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As we move into the Anthropocene, sustainability is achieving the status of a 

survival necessity. The food-water-energy nexus is as strained as ever, requiring 

thoughtful and innovative changes from all facets of human activity. In the center of 

this conundrum is the food supply chain, which is currently full of unsustainable prac-

tices. Food manufacturers represent part of this chain, and some solutions are already 

starting to show up on that front. They include the reuse and upcycling of byproducts 

and coproducts typically regarded as waste, turning them into new, sustainable, value-

added products. Food processing is also going through a major change with the grow-

ing implementation of nonthermal technologies that could lead to the production of 

fresh, nutritious, safe foods while minimizing the consumption of energy and water. 

The dairy industry is sometimes criticized for not always having the most sus-

tainable practices. One example is the issue of Acid Whey, an abundant and challeng-

ing coproduct from the Greek-style yogurt manufacturing which can pose a significant 

environmental impact if improperly disposed of. 

 In Chapter One of this dissertation, sustainability is defined in the context of 

the food supply chain, ranging from production to processing to food waste and loss at 



 
 

the consumer end. Some examples of sustainable and unsustainable practices are pre-

sented and discussed, and so is a quantitative tool for holistically assessing the sustain-

ability of a food product. 

 Chapter Two delves into an extensive characterization of Acid Whey and 

Milk Permeate. In summary, they show low protein contents and pH, and high mineral 

amounts and Biochemical Oxygen Demands. This characterization can contribute to a 

database of properties that could help in finding a better destination for such streams. 

 Based on the composition of Acid Whey, two different nonthermal membrane 

strategies for the value-added utilization of this coproduct were studied and are pre-

sented in detail in this dissertation. In Chapter Three, the fractionation of some of the 

components in Acid Whey was investigated using a combination of cold Microfiltra-

tion and Ultrafiltration. This was shown to be feasible only when there was enough 

protein in the material, which is seldom the case.  

Therefore, Chapter Four proposes the concentration of Acid Whey using a 

combination of Reverse Osmosis and Forward Osmosis. The process developed can 

produce concentrates comparable with those obtained by thermal evaporation, but 

without thermal damage to their components, and at a lower energy consumption. 

Lastly, Chapter Five contains an empirical model to predict the flux during 

the Forward Osmosis of Acid Whey given the desired concentration and operating 

temperature. The information contained in this dissertation could help food manufac-

turers make more informed decisions about how to handle Acid Whey and other chal-

lenging byproducts, including using nonthermal alternatives such as Forward Osmosis 

for the concentration of challenging or sensitive liquid food products. 
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JUSTIFICATION 

The last decade (2010s) was defined by an increased interest in high protein 

foods, which resulted in the surge of dairy products such as Greek-style yogurt (GSY) 

or beverages fortified with proteins obtained by membrane fractionation of milk or 

cheese whey (O’Keefe, 2017). During the manufacturing of such products, a signifi-

cant portion of the water and water-soluble components in milk such as lactose and 

minerals are removed as either whey or permeate. With growing volumes of the high 

protein products, high volumes of these streams are also produced. In the past, they 

were deemed as byproducts, and often times disposed of as waste (Ganju & Gogate, 

2017). However, such streams can present a huge environmental concern due to their 

high content of organic matter, which can lead to algal bloom and depletion of oxygen 

in water streams (Arla Foods Ingredients, 2017; Erickson, 2017). For example, the av-

erage Biochemical Oxygen Demand (BOD5) for some whey streams was reported to 

be around 40,000 mg/L (Jelen, 2011), which is about 30 times higher than the effluent 

limit prescribed for cultured dairy products and 130 times higher than the limit for 

cheese products (CFR, 2017). Therefore, pressure is mounting on the industry to fully 

utilize all milk components. To reflect the change of attitude towards these streams, in 

recent years the term coproducts started being used instead of byproducts. 

Acid whey and permeate from membrane fractionation represent some of the 

most significant underutilized coproducts currently generated by the US dairy indus-

try. Acid whey is generated from products such as cottage cheese or Greek-style yo-

gurt, in which casein coagulation is driven by pH reduction by either lactic fermenta-
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tion or direct acidification (Chandrapala et al., 2015a). Similar to the sweet whey ob-

tained from cheese making, acid whey consists mostly of water with lactose as the 

main solid, but it has a much lower protein content and higher acidity and mineral 

content than sweet whey. This results in significant differences in sensory, nutritional 

and technological properties, as well as different strategies for the usage and pro-

cessing of the two types of whey (Jelen, 2011). In particular, acid whey from Greek-

style yogurt (GAW) is reported to have a lower protein content than even other types 

of acid whey, due to the depletion of whey proteins caused by the extended heat treat-

ment used in yogurt making (Gyawali & Ibrahim, 2016).  

Large volumes of Greek-style yogurt (GSY) are currently produced both in the 

US and globally (Statista, 2017). In 2004, GSY accounted for less than 2% of all yo-

gurt types produced in the US, but in 2017 this number skyrocketed to almost 40%, 

amounting to almost 1 billion pints of Greek yogurt (Statista, 2017) (Figure 0.1). The 

straining or centrifugation associated with the manufacture of GSY results in high 

quantities of GAW since on average 2 kg of whey are produced for every 1 kg of 

Greek yogurt (Erickson, 2017). In New York State alone, which is currently the larg-

est yogurt producing state in the US, almost 700 million pounds of GAW were pro-

duced in 2012 (DEC, 2012). To date, GAW utilization has been limited to low added-

value applications, and most processors have yet to find an economically feasible way 

to incorporate it into higher-value products. A few solutions have been proposed, so 

far with mild success (Arla Foods Ingredients, 2017; Erickson, 2017). Current applica-

tions of GAW include irrigation, feed for livestock, and energy generation in 

wastewater bioreactors (DEC, 2012).  
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Figure 0.1 Total volume and market share of the main types of yogurt produced in the US in 
2017 (Statista, 2017) 

 

Solving the acid whey issue in an economically and environmentally sound 

manner requires the combined effort of farmers, dairy scientists, engineers, environ-

mental researchers, nutritionists, product developers, government, and industry. This 

dairy coproducts still contain important components such as lactose, minerals, amino 

acids, and even small amounts of protein that could be used in products such as fer-

mented goods, sports beverages, snacks, baby food formula, to name a few (Arla 

Foods Ingredients, 2017). Hence, stakeholders are actively seeking ways to find value-

added utilization for dairy coproducts, which will help increase the value of milk and 

improve the sustainability of the dairy industry. 

At the same time, the dairy industry is one of the most energy-intensive players 

within the food processing sector, and reducing energy usage is fundamental to im-

prove the economic and environmental sustainability of dairy manufacturing (Briam, 
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Walker, & Masanet, 2015). Typical examples of energy-intensive thermal processes 

include pasteurization, sterilization, concentration, and drying. Thus, nonthermal alter-

natives such as membrane processing are currently drawing a lot of interest from the 

dairy industry lately. These technologies are reported to not only consume less energy 

and water than classic thermal processes (Chemat et al., 2017) but also promote mini-

mal loss of sensory and nutritional quality of the products. Current membrane technol-

ogies used in the dairy industry include microfiltration (MF) for microbial removal 

from skim milk, which is used for the production of extended shelf-life milk, ultrafil-

tration (UF) to concentrate proteins in order to increase cheese yield, and reverse os-

mosis (RO) for the concentration of sweet whey (Cui & Muralidhara, 2010; Valentas, 

Rotstein, & Singh, 1997). Forward Osmosis (FO) is an emerging technique that is 

gaining increasing attention as an alternative to both RO and thermal evaporation, but 

it is still not as well-established in the food industry (Nicoll, 2013).  

This dissertation focuses on both determining the composition of acid whey 

and UF permeate, and on evaluating the feasibility of membrane processing tech-

niques such as MF, UF, RO, and FO for the fractionation and concentration of GAW.  

It is anticipated that this research will have a significant impact on the dairy in-

dustry since it will provide processors with guidance on how to apply novel membrane 

technologies to obtain high added value products from GAW in a cost-effective, sus-

tainable manner. Additionally, the predictive model developed and validated as part of 

this dissertation work could become a helpful framework for industry and researchers 

working on membrane processing of liquid foods and beverages in general and dairy 

products in particular.  
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RESEARCH OBJECTIVES 

The overall goal of this research was to assess the feasibility of a nonthermal 

processing strategy for the value-added utilization of acid whey from Greek-style yo-

gurt. Specific research objectives include: 

 

Objective 1. Discuss the Sustainability of the Food System 

In the review presented in Chapter One, an extensive discussion of sustaina-

bility in the food system is presented, encompassing aspects ranging from agriculture 

to processing to food loss and waste at the customer level. Nonthermal processes, in-

cluding membrane separation technologies, and the reutilization and repurposing of 

waste streams and byproducts are highlighted as part of the future approaches that 

could lead to a more sustainable food processing scenario. 

 

Objective 2. Characterize the composition and variability of GAW and sim-

ilar coproducts from the dairy industry  

GAW streams and other related coproducts, namely UF permeate, were col-

lected from a number of dairy processors in New York State and characterized in 

terms of composition (total solids, lactose, total protein and individual protein compo-

nents, fat, ash, and minerals), Biochemical Oxygen Demand (BOD) and Chemical Ox-

ygen Demand (COD), pH, and titrable acidity. This objective is addressed in Chapter 

Two of this dissertation.  



8 
 

Objective 3. Investigate the feasibility of a membrane fractionation strategy 

for isolation of α-lactalbumin from GAW 

Based on the composition of GAW, the feasibility of a combined microfiltra-

tion (MF) and ultrafiltration (UF) strategy for the fractionation of alpha-lactalbumin 

from GAW was tested.  

This objective is addressed in Chapter Three of this dissertation. 

 

Objective 4. Develop a membrane processing strategy for the nonthermal 

concentration of GAW using a combination of reverse osmosis and forward 

osmosis 

A strategy that uses a combination treatment consisting of Reverse Osmosis 

(RO) followed by Forward Osmosis (FO) for the concentration of GAW was devel-

oped and assessed. A quantitative evaluation of the electrical and thermal energy used 

in the process was also performed. This objective is addressed in Chapter Four of 

this dissertation. 

 

Objective 5. Develop a predictive model for the permeate flux of FO of 

GAW given the desired concentration factor and operating temperature 

An empirical model relating flux to the initial concentration of the feed, con-

centration factor, and temperature was developed and validated. This objective is ad-

dressed in Chapter Five of this dissertation.  
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OVERALL EXPERIMENTAL APPROACH 

The flow diagram below (Figure 0.2) summarizes the overall experimental ap-

proach for the objectives aforementioned. Specific methodologies will be described in 

detail in the following chapters. 

 

 

Figure 0.2 Overall experimental approach 

MF 1.4 µm

Microorganisms Microfiltered GAW

MF 0.2 µm 

Fat & casein traces Clarified GAW

UF 15 kDa

Serum protein concentrate 
(mainly α-lactalbumin) Lactose, minerals
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*MF: Microfiltration, UF: Ultrafiltration, RO: Reverse Osmosis, FO: Forward Osmosis, OA: Osmotic Agent, DOA: Diluted Osmotic Agent

FO RO

Concentrated GAW 
(20 °Brix)

Water

Green: streams of interest; Orange: other streams;
Gray: process steps; Blue: water

Chapter Four & Five: CONCENTRATION

RO

FO

Pre-concentrated GAW (20 °Brix)

Concentrated GAW (40 °Brix)

OA DOA

OA DOA

GAW

Composition analysesCottage cheese whey Milk Permeate

Chapter Two: COMPOSITION COMPARISON
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CHAPTER ONE.                                                                                    

APPROACHES TO ACHIEVING SUSTAINABILITY IN THE FOOD 

SYSTEM: A REVIEW 

  

1.1 ABSTRACT 

Sustainability of the food industry has become a topic of increased interest in 

the past years. More than a buzzword, the term has evolved to encompass not only en-

vironmental concerns but also economic feasibility and social responsibility. In the 

context of food production, sustainability can entail an even larger spectrum, with the 

inclusion of matters such as food quality, safety, and security. In this chapter, a holis-

tic review of sustainability issues concerning the food industry will be presented, illus-

trated with examples, and discussed. The current scenarios regarding food loss and 

waste and resource utilization in the primary agricultural production and food pro-

cessing are defined, and some guidelines for sustainable practices are proposed. Fi-

nally, the Life Cycle Assessment (LCA) is discussed as a quantitative metric to assess 

the sustainability of a food product from farm to fork. 

