2740251205. 

(34)  Basu, S.; Shivhare, U. S.; Mujumdar, A. S. Models for Sorption Isotherms for Foods: A 

Review. Dry. Technol. 2006, 24 (8), 917–930. 

https://doi.org/10.1080/07373930600775979. 

(35)  Choi, J. G.; Do, D. D.; Do, H. D. Surface Diffusion of Adsorbed Molecules in Porous 

Media: Monolayer, Multilayer, and Capillary Condensation Regimes. Ind. Eng. Chem. 

Res. 2001, 40 (19), 4005–4031. https://doi.org/10.1021/ie010195z. 

(36)  Yan, Z.; Sousa-Gallagher, M. J.; Oliveira, F. A. R. Sorption Isotherms and Moisture 

Sorption Hysteresis of Intermediate Moisture Content Banana. J. Food Eng. 2008, 86 (3), 

342–348. https://doi.org/10.1016/j.jfoodeng.2007.10.009. 

(37)  AOAC. Official Methods of Analysis of AOAC International, 16th ed.; Washington DC, 

1995. 



32 

 

(38)  Sing, K. S. W. Reporting Physisorption Data for Gas / Solid Systems with Special 

Reference to the Determination of Surface Area and Porosity. Pure Appl. Chem. 1982, 54 

(11), 2201–2218. https://doi.org/10.1351/pac198254112201. 

(39)  Peleg, M.; Mannheim, C. H. The Mechanism of Caking of Powdered Onion. J. Food 

Process. Preserv. 1977, 1 (1), 3–11. https://doi.org/10.1111/j.1745-4549.1977.tb00309.x. 

(40)  Rahman, M. S. Toward Prediction of Porosity in Foods during Drying: A Brief Review. 

Dry. Technol. 2001, 19 (1), 1–13. https://doi.org/10.1081/DRT-100001349. 

(41)  Xiong, X.; Narsimhan, G.; Okos, M. R. Effect of Composition and Pore Structure on 

Binding Energy and Effective Diffusivity of Moisture in Porous Food. J. Food Eng. 1991, 

15, 187–208. 

(42)  Robertson, J. A.; I’anson, K. J. A.; Brocklehurst, T. F.; Faulds, C. B.; Waldron, K. W.; 

IAnson, K. J. A.; Brocklehurst, T. F.; Faulds, C. B.; Waldron, K. W. Effect of Storage 

Conditions on the Microbial Ecology and Biochemical Stability of Cell Wall Components 

in Brewers Spent Grain. J. Agric. Food Chem. 2010, 58 (12), 7266–7272. 

https://doi.org/10.1021/jf1001099. 

(43)  Faulds, C. B.; Robertson, J. A.; Waldron, K. W. Effect of PH on the Solubilization of 

Brewers’ Spent Grain by Microbial Carbohydrases and Proteases. J. Agric. Food Chem. 

2008, 56 (16), 7038–7043. https://doi.org/10.1021/jf800433c. 

(44)  Forssell, P.; Kontkanen, H.; Schols, H. A.; Hinz, S.; Eijsink, V. G. H.; Treimo, J.; 

Robertson, J. A.; Waldron, K. W.; Faulds, C. B.; Buchert, J. Hydrolysis of Brewers’ Spent 

Grain by Carbohydrate Degrading Enzymes. J. Inst. Brew. 2008, 114 (4), 306–314. 

https://doi.org/10.1002/j.2050-0416.2008.tb00774.x. 

(45)  Marousis, S. N.; Karathanos, V. T.; Saravacos, G. D. Effect of Sugars on the Water 

Diffusivity in Hydrated Granular Starches. J. Food Sci. 1989, 54 (6), 1496–1552. 

https://doi.org/10.1111/j.1365-2621.1989.tb05144.x. 

(46)  Cadden, A.-M. ‐M. Comparative Effects of Particle Size Reduction on Physical Structure 

and Water Binding Properties of Several Plant Fibers. J. Food Sci. 1987, 52 (6), 1595–

1599. https://doi.org/10.1111/j.1365-2621.1987.tb05886.x. 



33 

 

(47)  Marousis, S. N.; Saravacos, G. D. Density and Porosity in Drying Starch Materials. J. 

Food Sci. 1990, 55 (5), 1367–1372. https://doi.org/10.1111/j.1365-2621.1990.tb03939.x. 

 