 

1.2 SUSTAINABILITY: DEFINITION AND CURRENT SCENARIO 

Sustainability is a trendy, yet ambiguous concept that has gathered much atten-

tion recently. The term can assume different meanings to different people and indus-

tries. The Merriam-Webster learner’s dictionary defines the adjective “sustainable” as 

“involving methods that do not completely use up or destroy natural resources” or 
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“able to last or continue for a long time” (Merriam-Webster, 2017). Most people inter-

pret this solely from an environmental standpoint which, while an important aspect, is 

only one of the three pillars associated to sustainability in any field, the other two be-

ing economic feasibility and social responsibility (Murphy, McDonnell, & Fagan, 

2014; Sellahewa & Martindale, 2010). All three aspects are intimately connected, 

which makes the discussions and policies towards sustainability rather complex.  

In many industries, the management of issues such as product quality, produc-

tivity, and worker’s health and safety can be partially or completely integrated with 

the pillars of sustainability. The food industry must also add the unique issues of food 

safety and security to this complex equation. To achieve sustainability, food proces-

sors have to answer the following question: “How, where, and when can we best 

source, process, and deliver enough nutritious, safe, high-quality foods without harm-

ing the environment, the community, our employees, or our finances?” While the an-

swer is not straightforward, there are a few practices and guidelines that can help the 

food industry achieve this goal. These involve actions to be taken throughout the en-

tire food supply chain, from agriculture and processing to retail and consumer end, and 

include changes regarding cultivation, harvesting, processing, packaging, transporta-

tion, and storage of raw materials or finished products, as well as the associated en-

ergy inputs and waste management. 

The current model of food production, processing, and distribution is not 

highly sustainable. Agriculture accounts for 17% to 32% of all greenhouse gas (GHG) 

emissions worldwide; food processing is responsible for about 25% of the water con-

sumption on the globe; food loss and waste are estimated to range between 30 and 
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50% of the total production (Boye & Arcand, 2013; Murphy et al., 2014), while mal-

nutrition, undernutrition, and famine continue to occur in many developing countries. 

In parallel, an epidemic of obesity, diabetes, and coronary diseases affect developed 

nations, which are also responsible for a staggering 42% of the food waste in house-

holds and another 39% of the food losses during manufacturing (Van Der Goot et al., 

2016). This alarming scenario is pushing the food industry towards adopting more sus-

tainable practices. 

Another significant driver for the adoption of sustainable practices by the food 

industry is the increasing number and stringency of local, federal, and transnational 

laws and regulations regarding the emission of pollutants into air, water, and soil 

(Murphy et al., 2014), or concerning the levels of sugar, sodium, and other nutrients in 

foods, associated with stricter oversight of labelling and label claims (Grunert & 

Wills, 2007). Working conditions and prevention of accidents for employees are also 

being considered as important components of sustainability. 

In addition, we are currently witnessing increased awareness from customers, 

who are demanding evidence of sustainable practices from manufacturers and are of-

ten looking for specific certifications on food product labels (Sellahewa & Martindale, 

2010). Furthermore, retailers, manufacturers, co-packers, and other intermediates often 

require their providers to meet or exceed the sustainability standards prescribed by 

legislation. 

Besides the increase in business opportunities for companies that adopt sus-

tainable practices, there are also other economic incentives, such as a) reduction of 

costs due to lower consumption of energy, water, and other materials; b) fewer ex-

penses associated with waste handling and disposal; c) creation of high added-value 
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products from byproducts; and d) credits through the growing carbon market and en-

ergy exchange policies (Murphy et al., 2014). Finally, corporate performance assess-

ment tools are giving increasing weight to sustainability-related indicators, including 

environmental, social, and economic factors. 

Nevertheless, there are several reasons why the current food supply chain is 

currently not very sustainable. One of them is the focus on the purity of ingredients, 

which requires many unit operations to achieve, often consuming a large amount of 

water and energy, demanding extensive cleaning, and generating waste and low-value 

byproducts. These ingredients often come in a dry or concentrated form, requiring a 

high amount of energy to be produced, or must be refrigerated, increasing expenses 

with storage and transport. Furthermore, they need to be recombined or combined with 

water before further processing or use, which consumes yet more resources and gener-

ates even more waste. For example, soybeans are fractionated into carbohydrates 

(starch), proteins, and oil, some of which are later combined to produce meat analogs. 

A system that focuses more on the functionality of products and ingredients, 

rather than on their purity, could minimize those intermediate steps and operations, 

and potentially be more sustainable (Van Der Goot et al., 2016). The focus on purity 

also has a negative impact on nutrition, since it usually generates foods high in simple 

components, namely sugars and fats, but low in minor important nutrients such as fi-

bers, vitamins, and minerals (Van Der Goot et al., 2016).  

  



14 
 

1.3 SUSTAINABILITY AND AGRICULTURE 

While the green revolution of the 1960s and the recent advances in genetic im-

provement of crops have had an invaluable contribution to increasing the food produc-

tion and promoting food security globally (Pretty et al., 2010), agriculture still causes 

a strong negative environmental impact on the planet (Boye & Arcand, 2013; Murphy 

et al., 2014). One practice generally regarded as unsustainable in the current global en-

vironment is the preference for animal-based foods, especially in higher-income coun-

tries and households. Typically, animal products require a significant amount of feed 

and energy to produce and have a large impact on the environment. Paola, Rulli, & 

Santini (2017) estimated that animal proteins are 2.4 to 33 times more expensive than 

plant proteins in terms of land and water demand and could generate up to 240 more 

emissions of greenhouse gases (GHG). This is particularly significant since some 

emerging economies and regions that traditionally did not consume large amounts of 

animal-based foods, particularly meats, are changing their dietary preferences. For in-

stance, by 2020 the consumption of meat in China is projected to be twice that of 

2005, putting even more stress in the food supply chain (NSF, 2014). 

A recent modeling study showed that replacing 50% of meat and dairy con-

sumption in the UK by cereals, fruit, and vegetables would result in a 19% reduction 

in GHG emissions and could potentially avert or delay over 30,000 deaths per year 

(Scarborough, Allender, Clarke, Wickramasinghe, & Rayner, 2012). However, differ-

ent metrics used to gauge sustainability can lead to different conclusions. Using a nu-

trient density to climate impact index, Smedman et al. (2010) compared milk to other 

commonly consumed beverages in Sweden and determined that milk had a far more 

favorable nutrient-to-GHG emissions ratio than soy drink, oat drink, or orange juice. 
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Similarly, another study pointed out that while removing animals from the agricultural 

system in the US would result in a significant reduction in GHG emissions, it would 

also result in nonviable diets for part of the population due to a lack of essential nutri-

ents and excess of calories (White, Hall, & Turner, 2017). The discussion gets even 

more complicated when we factor in the social aspect of sustainability, since livestock 

production is fundamental for the economy of developing nations, currently support-

ing nearly a billion of low-income people (Pretty et al., 2010).  

Animals or no animals, agriculture is currently responsible for 70% of all 

freshwater usage on the planet, which puts a big strain on the already limited water 

sources. To overcome this problem, there is a need for low-cost and energy-efficient 

processes to desalinate seawater and brackish water, as well as for reusing and recy-

cling the wastewater generated during food production. Technical solutions include 

state-of-the-art high flux reverse osmosis, forward osmosis, membrane bioreactors, 

and artificial wetlands (NSF, 2014). Irrigation systems also need to be better designed 

to deliver the right amount of water where and when needed, minimize consumption, 

waste, and runoff. In a study conducted by Marino et al. (2018), for instance, tradi-

tional irrigation of a pistachio field was substituted by a technique called micro-irriga-

tion, which used 85 to 90% less water and increased the yield by 30%. 

The same concept of precision agriculture is valid for the application of ferti-

lizers and pesticides (Bongiovanni & Lowenberg-Deboer, 2004). Nutrients such as Ni-

trogen and Phosphorous are costly to source and manufacture, so there is a need to re-

cycle or recover them by composting when possible. This is particularly pressing in 

the US, one of the world’s biggest importer of phosphate rock, with 1.7 Mtons/year on 

average (Khabarov & Obersteiner, 2017). 
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In addition, the excess of nutrients can lead to eutrophication when applied and 

disposed of improperly. Plant breeding and genetic engineering can also play a role in 

obtaining plants with better uptakes of nutrients and resistance to pests, minimizing 

the need for agricultural inputs. Bt maize, as an example, was shown to decrease in-

secticide usage and increase yields in five different countries (Qaim, 2009). Other 

ways to reduce classic pesticide usage are integrated pest management techniques 

(Roberts & Mattoo, 2018) and the application of low-toxicity biopesticides, usually 

materials derived from plants, fungi, bacteria, or even naturally-occurring mineral 

sources (NSF, 2014).  

Therefore, to better control the efficiency of irrigation, pesticides, and fertiliz-

ers, there is a need to develop sensors and tools for monitoring the concentration of 

water, nutrients, and other chemicals in the field. These sensors should be reliable, but 

also low-cost and accessible, such as the ones proposed by Mohandas et al. (2017). 

Sensors should also be used to track parameters such as temperature and moisture 

changes during storage and transport of materials. Moreover, in order to improve food 

safety and quality, new tools should be developed for the rapid in situ detection of 

spoilage organisms, foodborne pathogens, and toxins in foods, since classical microbi-

ological assessment is inconvenient and time-consuming. Viswanath et al. (2018) pre-

sent a good review of some of those sensors and their applications. 

 

1.4 FOOD LOSS AND WASTE MANAGEMENT 

Another major reason for the current unsustainable food system is the culture 

of food waste. The terms “food loss” and “food waste” can have different definitions. 

Usually, food loss refers to a reduction in the mass or nutrition content of postharvest 
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edible parts of foods intended for human consumption (USDA, 2017). This includes 

moisture loss, degradation by pests and microorganisms, losses during transport, stor-

age and processing, and end-user food waste. Some authors include non-edible parts 

of food, such as shells and bones, as part of food loss (Reich & Foley, 2014; USDA, 

2017). Food waste, in turn, accounts for food discarded and/or spoiled in retail, house-

holds, and foodservice. Nevertheless, from the industrial standpoint, the term “waste” 

can assume a broader meaning and encompass various types of losses and emissions 

found throughout the food supply chain, including (but not limited to) food itself and 

other outputs such as ancillary materials, energy, and wastewater. In this chapter, the 

term “food waste” will be used to refer to any part of a food product, post-harvest, that 

has not been utilized to its full potential. 

In developing countries, most food losses occur during production, manufac-

turing, and transport (NSF, 2014). Some of the contributing factors are ineffective ag-

riculture and manufacturing practices, outdated industrial technology, and unreliable 

cold chains. On the other hand, in developed economies, the main culprits are actually 

the customers, including retailers, foodservice, and end consumers (NSF, 2014). Ur-

banization and affluence play a big role in this scenario since people who are living in 

smaller households and spending a relatively small fraction of their budget in food are 

not perceiving a significant penalty for wasting it. Consumer preference is also shift-

ing towards more “fresh”, hence perishable, foods, but at the same time, there is a re-

jection of perfectly safe and nutritious foods due to cosmetic or other minor quality 

reasons (NSF, 2014; Van Der Goot et al., 2016). 
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The concept of “zero waste”, while somewhat utopian, is being used by some 

food producers and manufacturers as a goal to be met towards a more sustainable fu-

ture (Lehmann, 2011). One of its main principles is the waste management hierarchy 

(Boye & Arcand, 2013; Kosseva, 2009; Van Der Goot et al., 2016), illustrated in Fig-

ure 1.1. Disposal (sometimes referred to as “returning”) of waste in landfills or incin-

eration is the least preferable option and many restrictions already apply in regulations 

throughout the world (Kazimierowicz, 2018). Treating (or “remediating”) emissions 

to remove pollutants such as gases, heavy metals, or excessive organics comes next. 

This is followed by recovering, which refers to practices such as composting and di-

gesting that can help recuperate part of the energy and/or the nutrients present in the 

waste, sometimes with positive economics. Examples of this include the studies car-

ried by Hussain et al. (2018) about the vermicomposting of kitchen waste and paddy 

straw, and by Shukla et al. (2018), focusing on the economics of Nitrogen recovering 

from a vegetable farm drainage. 

The next step up on the sustainability ladder is reusing materials, energy, and 

water. True reuse usually refers to re-introducing these inputs into the same process 

flow, with minimal or no transformation (e.g.: recirculating cooling water), while re-

cycling involves some energy or water utilization to create new useful materials (such 

as recycled paper) and is less preferable. Depending on the added value of the new 

material in comparison with the original, the process can be either referred to as “up-

cycling” or “downcycling”. In addition, a product that does not meet a specific quality 

or safety standard can be reprocessed (e.g.: re-pasteurizing undertreated milk using 



19 
 

temperature-activated diversion valves) or repurposed (e.g.: fruit pieces out of cos-

metic or dimension specifications being used for jam production). Both of these exam-

ples can be included in the broader definition of reuse. 

 

 

Figure 1.1 Food waste management hierarchy. Elements near the top should correspond to the 
bulk of the strategies adopted by organizations and individuals (adapted from 
Kosseva, 2009) 

 

The second-best option in the sustainability pyramid is reducing the amount of 

waste produced by optimizing the number of resources needed, improving the pro-

cessing techniques, productivity, and reliability, and/or improving the accuracy of con-

sumption forecasts. The term re-source is sometimes related to this definition. It en-

tails the usage of alternative sources of water, materials, or energy, (e.g.: renewable 

energy). The most preferred option – but also the hardest to achieve - is avoiding pro-

ducing waste at all (also referred to as “remove”), which is basically the ultimate ver-

sion of reducing waste to zero levels. Even though true zero waste is practically 

unachievable, many companies acquire and use the waste from others in their pro-

cesses, aiming for an overall neutral waste balance. 
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Fruit and vegetable wastes can be used for numerous applications, including 

dietary fibers, vitamins, pigments, flavors, essential oils, gums, bioadsorbents, biofu-

els, antioxidants, and other phytochemicals. With the help of biotechnology, com-

pounds of interest such as enzymes, organic acids, antimicrobials, and biopolymers 

can be synthesized from different plant wastes. For instance, apple pomace, a byprod-

uct from the apple juice and cider industry, can be used for nutritional enrichment of 

feed and also as a substrate for the production of pectin and pectolytic enzymes, fruity 

aroma compounds, xanthan gum, citric acid, and ethanol (Kosseva, 2009). Bioadsor-

bents are a particularly interesting application of materials such as husks, piths, shells, 

and bagasse, in which “waste is used to treat waste”. These materials can be used for 

the sorption and removal of metal ions and dyes from wastewaters that are hard to 

handle and usually require extensive pretreatment operations (Kosseva, 2009). 

Animal-derived wastes have more specific applications than their plant coun-

terparts. Common products include collagen from meat and fish waste and carotenoids 

and chitin from shrimp and other crustaceans. Cheese whey, a dairy processing by-

product, is usually converted into high added value whey protein powders. It can also 

be used in several other applications, such as feed enrichment and as a substrate for 

the production of other fermented goods, organic acids, gums, enzymes, bacteriocins, 

flavors, and yeast (Kosseva, 2009). Proteins, polysaccharides, and fats from both ani-

mal and plant-based wastes can be used to produce biodegradable (or even edible) 

films that can find many applications in food packaging, improving sustainability 

while protecting food safety and quality. 
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1.5 SUSTAINABILITY AND FOOD PROCESSING 

On the food processing side, many of the classical unit operations involve ex-

tensive consumption of energy and water and generate a lot of waste. Typical exam-

ples of energy-intensive processes are heat treatments such as pasteurization, commer-

cial sterilization, thermal concentration, and drying. The food industry already applies 

some practices aiming towards recuperating some of the energy used in those opera-

tions, including regeneration sections in pasteurizers, multiple-effect evaporators, and 

thermo-compression or mechanical compression during concentration, to name a few. 

However, a good amount of energy is wasted in these operations, which does not al-

ways find an adequate sink and ends up as thermal pollution to the environment. For 

instance, in the UK alone, almost 3 TWh of heat are estimated to be wasted by the 

food industry (Murphy et al., 2014). If recovered, this could be used to heat water or 

buildings, or even as a source of energy for other processing operations. This is an-

other illustration of how the economic and the environmental pillars of sustainability 

can sometimes be positively coupled. 

Recently, more disruptive innovations in food processing are targeting the par-

tial or complete replacement of classical thermal operations by nonthermal alterna-

tives. These include technologies such as ultrasound, supercritical fluids, high pressure 

processing, pulsed electric fields, irradiation, light-based treatments (UV, LED, pulsed 

light, etc.), cold plasma (Zhang, et al., 2011), and membrane filtration (microfiltration, 

utlrafiltration, reverse osmosis, etc.) (Cui & Muralidhara, 2010). Several non-conven-

tional thermal techniques (i.e., not steam-based) are also receiving increased attention, 

namely microwave/radiofrequency, infrared, and ohmic heating. 
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Nonthermal technologies are also associated with minimal loss of sensory and 

nutritional quality in foods when compared to thermal methods, since there is less heat 

involved, and they could also help produce fresh-like and wholesome foods while re-

ducing the number of chemical additives used. Hence, they meet both the sustainabil-

ity drivers and the general food trends among consumers. While these technologies 

have their own particularities and applications, they are generally considered to con-

sume less time, water, and energy than classic thermal processes (Chemat et al., 2017).  

In this context, membrane technologies such as ultrafiltration and reverse os-

mosis have been increasingly applied in the dairy and beverage industries and for 

wastewater treatment and desalination. They are key operations in the transformation 

of sweet whey, a coproduct from the cheese industry, into high added value whey pro-

tein concentrates. State-of-the-art reverse osmosis, for instance, can have a specific en-

ergy consumption as low as 2 kWh/ m3 of water removed (NSF, 2014). On the other 

hand, thermal concentration - even when utilizing multiple effects and mechanical va-

por compression - has a specific energy consumption ranging between 7.7 and 11.4 

kWh/ m3 of water removed, as reported by Jamil & Zubair (2017). Similar estimates 

for energy usage during the desalination of saltwater via different thermal and non-

thermal methods can be found elsewhere (El-Dessouky & Ettouney, 2002). 

Another example of nonthermal technology is High Pressure Processing 

(HPP), one of the most mature of the nonthermal technologies, used mainly for the 

post-packaging treatment of liquid or paste-like foods, such as fruit juices, sauces, and 

guacamole. Chang et al. (2017) compared HPP-treated white grape juice with the clas-

sical thermally pasteurized version. At a similar level of bacterial inactivation, the 

HPP-treated products had better color, antioxidant activity, and overall sensory scores 
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compared to the thermally treated ones. Other emerging technologies are on earlier 

stages of development with more specific applications, such as UV for surface treat-

ment, irradiation in spices, pulsed electric fields for potato processing, and supercriti-

cal CO2 for extraction of oils and volatile compounds (Zhang et al., 2011). 

Furthermore, there is a current move towards renewable, fossil fuel-free energy 

sources with the goal of improving overall sustainability. These include solar, wind, 

geothermal, and bioenergy sources. The first three have the disadvantage of being 

weather and/or region-dependent and considerable capital costs; however, the technol-

ogies are maturing and prices are dropping yearly, which means they are becoming 

more and more on par with traditional carbon-based sources (NSF, 2014). For bioen-

ergy, a big concern is that biomass will compete with food production for resources 

such as land, water, and nutrients, which are already scarce. To avoid this extra strain 

on the food supply chain, it is important that biofuels focus on non-edible parts of 

crops or low-value byproducts, such as straws, husks, stems, and bagasse. Such mate-

rials are also a good source of feed for livestock as opposed to commodity grains, 

which should be targeted towards human nutrition. Moreover, some food waste and 

wastewaters can also be used as either animal feed or to generate biofuels using pro-

cesses such as anaerobic digestion and gasification (Murphy et al., 2014). Recently, a 

process has been developed to convert acid whey – a byproduct from Greek yogurt 

production – into mid-chain carboxylic acids via chain-elongation in bioreactors, 

which could be used for both applications aforementioned (J. Xu et al., 2018). 
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1.6 PUTTING IT ALL TOGETHER: THE LCA METHODOLOGY  

The most extensively studied and applied pillar of sustainability is the environ-

mental component, which can be assessed by methods such as carbon and ecological 

footprints. On a country level, the Food Sustainability Index (FSI) is a new metric de-

veloped by The Economist Intelligence Unit with the Barilla Center for Food & Nutri-

tion. The 2017 edition ranked 34 nations around the globe using 35 indicators related 

to the following pillars of sustainability: food loss and waste, sustainable agriculture, 

and nutritional challenges. Overall, France was the top performer, followed by Japan 

and Germany (Barilla Center for Food and Nutrition, 2017). 

Recently, a tool that has gained popularity among food processors and re-

searchers is the Life Cycle Assessment (LCA), which entails a comprehensive analysis 

of the impact of a product (or process, service, activity) on ecosystems, natural re-

sources, and human health, which are referred to as endpoint impacts. Those are un-

raveled in more specific factors, such as ozone depletion, human toxicity, eutrophica-

tion, land occupation, and fossil depletion, among others - referred to as midpoint im-

pacts. This method provides qualitative and quantitative evidence for the comparison 

of different competing products or different life cycle possibilities for the same prod-

uct, helping processors make informed decisions with sustainability in mind. It can 

also be used to identify and prioritize specific steps of the life cycle that require im-

provement. While social and economic aspects are typically outside of the scope of the 

LCA (Finkbeiner, Inaba, Tan, Christiansen, & Klüppel, 2006), it provides a great start-

ing point and can be combined with other tools (e.g.: hazard analysis and risk assess-

ment) to address the other pillars of sustainability. 
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The LCA methodology is regulated by the international standards ISO 

14040:2006 and ISO 14044:2006 and should be conducted following a specific frame-

work and a set of requirements and guidelines. Figure 1.2 depicts the overall stages 

involved in an LCA. The first step is defining the goal and the scope of the study, 

which entails its purpose and expected outcomes, the system boundaries, and the func-

tional unit (FU) (Roy et al., 2008). The system boundaries can be represented by a 

flow diagram including the inputs and outputs of the processes in the life cycle of the 

product and may be as small or as big as necessary. In most cases involving food prod-

ucts, a “farm to fork” approach is preferred to encompass the entire supply chain when 

possible. The FU is a normalized reference unit of the inventory to be assessed and 

can be based on mass, energy, land area, or economic and nutritional values of the 

product (for instance: calories or protein content). This is important since one of the 

main purposes of the LCA is to provide insight to compare alternative products in 

terms of their impacts (ISO, 2006a, 2006b), and different FUs can lead to different re-

sults and conclusions. 

The second step of the LCA is the life cycle inventory analysis (LCI), which 

involves the collection of data regarding all inputs and outputs pertaining to the pro-

cess. Inputs include raw materials, water, energy, packaging materials, cleaning solu-

tions, etc.; outputs include main products, coproducts, byproducts, solid and liquid 

waste, waste energy, and emissions to air. Some of the general data (for instance, on 

transport or electricity) can be found at LCA databases, while others are product-spe-

cific or even site-specific, and require extensive collection. This makes this step one of 

the most time-consuming and labor-intensive phases of LCA. The next stage is the im-

pact assessment (LCIA) (Figure 1.3), in which the environmental impacts pertaining 
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to the previous inventory analysis will be classified, characterized, normalized, and 

valuated. This is when the impacts are going to be assigned into the endpoint and mid-

point categories, quantified, and aggregated. The final stage is the interpretation of the 

results, in which the identified issues will be used as an input for decisions regarding 

potential changes in process and/or product design, resources and materials sourcing, 

and waste management (ISO, 2006b, 2006a). 

 

 

Figure 1.2 Stages in an LCA (Adapted from ISO, 2006a) 
 

 

Smetana, Mathys, Knoch, & Heinz (2015) presented a comprehensive LCA for 

meat substitutes, comparing chicken, dairy-based, lab-grown, insect-based, gluten-

based, soy-based, and mycoprotein-based analogs. The authors initially used ready-to-

eat product mass as the functional unit and then did a sensitivity analysis using both 

calorie and protein contents as alternative FUs. For the mass and protein units, they 

determined that lab-grown meat had the highest impacts, followed by mycoprotein-
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based. The lowest impacts were found in insect-based and soy-based alternatives. This 

result changed slightly when using the calorie content as FU, in which chicken, dairy-

based, and gluten-based substitutes had the best performance, while the highest im-

pacts were still found in lab-grown meat. Reviews of other examples of LCA for dif-

ferent food products can be found in Roy et al. (2008) and Murphy, McDonnell, & 

Fagan (2014). 

 

 

Figure 1.3 Steps in the LCIA stage (Adapted from ISO, 2006a). 
  

 

 

 

Mandatory elements 

Selection of impact categories, category indicators and characterization models 

Assignment of LCI results (classification) 

Calculation of category indicator results (characterization) 

Category indicator results (LCIA profile) 

Optional elements 

Calculation of category indicator results relative to reference information 
(normalization) 

Grouping 

Weighting 



28 
 

1.7 CONCLUSIONS 

In this review, sustainability was defined in the context of the food industry 

and analyzed in the context of food loss and waste in agriculture and food processing. 

Specific guidelines, examples, and comparisons were used to illustrate practices and 

changes that could lead towards a more sustainable food supply chain. In addition, the 

LCA methodology for assessing the environmental pillar of sustainability was dis-

cussed with specific examples. In the future, we hope that this tool will be increasingly 

implemented in the industry and that new universal metrics could also be developed 

for the economic and social pillars of sustainability, with the goal of stimulating a bet-

ter decision-making process for food producers, manufacturers, and retailers. 
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CHAPTER TWO.                                                                    

COMPOSITION OF COPRODUCT STREAMS FROM DAIRY PRO-

CESSING: ACID WHEY AND MILK PERMEATE 

 

2.1 ABSTRACT 

This chapter provides composition information for three abundantly available 

but little characterized dairy coproduct streams: acid whey from Greek yogurt (GAW), 

acid whey from cottage cheese (CAW), and milk permeate (MP). Three replicate sam-

ples obtained on different dates from several dairy processors were analyzed. The 

main component in all streams was lactose, with up to 3.5%, 2.1%, and 11.9% in 

GAW, CAW, and MP, respectively. Crude protein content ranged from 1.71 to 3.71 

mg/g in GAW, 1.65 to 5.05 mg/g in CAW, and 3.2 to 4.35 mg/g in MP, and pH 

ranged from 4.21 to 4.48, 4.35 to 4.51, and 5.4 to 6.37, respectively. Chemical Oxygen 

Demand varied from 52,400 to 62,400 mg/L for GAW, 31,900 to 40,000 mg/L for 

CAW, and 127,000 to 142,000 mg/L for MP; Biochemical Oxygen Demand ranged 

from 45,800 to 50,500 mg/L (GAW), 32,700 to 40,000 mg/L (CAW), and 110,000 to 

182,000 mg/L (MP), respectively. GAW had the lowest pH (4.21 - 4.48) and the high-

est mineral content of all streams. This data will assist processors and researchers in 

developing value-added utilizations for these dairy coproducts.  
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2.2 INTRODUCTION 

Whey is the general name given to the liquid fraction that separates after the 

precipitation of casein from milk. There are two main types of whey: sweet and acid. 

Sweet whey is the most common type of whey and results from the manufacturing of 

cheeses via enzymatic (rennet) coagulation, such as cheddar, Swiss, parmesan and 

mozzarella (Chandrapala et al., 2015a; Jelen, 2011). Acid whey is generated from 

products such as cottage cheese or Greek-style yogurt, in which casein coagulation is 

driven by pH reduction due to lactic fermentation or addition of acids (Lievore et al., 

2013; Nishanthi, Chandrapala, & Vasiljevic, 2017). Both types of whey consist mostly 

of water, with lactose as their main solid; however, they differ in acidity, protein, and 

mineral contents. This results in significant differences in sensory, nutritional, and 

technological properties, requiring different strategies for their usage and processing 

(Jelen, 2011). A third type, referred to as “salty whey”, is generated during the dry-

salting stage of cheeses such as cheddar, but it only accounts for 5% or less of the total 

whey removed (Blaschek, Wendorff, & Rankin, 2007). Another related coproduct 

sometimes called “native whey” is milk permeate, obtained from ultrafiltration of 

skim milk, a process used by cheesemakers to increase yield. This permeate has a 

comparable composition to acid whey (minus the acidity) and consequently can find 

similar applications in the dairy industry (Jelen, 2011). 

Acid whey from Greek-style yogurt (GAW) is substantially depleted of whey 

proteins - particularly beta-lactoglobulin (BLG) (Figure 2.1) - because of the extended 

heat treatment used in yogurt making followed by straining or centrifugation (Gyawali 

& Ibrahim, 2016). This, combined with its relatively high mineral content, especially 
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Ca and P, renders the processing and utilization of this byproduct a challenge 

(Menchik, Zuber, Zuber, & Moraru, 2018). Another caveat is the high variability in 

the composition and properties of the material, including its protein amount. 

 

 

Figure 2.1 Denaturation and attachment of beta-lactoglobulin to casein micelles during yogurt 
making (Tetra Pak, 2015) 

 

Whey and whey-like products were historically considered as waste; however, 

they can present a huge environmental concern due to their high organic pollutants 

content, which can lead to algal bloom and depletion of oxygen in water streams 

(Erickson, 2017). The average BOD5 for most whey products is around 40,000 mg/L 

(Jelen, 2011), which is about 30 times the effluent limitation guidelines for cultured 

dairy products and 130 times those for cheese products (CFR, 2017). 

Sweet whey is considered more valuable than its acid counterpart due to its 

higher protein content and pH, especially since it can be turned into protein powders 

targeted mainly towards the sports nutrition niche, in a process that is already well-

stablished. Acid whey, on the other hand, is still constrained to low added-value appli-

cations and most producers have yet to find an economically feasible way to incorpo-
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rate it into higher-end products. A few companies and researchers are already develop-

ing solutions with that goal in mind, with mild success (Arla Foods Ingredients, 2017; 

Erickson, 2017). 

New York State is a big player in the national dairy industry, leading the man-

ufacturing of cream cheese and Greek-style yogurt. In 2012, the state produced about 

300 thousand tons of the latter (DEC, 2012). Companies with production sites in NY 

include the likes of Chobani, Dannon, Kraft, Fage, HP Hood, Byrne Dairy, O-AT-KA, 

Upstate Farms, Alpina Foods, and many more. In a survey conducted with 11 New 

York dairy producers by Cornell Dairy Extension (refer to APPENDIX A), 93% of 

them stated that acid whey is a byproduct with actual or potential value. However, 

there seems to be a lack of information regarding the composition and other physico-

chemical parameters of acid whey: 36% of them stated they do not conduct any kind 

of analyses in the material, and most of the others only do a few simple assays such as 

total solids or crude protein content.  

Therefore, the main objective of this section is to provide a detailed composi-

tion panel of acid whey from both Greek-style yogurt and cottage cheese, as well of 

milk permeate, and to make comparisons between these coproducts. We expect that 

this database would help both producers and researchers make a more informed deci-

sion regarding the potential applications and processing of acid whey in the future. 

 

2.3 MATERIALS AND METHODS 

Sample Collection and Analytical Strategy 

The following dairy byproducts were collected and analyzed in triplicate: 
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- Acid Whey from Greek-style Yogurt (GAW): Byrne Dairy – Cortland, NY. 

Dates of collection: 09/10/15, 02/16/16, and 02/17/16; 

- Acid Whey from Greek-style Yogurt (GAW): Upstate Farms – West Seneca, 

NY. Dates of collection: 09/10/16, 02/15/16, and 02/17/16; 

- Acid Whey from Cottage Cheese (CAW): Upstate Farms – West Seneca, NY. 

Dates of collection: 09/10/16, 02/15/16, and 02/16/16; 

- Milk UF Permeate (MP): OATKA – Batavia, NY. Dates of collection: 

09/10/16, 02/14/16, and 02/15/16. 

Table 2.1 describes the assays performed for the first batch of products col-

lected, the laboratories responsible, and the methodologies employed (AOAC, 1995; 

ASTM, 1995; EPA, 1978). Some of the methodologies will be detailed later in this 

section. After the results of the first batch were obtained, the number of analyses was 

reduced to just the most critical ones for the second batch, indicated in bold in Table 

2.1. Another change was the laboratory responsible for BOD and COD assays, which 

switched from Certified Environmental Services to Community Science Institute (Ith-

aca, NY) for logistics reasons. Finally, the metal screening was reduced to just Ca, Na, 

P, K, and Mg. 
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Table 2.1 Methodology employed and laboratories responsible for each analysis 
Test Analysis Handling Lab Test Method 

Acidity, Titratable (Lactic) Samples 
were kept 
in vials 
under re-
frigeration 
and then 
shipped 
overnight 
to the 
lab's loca-
tion on 
wet ice 

Medal-
lion 
Labs  
Minne-
apolis, 
MN 

AOAC 942.15, 962.12; 984.24 
Amino Acid Profile (Acid hydrolyzed: Alanine, Arginine, Aspartic Acid, Glutamic 
Acid, Glycine, Histidine, Isoleucine, Leucine, Lysine, Phenylalanine, Proline, Ser-
ine, Threonine, Tyrosine, and Valine) 

AOAC 994.12 HPLC - UV 

Amino Acid Profile (Cysteine & Methionine) AOAC 994.12 HPLC - UV 
Amino Acid Profile (Free Amino Acids) AOAC 994.12 HPLC - UV 
Amino Acids (Tryptophan) AOAC 994.12 HPLC - UV 
Ash AOAC 923.03 Ash of flour Overnight (16h) 
Chloride AOAC 915.01 - chloride in plants 
Fat Analysis Roese-Gottlieb Method 
Fat Analysis by GC with FA Profile (C40C24) AOAC 996.06 
Metals Screen II (Ca, Fe, Na, Cu, K, Mg, Mn, P Zn) AOAC 2011.14 
Moisture (Vacuum oven @70°C/16 hours) AOAC 925.09 with modifications 
Nitrogen, Non-Protein AOAC 991.21 
Nitrogen, Total (no factor) AACC 46-30; AOAC 992.15 
Organic Acids (citric, acetic, glutaric, lactic, malic, oxalic, quinic, succinic, tartaric) AOAC 986.13 via HPLC 
pH (direct) AACC 02-52; AOAC 943.02 
Resistant Oligosaccharides with total soluble, and insoluble dietary fiber AOAC 2001.03 & AOAC 991.43 
Sugars by HPLC (Fructose, Glucose, Lactose, Galactose, Maltose & Sucrose) AOAC 977.20 - HPLC - RI Detection 
Vitamin A (Retinol, Concentrate) AOAC 2005.07- HPLC-UV/VIS 
Vitamin B9 (Folic Acid - Folate); Total IU AOAC 2011.06 - UH Performance LC 
Vitamin B3 (Niacin) AOAC 944.13; AOAC 960.46 
Vitamin B1 (Thiamine) AOAC 942.23; AOAC 970.65; AOAC 981.15 
Vitamin B2 (Riboflavin) AOAC 942.23; AOAC 970.65; AOAC 981.15 
Vitamin B12 (Cyanocobalamin) AOAC 952.20; AOAC 986.23 
Vitamin B6 (Pyridoxine) AOAC 961.15; AOAC 985.32; AOAC 960.46 
Vitamin B5 (Pantothenic Acid) AOAC 945.74; AOAC 960.46; AOAC 992.07 
Vitamin C AOAC 967.22 with modifications and 984.26 
Vitamin D AOAC 2002.05 with modifications 
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Table 2.1 (continued) 
Test Analysis Handling Lab Test Method 

Total Nitrogen - Ammonia, Nitrate, Urea, Or-
ganic 

Samples were kept in vials and 
delivered the same date on wet 
ice 

Dairy One Ith-
aca, NY 

 Methodology described below 

COD* Samples were kept in vials and 
delivered the same date on wet 
ice 

Certified Envi-
ronmental Ser-
vices  

Syracuse, NY 

ASTM 5220C 
BOD* ASTM 5210B 
Ortho-Phosphorus EPA 365.3 - Need to sample within 24 h  

Alpha-lactalbumin, Beta-lactoglobulin, Al-
pha-S1-casein, Alpha-S2-casein, Beta-casein, 
Gamma-casein, Kappa-casein, Total Casein, 
Other Peptides, Total Low Molecular Weight 

Samples were pasteurized 
(63°C for 30min) and frozen 
overnight, then shipped on dry 
ice 

South Dakota 
State Univer-
sity (SDSU) – 
Metzger Lab 
Brookings, SD 

 Methodology described below 

* BOD: Biochemical Oxygen Demand; COD: Chemical Oxygen Demand 
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Since some of the protein assays conducted by Medallion Labs were below the 

limit of detection, total crude protein in mg/g was later calculated by (total nitro-

gen/1000) x 6.38. The contents of individual protein fractions, such as alpha-lactalbu-

min and beta-lactoglobulin, were then calculated by multiplying the percentages pre-

sent in these result tables by the total crude protein previously obtained. The other 

methodologies used are briefly described below: 

Nitrates %NO3 or ppm NO3-N (conducted at Dairy One, Ithaca, NY)  

RQflex® Reflectometer Method: 1g of dried, ground sample or 10g of wet 

sample is extracted in 50 mL deionized water for 20 minutes by shaking at 280 oscilla-

tions/minute.  Samples are filtered through Whatman 934-AH (1.5 µm) filter paper, 

then analyzed by RQflex® Reflectometer using Reflectoquant® Nitrate test strips. 

When the Nitrate test strip is immersed in the aqueous sample, a reducing agent re-

duces nitrate ions to nitrite ions.  In the presence of an acidic buffer, the nitrite ions re-

act with an aromatic amine to form a diazonium salt.  The salt reacts with N-(1-naph-

thyl)-ethylene-diamine to form a red-violet azo dye that is measured reflectometri-

cally.  Nitrate concentration is proportional to the color reaction. Each strip contains 

two reaction zones generating dual replicate analyses per sample. The RQflex® Re-

flectometer’s double optic system measures the analyte concentration based on the 

light reflected from the dual reaction zones.  Barcode-controlled software calculates 

the mean of those two measurements (EMD Chemicals Inc., Philadelphia, PA). 
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Ammonia Crude Protein Equivalent (CPE) or Ammonium-N (Dairy One, 

Ithaca, NY) 

Timberline TL-2800 Analyzer (Timberline Instruments, Boulder, CO). Extrac-

tion: Samples are extracted in deionized water using a single speed blender at 20,000 

rpm for 2 minutes (50 g / 750 mL) or a reciprocal shaker for 30 minutes at 280 rpm 

(Forage – 5 g / 100 mL wet or 1 g / 100 mL dry).  For urea, a prepared urease solution 

is added to a duplicate sample prior to shaking (5 g / 100 mL wet or 1 g / 100 mL dry). 

All extracts are then centrifuged at 4000 rpm for 5 minutes, decanted into tubes, then 

analyzed. Analysis: A peristaltic pump directs the sample, caustic, and absorbing solu-

tions into a diffusion cell. Within the cell, the sample is mixed with the caustic solu-

tion, resulting in a pH of 11-13 which converts the ammonium ion present in the sam-

ple to dissolved ammonia gas. The sample/caustic solution flows past one side of a 

membrane that is permeable to gases but not to liquids nor ionic species. The dis-

solved ammonia gas in the sample/caustic mixture diffuses across the membrane. On 

the other side of the membrane, a buffered solution absorbs the diffused ammonia gas 

then flows through a low volume heat exchanger to establish thermal equilibrium then 

into the conductivity detector. The conductivity cell measures the change in electrical 

conductance of the absorbing solution. This change is proportional to the concentra-

tion of ammonium in the original sample (Carlson, 1978; Kalra & Soil and Plant 

Analysis Council., 1998). 

Urea CPE (conducted at Dairy One, Ithaca, NY) 

Analyzed as above in Ammonia CPE after addition of prepared urease enzyme 

solution, using the Timberline TL-2800 Analyzer. 
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Capillary Gel Electrophoresis (conducted by SDSU)  

The individual protein fractions present in the filtrate were determined using 

Capillary gel electrophoresis (CGE). A 10 μL sample was mixed with 85 μL of sample 

buffer (Beckman- Coulter) and 5 μL of β-mercaptoethanol in a micro-vial. Each mi-

cro-vial was capped tightly, mixed thoroughly and then heated in a water bath at 90°C 

for 10 min and then cooled to room temperature prior to injection. The CGE was car-

ried out using a Beckman P⁄ACE MDQ capillary electrophoresis system (Beckman-

Coulter, Fullerton, CA, USA) equipped with a UV detector set at 214 nm. The separa-

tion was performed using a 50-μm bare fused silica capillary (20.2 cm effective length 

from the inlet to the detection window). All solutions and reagents were obtained as a 

part of the ProteomeLabTM SDS-MW Analysis Kit (Beckman-Coulter) that is designed 

for the separation of protein-SDS complexes using a replaceable gel matrix. The gel is 

formulated to provide an effective sieving range of approximately 10–225 kDa. A ca-

pillary preconditioning method was run every three samples. It consisted of a basic 

rinse (0.1 N NaOH, 5 min, 345 kPa), followed by an acidic rinse (0.1 N HCl, 2 min, 

345 kPa), a water rinse (HPLC grade water, 2 min, 345 kPa) and finally an SDS Gel 

rinse (SDS gel fill, 10 min, 275 kPa). After the preconditioning steps, the sample was 

electrokinetically introduced at 5 kV for 20 s. The separation was performed at a con-

stant voltage of 15 kV (25 °C temperature and 20 bar pressure) with reverse polarity in 

the SDS-molecular weight gel buffer. Actual current values were recorded to deter-

mine the efficiency of each electrophoretic run. Molecular weight standards (Proteo-

meLab and Beckman-Coulter) and available pure milk protein fractions (Sigma, USA) 

were also separated using the method as described above to determine migration 
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times. The peaks in the capillary electropherogram were identified by comparing the 

migration time of molecular weight standards and pure standard samples as well as by 

comparison to results reported by other researchers (Anema, 2009; Creamer & 

Richardson, 1984; Miralles, Ramos, & Amigo, 2000). The area of each identified peak 

was calculated from the electropherogram using a valley-to valley approach as de-

scribed by Miralles et al. (2000). The area of the each identified individual casein 

(CN) fraction (αS1-CN, αS2-CN, β-CN, κ-CN and γ-CN), serum protein (SP) fraction 

(ALA, BLG, and peptides (peaks between 10 kDa and 20 kDa)), and non-protein ni-

trogen (NPN) fraction (all positive peaks below 10 kDa) was calculated as a percent-

age of total area (positive peaks). 

Replication and Statistical Analyses 

All analyses were completed in triplicate. Data were analyzed using R Studio 

(2015). Statistical differences among observed means were determined using an un-

paired t-test with a significance level α = 0.05. 

 

2.4 RESULTS AND DISCUSSION 

The complete results for the analyses done are presented in Table B.1 and Ta-

ble B.2 in APPENDIX B. Table 2.2 shows a summarized version, as well as a com-

parison with sweet whey for some selected parameters. Some highlights will be 

pointed out and discussed in the following paragraph. 

Crude protein ranged from 1.71 to 3.71 mg/g for GAW (both producers), 1.65 

to 5.05 mg/g for CAW, and 3.2 to 4.35 mg/g for MP. For pH, the corresponding 

ranges were 4.21 to 4.48, 4.35 to 4.41, and 5.4 to 6.37. COD varied from 52,400 to 
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64,400 mg/L for GAW, 31,900 to 40,000 mg/L for CAW, and 127,000 to 142,000 

mg/L for MP; whereas for BOD the ranges were 45,800 to 50,500 mg/L, 32,700 to 

40,000 mg/L, and 110,000 to 182,000 mg/L, respectively. The BOD ranges for GAW 

are over 30 times the effluent limitations for cultured dairy products (CFR, 2017). 

 
Table 2.2 Average composition and physicochemical properties of milk permeate (MP) and acid 

whey from GSY (GAW) and from cottage cheese (CAW). Selected Sweet Whey (SW) 
components are provided for comparison purposes. Samples were collected from 
three companies in NY state, from October 2015 to February 2016 

Component GAW CAW MP SW 
Moisture 94.23% 93.08% 86% 91.81%1 
Crude Protein 0.17% - 0.37%a 0.17% - 0.51%a 0.32% - 0.43%a 0.6% - 1.0%2 
ALA* 170 - 770 mg/kga 220 - 710 mg/kga 520 - 1620 mg/kga 

 

BLG* 0 - 200 mg/kga 830 - 2110 mg/kgb 0 - 1180 mg/kga,b 
 

Lactose 3.33% - 3.5%a 1.99% - 2.13%b 10.6% - 11.9%c 4.97%1 
Ash 0.64% - 0.75%a 0.33% - 0.42%b 1.13% - 1.25%c 0.51%1 
Ca 1200 - 1280 mg/kga 680 - 710 mg/kgb 960 - 1060 mg/kgc 400 - 600 mg/kg2 
P 670 - 690 mg/kga 460 - 490 mg/kgb 1000 - 1130 mg/kgc 100 - 300 mg/kg2 
pH 4.21 - 4.48a 4.35 - 4.41a 5.4 - 6.37b 6.291 
BOD* 45.8 - 50.5 mg/ga 32.7 - 40 mg/gb 110 - 182 mg/gc 32 mg/g1 
COD* 52.4 - 64.4 mg/ga 31.9 - 40 mg/gb 127 - 142 mg/gc 

 

*ALA: α-lactalbumin; BLG: β-lactoglobulin; BOD: Biochemical Oxygen Demand; COD: Chemical 
Oxygen Demand 
a-cDifferent superscripts in the same row indicate difference is statistically significant 
1(Huma, Pasha, Sarwar, Ahmad, & Shah, 2015); 2(Jelen, 2011) 

 

The concentration of alpha-lactalbumin was found to be very low in GAW, 

ranging from 0.17 to 0.77 mg/g. Interestingly, this concentration was not found to be 

statistically different from those of CAW and MP, and neither were the crude protein 

contents (p > 0.05). Besides being very small, the concentration of alpha-lactalbumin 

in the coproduct was shown to present a lot of variability (CV = 99%), which is also 

true for the total amount of crude protein (CV = 29%). This low concentration and 

high variability, associated with low pH and high mineral content (Ca ranged from 

120 mg/100g to 128 mg/100g, for instance), renders the product processing and usage 

very challenging. (Cui & Muralidhara, 2010) 
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2.5 CONCLUSIONS 

Acid whey from Greek-style yogurt (GAW) is a coproduct of interest in the 

dairy industry due to the recent boom in the production of GSY and the potential nega-

tive environmental impact of its whey disposal. While GAW is generally considered a 

less valuable stream compared to other dairy coproducts such as sweet whey, it con-

tains highly valuable components that could potentially be extracted and purified. 

This study provides a detailed composition panel of GAW that could help 

dairy producers make more informed decisions about how to handle this challenging 

coproduct. Based on these results, the next chapters of this dissertation will focus on 

nonthermal methods for processing acid whey, namely membrane fractionation and 

concentration. 
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CHAPTER THREE.                                                                       

FEASIBILITY OF A MEMBRANE FRACTIONATION STRATEGY 

FOR ISOLATION OF ΑLPHA-LACTALBUMIN FROM GREEK-

STYLE YOGURT ACID WHEY 

 

3.1 ABSTRACT 

Acid whey from Greek-style yogurt (GAW) is a coproduct of interest in the 

dairy industry. In this chapter, the feasibility of a membrane separation strategy for the 

fractionation of alpha-lactalbumin (ALA) from GAW was tested. This included two 

preliminary sequential pre-filtration steps using 1.4µm and 0.2µm pore microfiltration 

(MF) membranes, followed by ultrafiltration (UF) of the MF filtrate (permeate) using 

a 15 kDa UF membrane. Flux and composition of the UF concentrate were evaluated.  

Fractionation of ALA was shown to be possible, but only feasible when there 

is enough protein in GAW. Several samples studied had minimal protein content, and 

therefore their fractionation by membrane filtration was deemed unfeasible. The per-

meate fluxes decreased from 43.2 L/m2h to 17.7 L/m2h after 8h of UF.  
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3.2 INTRODUCTION 

Membrane technologies have a wide array of applications in the food industry, 

including cold sterilization, clarification, desalting, concentration, fractionation, prod-

uct recovery, and dealcoholization (Cui & Muralidhara, 2010). For the dairy industry 

in particular, pressure-driven processes such as reverse osmosis (RO), nanofiltration 

(NF), ultrafiltration (UF), and microfiltration (MF) are well-established practices. Fig-

ure 3.1 below depicts the relationship between these processes and the main milk 

components in terms of their particle sizes and average molecular weight. 

 

 

Figure 3.1 Applications of pressure-driven membrane processes in the dairy industry (Tetra Pak, 
2003)  

 

Microfiltration (MF) has two major applications in dairy processing: a prelim-

inary step in the production of extended shelf life (ESL) milk through the removal of 

somatic cells and bacteria and the separation of micellar casein concentrate (MCC) 

from serum proteins (SP). Other emerging usages include separation of fat from whole 

milk and buttermilk as an alternative to centrifugation and the fractionation of milk bi-

oactive compounds (Hu, Dickson, & Kentish, 2015; Pruksasri, 2015; Tomasula & 



52 
 

Bonnaillie, 2015). Ultrafiltration (UF) is also widely used, mostly for concentration 

and/or fractionation of components such as lactose and serum proteins (Etzel & 

Arunkumar, 2015; Pruksasri, 2015). UF can also be combined with other processes, 

such as diafiltration, for the production of low lactose skim milk (Solanki & Gupta, 

2014). Regarding whey, previous studies have used ultrafiltration, dialysis, and egg 

membranes to concentrate the serum proteins from sweet and acid whey, with UF 

yielding the best results (Huma et al., 2015). Combinations of ultrafiltration and nano-

filtration (NF) have also been used for the concentration of SP and lactose from 

cheese whey and milk, yielding high fluxes and retentions (Atra, Vatai, Bekassy-

Molnar, & Balint, 2005). 

Membranes for MF and UF come in a plethora of sizes, configurations, and 

materials. Compared to polymeric membranes, ceramic membranes present higher me-

chanical, thermal and chemical tolerances, as well as a longer lifetime, even though 

they are more expensive. Regarding configurations, multitubular modules have the ad-

vantages of being able to handle relatively large particles and easy cleanability by 

physical and chemical methods (Cui & Muralidhara, 2010). 

One of the main challenges in MF and UF is membrane fouling, caused by the 

deposition and adsorption of particles at the membrane surface or within its pores, 

leading to a decrease in permeate flux. Factors that affect the degree and the type of 

fouling include membrane material, feed composition, and operating conditions. When 

the particle size of the feed components is comparable with that of the membrane 

pores, complete (Figure 3.2a) or partial (Figure 3.2b) pore blockage may occur; when 

they are significantly larger, they can form a cake layer onto the membrane surface 
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(Figure 3.2c). Smaller solutes might get adsorbed onto the internal membrane chan-

nels causing pore constriction (Figure 3.2d), thus reducing the effective diameter of 

the pores (De Barros, Andrade, Mendes, & Peres, 2003). In membrane filtration of 

dairy streams, the main foulants are microorganisms, fats, proteins (casein and SP), 

lactose, and minerals such as calcium, magnesium, and phosphate (Cui & Murali-

dhara, 2010). 

 

 

Figure 3.2 Membrane fouling mechanisms: a) complete pore blockage; b) partial pore blockage; 
c) cake formation; d) pore constriction (De Barros et al., 2003) 

 

The two major serum proteins found in bovine milk are beta-lactoglobulin 

(BLG) and alpha-lactalbumin (ALA), which amount to 50% and 20% of all whey pro-

teins (or 12 and 3.5% of all milk proteins), respectively (McSweeney & Fox, 2013). In 

human milk, however, there is no BLG, and this protein is a major allergen for infants 

(Bonnaillie & Tomasula, 2012). This is why ALA is preferred for applications such as 

baby foods or clinical nutrition. Besides having great nutritional value, ALA has been 
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reported to play a role in lactose synthesis and the apoptosis of tumor cells 

(McSweeney & Fox, 2013).  

During the processing of Greek-style yogurt, the extended heat-treatment step 

causes BLG to denature, exposing reactive sites that can bind to the casein micelles in 

the curd, which is later strained (Gyawali & Ibrahim, 2016). Therefore, acid whey is 

depleted from BLG, having ALA as its major protein, and this presents an interesting 

fractionation opportunity. ALA has a nominal molecular weight of 14 kDa, but it is 

believed to occur as a dimer in the conditions present in GAW, which means that it 

could be retained by UF membranes with a molecular weight cut-off smaller than 25 

kDa (Huma et al., 2015).  

Based on the GAW protein composition presented in Chapter Two, the frac-

tionation of ALA from GAW using a combination of MF and UF is investigated in 

this chapter. 

 

3.3 MATERIALS AND METHODS 

MF and UF Processing 

Skim GAW was obtained from Byrne Dairy (Cortland, NY) and stored under 

refrigeration conditions (5 ± 1 °C) until usage for a maximum of two weeks. 180 L of 

the sample were pre-filtered using Whatman paper filters #41 to remove coarse parti-

cles such as pieces of curd and dirt that could cause fouling and damage to the filtra-

tion equipment. Then, the sample went through a series of MF and UF steps, as de-

picted in Figure 0.2: initially, a 1.4 µm MF membrane was used to retain microorgan-

isms, followed by a 0.2 µm MF to remove traces of fat and/or casein that might still be 
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present; finally, the clarified acid whey went through a 15 kDa UF step, yielding a se-

rum protein retentate and a permeate containing mostly lactose and minerals. For com-

parison purposes, UF of sweet whey obtained from Cornell Dairy (Ithaca, NY) was 

performed under similar conditions (minus pretreatment) as for acid whey. 

All membranes used were monolithic multitubular ceramic membranes of 

Tami design (GEA Filtration; Hudson, WI) with an outside diameter of 25 mm and a 

length of 1,200 mm. The MF membranes were Isoflux® type with 23 internal chan-

nels of 3.5 mm hydraulic diameter each and a filtration area of 0.35 m2. For the UF, an 

InsideCéram® membrane with 19 internal channels of 3.5 mm hydraulic diameter 

each and a filtration area of 0.25 m2 was used. Figure 3.3 illustrates the type of mem-

brane used in these experiments. A picture of the batch pilot-scale filtration unit used 

and a schematic of the process are shown in Figure 3.4.  

 

 

Figure 3.3 Monolithic multitubular ceramic membranes (Tami Industries, 2017) 
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Figure 3.4 a) Picture and b) schematic of the membrane filtration rig 
 

Using a centrifugal pump (Fristam Model FPR 1742 type 316L; Middleton, 

WI), GAW was pumped from a 200 L feed tank through a countercurrent shell-and-

tube heat exchanger in order for the temperature to be kept at 10 ± 1 °C. The product 

then reached the membrane, from which the permeate started to be collected after the 

initial 2 min in a vessel on top of a scale that automatically logged mass readings 

a

b 
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every 5 s. The concentrate was constantly recirculated into the feed tank in a closed 

loop. A concentrate valve on the outlet of the membrane was used to adjust transmem-

brane pressure. There were also drain valves for the feed, the concentrate, and the per-

meate. The setup also included instruments for measuring the process parameters: 

thermocouples in the membrane inlet and outlet, pressure gauges for the feed, concen-

trate, and permeate flows, and a flow meter placed after the heat exchanger. 

The processing conditions used for the 1.4 µm MF, 0.2 µm MF, and 15 kDa 

UF were, respectively: transmembrane pressures (TMP) of 158, 165, and 255 kPa and 

cross-flow velocities of 4.3, 4.6, and 5.2 m/s. The duration of each experiment was 1.5 

h. Permeate flux, TMP, and cross-flow velocities were calculated according to equa-

tions (3-1), (3-2), and (3-3), respectively: 

𝐽 =
𝑚

𝐴 × 𝑡 × 𝜌
 

(3-1) 

Where: J is the permeate flux in L/m2h, m is the cumulative mass collected in 

kg, A is the membrane filtration area in m2, t is the time elapsed in h, and ρ is the den-

sity of the permeate in kg/L. Since the permeate is mostly water, density was taken as 

1 kg/L, and this was later verified experimentally. 

𝑇𝑀𝑃 =
(𝑃 + 𝑃 )

2
− 𝑃  

(3-2) 

Where: TMP is the transmembrane pressure, P1 is the feed pressure, P2 is the 

concentrate pressure, and Pp is the permeate pressure (all values in kPa). 

𝑣 =
4𝑄

𝜋𝐷 𝑛
 

(3-3) 
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Where: v is the cross-flow velocity in m/s, Q is the flow rate in m3/s, D is the 

channel diameter in m, and n is the number of channels. 

Membrane Cleaning Procedure 

After each experimental run, the filtration rig went through the following 

cleaning cycle to regenerate the permeability of the membrane: an RO water rinse for 

10 min, followed by a caustic wash with Ultrasil-25 (Ecolab, Saint Paul, MN) 20g/L at 

80 °C, another 10-minute RO rinse, then an acid wash with HNO3 5g/L at 50 °C, and a 

final RO water rinse for 10 min. In order to verify if the membrane had been properly 

regenerated, water fluxes were determined before and after the experiments, and 

cleaning was considered effective if the latter was 95% or more of the former. 

Composition Analyses 

The raw material, the pre-filtered whey, and the permeates and concentrates of 

each filtration step were analyzed for moisture, total solids, fat, ash, protein and pro-

tein profile, minerals, BOD, COD, titrable acidity, and pH, as described in Menchik et 

al. (2019) and Section 2.3.  

Particle Size Analysis 

Particle size distribution was determined by dynamic light scattering, using a 

Brookhaven 90Plus Particle Size Analyzer equipped with a Peltier temperature control 

system (Brookhaven Instruments Corporation, Holtsville, NY). Measurements were 

performed at 20 °C, a fixed angle of 90°, and a wavelength of 658 nm. Data collection 

and analysis were performed using the BIC software (Brookhaven Instruments Corp., 

Holtsville, NY). The dust filter cut-off was set at 30 to reject random contaminating 

particles such as air bubbles or dust. No dilutions were made to the samples. Each 
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measurement consisted of 8 individual runs with a duration of 30 s each. The relative 

particle size distribution and the intensity weighted effective diameter were deter-

mined for each sample. 

Statistical Analyses 

All experiments were conducted in triplicate. Data were analyzed using R Stu-

dio (2015). Statistical differences among observed means were determined using an 

unpaired t-test with a significance level α = 0.05. 

 

3.4 RESULTS AND DISCUSSION 

Flux Analysis 

Figure 3.5 contains a plot of the UF permeate fluxes vs time. For GAW 

(black), the initial flux was 43.2 L/m2h but dropped to 17.7 L/m2h after 1.6 h due to 

fouling. These flux values are considerably smaller as compared to the flux for the UF 

of sweet whey (blue) under similar conditions (70.9 L/m2h to 48 L/m2h after 1h of 

processing). This indicates that GAW is more prone to membrane fouling than sweet 

whey, which means that anti-fouling strategies are required. Minerals are believed to 

play a critical role in membrane fouling, acting as a bridge that binds membrane pores 

to whey proteins (Kulozik & Kessler, 1988a; Meyer & Kulozik, 2016), which could 

explain the difference observed. 

Composition of the Membrane Filtration Products 

The full composition data for fresh and pre-filtered GAW, as well as for the 

permeates and the concentrates of the 1.4 µm MF, the 0.2 µm MF, and the 15 kDa UF 
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are presented in Table C.1 in APPENDIX C. A summarized version with selected 

components is shown in Table 3.1, and some highlights will be discussed. 

 

 

Figure 3.5 Permeate flux behavior during UF of GAW and sweet whey 
 

Table 3.1 Composition and physicochemical properties of acid whey from GSY (GAW), the per-
meates after each inter-mediate microfiltration (MF) step, and both streams following 
the ultrafiltration (UF) step. All values are given in mg/g. 

Component Fresh 
GAW 

1.4 µm MF 
Permeate 

0.2 µm MF 
Permeate 

15 kDa UF 
Permeate 

15 kDa UF 
Concentrate 

Total solids 57.00 59.00 57.00 50.00 58.00 
  total sugars 33.60 36.00 35.50 30.50 36.50 
    lactose 30.00 31.60 31.10 26.10 31.90 
  total protein 4.40 4.10 3.38 2.36 3.28 
    alpha-lactalbumin 0.86 0.70 0.42 0.00 0.50 
    beta-lactoglobulin 0.15 0.08 0.00 0.00 0.00 
  ash 6.84 6.56 6.80 5.88 6.54 
   Ca 1.20 1.20 1.16 1.12 1.18 
Titrable acidity  
(lactic acid) 

5.42 4.58 4.50 4.25 4.52 

pH 4.47 4.58 4.57 4.57 4.58 
COD 64.8 58 71.6 48 60 
BOD 30.8 34.2 33.5 31.7 33.7 
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There were 4.4 mg/g of crude protein and 0.86 mg/g of alpha-lactalbumin in 

the feed (fresh GAW), which are slightly above than the ranges reported previously in 

Chapter Two. The concentration of the other components was very consistent with 

previous findings. Fractionation can be considered successful when looking at the UF 

streams: all the ALA was found in the concentrate (0.5 mg/g) and none in the perme-

ate after the final step. Also, there was no BLG in any of the UF streams. The other 

components analyzed did not show much variation among streams since the experi-

mental runs were not long enough to produce significant concentration differences. 

Particle Size Data 

Figure 3.6 depicts the results of the particle size analyses for all fractionation 

streams. In the 1.4 µm MF concentrate, the two peaks roughly correspond to larger ca-

sein micelles and fat globules (~500 nm) and bacteria (~2000 nm). For the 1.4 µm MF 

permeate, the peaks can be assigned to two different populations of casein micelles 

(~70 nm and ~300 nm), similar to the classes of particles observed in the 0.2 µm MF 

concentrate. The peaks shown in the 0.2 µm MF permeate likely represent whey pro-

teins (~30 nm) and some smaller casein micelles (~100 nm), analogous to the classes 

of particles found in the 15 kDa UF concentrate. Finally, the main 15 kDa UF perme-

ate peak (<1 nm) likely corresponds to lactose (Figure 3.1).  

 

3.5 CONCLUSIONS 

The fractionation of alpha-lactalbumin from GAW using a series of microfiltra-

tion and ultrafiltration steps is feasible, but only possible when there is enough whey 

protein in the raw material. As described in Section 2.4, this is not always the case since 
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the concentration of alpha-lactalbumin in GAW is often very low, and also shows much 

variability. Another caveat is the low permeate flux during the UF of acid whey when 

compared with sweet whey, which demonstrates the need for anti-fouling pretreatment 

strategies. 

 

 
Figure 3.6 Particle size distribution for: a) 1.4 µm MF concentrate, b) 1.4 µm MF permeate, c) 

0.2 µm MF concentrate, d) 0.2 µm MF permeate, e) 15 kDa UF concentrate, and f) 15 
UF kDa permeate  
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CHAPTER FOUR.                                                               

NONTHERMAL CONCENTRATION OF LIQUID FOODS BY A 

COMBINATION OF REVERSE OSMOSIS AND FORWARD OSMO-

SIS. ACID WHEY: A CASE STUDY 

 

4.1 ABSTRACT 

Acid whey from Greek-style yogurt (GAW) has become abundantly available 

in recent years. Due to its low solids content, low pH, and high lactose and mineral 

content, GAW is challenging to transport and process. In this study, a combination of 

reverse osmosis (RO) and forward osmosis (FO) was developed for the nonthermal 

concentration of GAW. Permeate flux, retentate concentration, and specific energy 

were evaluated for the individual and combination processes. GAW (6.6°Brix) was 

concentrated to 19.6°Brix by RO (3), then to 40.2°Brix (6) by FO. During the con-

centration, permeate fluxes dropped from 33.2 L/m2h to 2.6 L/m2h for RO and from 

3.6 L/m2h to 1.6 L/m2h for FO. The specific energy consumption was 0.29 kWh/kg 

water for RO and 0.65 kWh/kg water for FO, from which half pertains to the osmotic 

agent regeneration. This combination process could become an efficient nonthermal 

method for concentrating challenging or sensitive liquid foods and beverages. 

 

4.2 INTRODUCTION 

The dairy industry has experienced a boom in the production of Greek-Style 

Yogurt (GSY) in recent years. While in 2004 GSY accounted for less than 2% of all 

yogurt produced in the US, this number skyrocketed to almost 40% by 2015 
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(Erickson, 2017). GSY is very appreciated by consumers for its high protein content, 

which provides appealing nutritional and sensory properties with minimal or no addi-

tives. However, the straining step in its processing generates high quantities of Greek 

yogurt Acid Whey (GAW): 2 to 3 kg of GAW are produced for every 1 kg of GSY 

(Erickson, 2017). If directly disposed of, GAW can have a negative impact on the en-

vironment due to its high organic material and mineral content (Huma et al., 2015).  

Other coproducts from the dairy industry have found successful utilizations 

over the years. For example, sweet whey obtained from the manufacturing of rennet 

cheeses is a valuable source of whey proteins and it is routinely used to make protein 

powders using well-established processes. GAW, however, has a much lower protein 

content and it is also more difficult to process than sweet whey due to its low pH, high 

lactose, and mineral content (Chandrapala et al., 2015b). Current utilizations of GAW 

are mainly limited to low added-value applications such as irrigation, feed, and energy 

generation (DEC, 2012). Nonetheless, GAW still contains some milk solids (proteins, 

lactose, and minerals) that could be used as ingredients in value-added products such 

as beverages, sauces, snacks, or baked goods (Arla Foods Ingredients, 2017). Due to 

the low solids level in GAW (around 6%), concentration can facilitate its usage as a 

food ingredient, further processing, storage, and transportation, by reducing both vol-

ume and water activity.  

The concentration of liquid foods is typically achieved by thermal evaporation 

under vacuum, which is an energy-intensive operation that also causes undesirable 

sensory and nutrition changes in the concentrated products (Chemat et al., 2017). For 

this reason, nonthermal concentration processes, such as osmotic processes using 

semi-permeable membranes, have been gaining increasing interest in recent years. 
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Figure 4.1 illustrates the four main types of osmotic processes: forward osmosis (FO), 

pressure enhanced osmosis (PEO), pressure retarded osmosis (PRO), and reverse os-

mosis (RO).  

 

 

Figure 4.1 The four main types of osmotic processes (Nicoll, 2013) 
 

RO consists of the application of high pressure to a liquid feed, which forces 

water out of it through a selective membrane. The technology is currently used mostly 

for desalination, but there are also some applications in the concentration of beverages 

such as juices, tea, and coffee (Cui & Muralidhara, 2010; Valentas et al., 1997). In the 

dairy industry, RO is used for the concentration of milk upstream from evaporation, 

drying, or cheese making, and to concentrate whey to reduce transport and storage 

costs. It is also employed in the treatment of wastewater from various dairy products 

processing (Zargar, Jin, & Dai, 2015).  

RO is considered less expensive and less energy-intensive than thermal con-

centration (Valentas et al., 1997; El-Dessouky and Ettouney, 2002). Using desalina-

tion as an example, state-of-the-art RO was reported to have a specific energy con-

sumption as low as 2 kWh/m3 of water removed (Mathematical and Physical Sciences 
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Advisory Committee & NSF, 2014), while modern efficient thermal concentration has 

a specific energy consumption ranging between 7.7 and 11.4 kWh/m3 of water re-

moved (Jamil & Zubair, 2017). Unfortunately, RO itself has several shortcomings, in-

cluding limited attainable concentration due to concentration polarization and mem-

brane fouling caused by the high transmembrane pressures applied (Rastogi & Nayak, 

2011). In RO filtration of dairy streams, the main membrane foulants are microorgan-

isms, fats, proteins (casein and serum proteins), lactose, and minerals such as calcium, 

magnesium, and phosphate (Cui & Muralidhara, 2010).  

FO is a more novel technique than RO and uses a highly-concentrated osmotic 

agent (OA, also called draw solution) to draw water from the feed through a mem-

brane, based exclusively on the difference in osmotic pressure between the two 

streams. In FO, little or no applied pressure is involved (Nicoll, 2013). Even though it 

is not as well-established in the food industry as RO, recent studies report the use of 

FO for desalination, wastewater treatment, sugar processing, and the concentration of 

liquid foods such as fruit juices, tomato sauce, and coffee (Cath, Childress, & 

Elimelech, 2006; Nicoll, 2013; Sant’Anna et al., 2012).  

FO is gaining increasing attention as an alternative to both RO and thermal 

evaporation, since it allows the concentration of sensitive liquid foods to high solid 

levels, without pre-filtration or significant membrane fouling (Babu, Rastogi, & 

Raghavarao, 2006; Beaudry & Lampi, 1990; K. Raghavarao, Nagaraj, Patil, Babu, & 

Niranjan, 2005; Ravindra Babu, Rastogi, & Raghavarao, 2006; Zhao & Zou, 2011; 

Zhao, Zou, Tang, & Mulcahy, 2012).  The downside of FO is that it is a fairly slow 

process and has significantly lower initial permeate fluxes than RO, which can be an 

issue particularly for concentrating large volumes of dilute streams (Chun, Mulcahy, 
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Zou, & Kim, 2017). FO was also reported to require less energy than RO for product 

pumping, but additional energy is needed to pump and regenerate the osmotic agent 

utilized in the process (Lee, Boo, Elimelech, & Hong, 2010).  

The most common membranes for RO applications are spiral-wound mem-

branes made of either cellulose acetate or polyamide (Zargar et al., 2015) (Figure 

4.2a). Traditional spiral-wound membranes cannot be used for FO because of spatial 

constraints; however, modified versions have been adapted specifically for this appli-

cation (Cath et al., 2006) (Figure 4.2b). Cellulose triacetate is a common material 

choice for FO membranes. 

Both RO and FO are also subject to concentration polarization, a reversible 

phenomenon that arises mostly during the start-up of the concentration process but lin-

gers throughout the entire run. It occurs when the permeate flow causes a build-up of 

the non-permeable solids at the membrane surface, promoting a concentration gradi-

ent, increasing the pressure drop, and hindering water permeation. In RO, it can lead 

to cake formation and other forms of fouling. However, this is a concern particularly 

in FO, since it reduces the effective osmotic driving force.  

Considering the advantages and disadvantages of both RO and FO, there is a 

complementarity between them that can be explored. Therefore, the present study fo-

cuses on combining RO and FO for achieving a high concentration factor of GAW as 

a case study of a dilute, challenging fluid. This combination process has numerous po-

tential applications for the nonthermal concentration of a variety of other challenging 

or thermally sensitive liquid foods and beverages. 
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Figure 4.2 a) Schematic of the spiral-wound membrane used for RO (Lixus Separation Tech-
nology, 2013). b) Open-sheet view of a modified spiral-wound module for FO mem-
branes (Cath et al., 2006) 

 

4.3 MATERIALS AND METHODS 

RO Processing 

Fat-free GAW, in batches of 150 L, was obtained from Byrne Dairy (Cortland, 

NY) and stored under refrigeration (5 ± 1 °C) until use, for a maximum of two weeks. 

RO concentration was conducted using a pilot plant rig (Osmonics, WI), shown in 

Figure 4.3. The system was equipped with a Filmtec spiral-wound aromatic polyam-

ide thin-film composite membrane (model XLE2540, The Dow Chemical Company, 

Webster, NY), with an outside diameter of 61 mm, a length of 1,016 mm, a spacer 

thickness of 0.71 mm, and a filtration area of 2.6 m2 (Figure 4.4). The membrane con-

sisted of two separate leaves, each of 850 mm length. 
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Figure 4.3 a) Picture and b) schematic of the RO rig 
 

a

b 
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Figure 4.4 Spiral wound polymeric membrane used for RO  
 

A centrifugal pump (Tonkaflo SS 1804 - GE, Trevose, PA) was used to pump 

GAW from the feed tank through an embedded pre-filter cartridge (5 μm cut-off) to 

remove coarse particles such as pieces of curd. Two booster pumps (Tonkaflo SS 

526X 3290 - GE, Trevose, PA) were used to achieve the desired transmembrane pres-

sure (TMP) and feed velocity. Next, the product was passed through a countercurrent 

shell-and-tube heat exchanger to maintain a temperature close to refrigeration during 

processing (product temperature varied between 5 and 13 °C in all runs), in order to 

minimize microbial proliferation. After 2 min from the beginning of processing, the 

permeate (water) was collected in a vessel placed on top of a scale that automatically 

logged its mass. The retentate was constantly recirculated into the feed tank in a closed 

loop. A concentrate valve close to the membrane outlet was used to adjust the pressure 

in the system when needed. The feed tank also had a drain valve. The instruments used 

to measure the process parameters included a thermocouple at the membrane inlet, 

pressure gauges on both the feed and concentrate sides, and flow meters for the con-

centrate and the permeate. The RO process was stopped when the instant fluxes be-

came too small for the permeate scale detection limit. 
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Initially, 30-min RO concentration runs were performed at 5 different TMPs: 

1900, 2450, 2850, 3425, and 3925 kPa, in order to determine the optimal TMP for pro-

cessing. A chart of initial, final and average fluxes vs time was plotted. The lower 

TMP value (1900 kPa) corresponds to the minimal TMP that yields a measurable per-

meate flux, and the higher is slightly below the membrane’s upper limit of operation 

(4100 kPa). 

RO Processing Parameters 

The RO permeate flux was calculated as in Equation (3-1), the transmembrane 

pressure (TMP) was calculated as in Equation (3-2), and the cross-flow velocity was 

determined as in Equation (3-3). The concentrations of both the concentrate and per-

meate, in °Brix, were measured every 15 min with a digital refractometer (Sper Scien-

tific 300053 – Scottsdale, AZ). The concentration factor was then determined as: 

𝑐 =
𝐵𝑟𝑖𝑥

𝐵𝑟𝑖𝑥
 

(4-1) 

Where: cf  is the concentration factor, Brixi is the concentration of the retentate 

at a given point, and Brix0 is the initial concentration of the feed. 

RO Membrane Cleaning & Storage 

After each experimental run, a cleaning cycle to restore the RO membrane per-

meability was performed as follows: a rinse with RO water for 10 min, followed by a 

caustic wash with NaOH 0.1% and sodium dodecyl sulfate 0.025% at 35 °C for 10 

min, a 10-min rinse with RO water, followed by an enzymatic wash with Hydrazyme 

399 4% (Hydrite Chemical Co., Brookfield, WI) at pH 10 and 35°C for 35 min, an-

other rinse with RO water for 10 min, a second caustic wash with the same parameters 

as the first caustic wash but with a duration of 15 min, and a final 10-min rinse with 
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RO water. Whenever available, permeates produced during the runs were used for the 

rinsing steps to reuse water and reduce waste.  

To verify if the membrane was properly regenerated, pure water fluxes were 

determined before and after the RO experiments. Cleaning was considered effective if 

the water flux after cleaning was higher than 95% of the initial water flux. In cases 

when the membrane was not used for 48 h or longer, a sodium metabisulfite 1% solu-

tion was circulated for 10 min, then the membrane was left to soak in it until the next 

use to prevent microbial growth. This cleaning procedure was developed by consulta-

tion with the supplier of the cleaning solution (Hydrite Chemical Co.) and based on pi-

lot tests that assessed membrane permeability recovery after processing and cleaning. 

FO Processing  

The FO concentration runs were conducted using batches of 12 L of fresh 

GAW, obtained and stored as described above. The FO rig was equipped with one spi-

ral-wound cellulose triacetate membrane (Ederna, Toulouse, France) with an outside 

diameter of 63 mm, a length of 530 mm, and a filtration area of 0.5 m2  (Figure 4.5). 

 

 

Figure 4.5 Membrane used for the FO runs  
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The schematic of the batch bench-scale EVAPEOS filtration unit used (Ederna, 

Toulouse, France) is shown in Figure 4.6. A centrifugal pump was used to pump the 

pre-concentrated GAW, at a flow rate of 3.5 L/min, from a feed tank through a coun-

tercurrent plate heat exchanger which maintained the product at low temperature (4 to 

10 °C) to avoid microbial growth, and then into the membrane. The retentate was con-

stantly recirculated into the feed tank in a closed loop. The concentrate valve on the 

outlet of the membrane was used to adjust pressure as needed. In parallel, the OA (po-

tassium lactate of 60 °Brix from Ederna, Toulouse, France) was pumped from a feed 

vessel to a spent (dilute) OA vessel, passing along the other side of the membrane and 

drawing the permeate (water) out of the feed. Potassium lactate is the osmotic agent 

recommended by the manufacturer of the FO unit (Ederna); it is food grade, hygro-

scopic, has high osmotic pressure at relatively low viscosities, can be easily regener-

ated by evaporation, and has antimicrobial properties (Ederna, 2015). It is also com-

patible with GAW, which already contains both lactate and potassium. 

The mass loss in the feed OA vessel and the gained mass in the spent OA ves-

sel were monitored gravimetrically, in a continuous manner, by placing each OA ves-

sel on top of a scale. The temperature of the product was monitored using a thermo-

couple installed in the inlet of the membrane, and the pressure was measured using 

pressure gauges installed in the feed, concentrate, and osmotic agent sides, respec-

tively. The concentration of the retentate, expressed as °Brix, was measured every 15 

min as described previously. The FO process was run until the pressure in the system 

reached the operational limits of the membrane or the pump. 
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Figure 4.6 a) Picture and b) schematic of the FO rig 
 

FO Processing Parameters 

For the FO process, the permeate flux was calculated based on the amount of 

water that diluted the OA and was collected in the spent OA vessel, according to the 

following equation: 

a

b 
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𝐽 =
𝑚 , − (𝑚 , − 𝑚 , )

𝐴 × 𝑡 × 𝜌
 

(4-2) 

Where: J is the permeate flux, in L/m2h; ms,i is the mass of spent osmotic agent 

collected every 15 min, in kg; mc,0 and mc,i are the initial and final masses of concen-

trated OA left in the feed tank for each 15 min, respectively, in kg; A is the membrane 

filtration area, in m2; t is the time elapsed, in h; and ρ is the density of the permeate 

(water), in kg/L. The concentration factor was determined using equation (4-1). 

FO Membrane Cleaning & Storage 

After each experimental run, the FO rig was subjected to the following clean-

ing cycle to regenerate the membrane permeability: three rounds of DI water rinsing 

for 2 min each, followed by a caustic wash with 40 drops of Ultrasil-110 (Ecolab, 

Saint Paul, MN) in 2L of water for 11 min at 2 L/min and 4 min at 3.5 L/min, fol-

lowed by another DI water rinse as previously described, then an enzymatic wash with 

4 mL of Prolyve 1000 protease (Soufflet Biotechnologies, Colombelles, France) in 2L 

of water at pH 7 for 1h at 2 L/min, another DI water rinse, then an acid wash with cit-

ric acid 0.4% for 11 min at 2 L/min and 4 min at 3.5 L/min, another DI water rinse, a 

disinfection step with hydrogen peroxide 1% for 20 min at 2 L/min and 10 min at 3.5 

L/min, and a final DI water rinse. The osmotic agent side was rinsed in parallel with 

DI water until Brix of the outlet stream reached zero, and then disinfected similarly to 

the product side (but only for 10 min), followed by a final DI water rinse.  

This cleaning procedure was developed in consultation with the manufacturer 

of the FO equipment (Ederna). To verify if the membrane was properly regenerated, 

water fluxes were determined before and after the FO runs. Cleaning was considered 

effective if the water flux after cleaning was higher than 95% of the initial water flux. 
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A sample of the water remaining in the feed tank after the water flux runs was also an-

alyzed by conductivity and nuclear magnetic resonance (NMR) to check for the pres-

ence of potassium lactate, as an indication of reverse solute flux. 

When no experiments were planned for 48 h or longer, a sodium metabisulfite 

0.5% solution was circulated on the product side for 2 min, then the membrane was 

left in this storage solution until the next use, in order to prevent microbial growth.  

Osmotic Agent Regeneration 

The spent OA (40 to 50 °Brix) was regenerated using an Evaled evaporator 

(model R 150V3 AA2 V, Veolia, Zoppola, Italy), at -60kPa, for 6 h. When the regen-

erated OA had more than 60 °Brix, it was diluted with DI water to exactly 60 °Brix 

before the next use for consistency among the different experimental runs. The evapo-

rator was cleaned by conducting two 5-minute runs with RO water. 

RO & FO Combination Process 

The flux behavior and achievable concentration factor for the individual pro-

cesses were used to develop an efficient nonthermal RO&FO combination process. 

The RO component of the combination process was performed as described previ-

ously. The FO stage was conducted with 5 L of RO pre-concentrated GAW (17 to 20 

°Brix), using the procedure detailed above. 

Physicochemical Analyses 

The feed, concentrate, and permeate from the RO experiments, and the concen-

trate from the FO experiments were analyzed for moisture content (Fisher Scientific 

Isotemp oven, Waltham, MA), water activity (AquaLab series 3 Meter, Pullman, WA), 

pH, and titrable acidity (Easyplus titrator AP0002, Mettler Toledo, Columbus, OH). 
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The composition of fresh GAW was determined following the official analyses 

described in Table 4.1 (AOAC, 1995), and the results are included in Table 4.2. Total 

crude protein, in mg/g, was calculated as (total nitrogen/1000) x 6.38. The methodol-

ogy used is described in the Compendium of analytical procedures by Dairy One 

(Dairy One, 2015, p. 5-6). The composition of the concentrated streams was calculated 

by multiplying each the concentration of each individual component by the concentra-

tion factor achieved during RO and FO, since only pure water is considered to leave 

the feed during both operations, and no reverse solute flux was considered to take 

place during FO. 

 

Table 4.1 Methodology employed and laboratories responsible for each analysis of fresh GAW 

Analysis Handling 
Analytical 
Lab 

Test Method 

Moisture (Vacuum oven at 70 
°C/16 h) 

Samples 
were kept in 
vials under 
refrigeration 
and then 
shipped 
overnight on 
wet ice 

Medallion 
Labs 
Minneapolis, 
MN 

AOAC 925.09 

Sugars by HPLC (Fructose, 
Glucose, Lactose, Galactose, 
Maltose & Sucrose) 

AOAC 977.20 - 
HPLC - RI Detection 

Ash AOAC 923.03 
Chloride AOAC 915.01 
Minerals (Ca, Na, K, Mg, P) AOAC 2011.14 
Nitrogen, Non-Protein AOAC 991.21 
Total Nitrogen – Crude Protein Dairy One 

Ithaca, NY 
Methodology de-
scribed elsewhere 
(Dairy One, 2015) 

 

Energy Consumption Calculation 

Electrical Energy 

For RO, the voltage and electrical current used during pumping (for both pro-

cessing and cleaning) were measured using a multimeter (Fluke 324, Everett, WA) 
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and the measured values were used to calculate the true electrical power used, accord-

ing to equation (4-3). This value was converted to specific energy using equation 

(4-4), following procedures described by Tremblay-Marchand et al. (2016). 

𝑊 = √3 × 𝑈 × 𝐼 × 𝜂 
(4-3) 

Where: Wpump is the electrical power in W, U is the voltage in V, I is the cur-

rent in A, and η is the efficiency, taken as an average value of 0.65 (Tremblay-

Marchand et al., 2016). 

𝐸 =
𝑊 × 𝑡

𝑚 × 1000
 

(4-4) 

Where: Êpump is the cumulative specific electrical energy, in kWh / kg perme-

ate, Wpump is the electrical power, in W, t is the elapsed time, in h, and mp is the cumu-

lative mass of permeate, in kg. Since the cleaning operation did not take place at the 

same time as processing, the total energy required for cleaning was calculated and al-

located to the process in proportional installments divided throughout the entire dura-

tion of the RO runs. 

The same procedure was used for FO, using the voltage and current infor-

mation provided by the manufacturer of the equipment. In this case, the electrical en-

ergy also included the energy used by the chillers integrated into the unit. In addition, 

the electrical energy required for regenerating the osmotic agent (Êreg) was calculated 

similarly to that of pumping, using equations (4-3) and (4-4), based on the current and 

voltage specifications from the manufacturer of the evaporator.  
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Thermal Energy 

For the RO process, the cooling of the product was carried out with chilled wa-

ter at ~ 4°C, in a process equivalent to bringing the product from 40°C to 8°C. In real-

ity, the product never reached 40°C, but this is the temperature the product would 

reach due to friction and heat losses if no cooling was applied, based on previous ex-

perimental data (not shown). The theoretical maximum coefficient of performance for 

this process is given by the Carnot cycle efficiency, and it represents the ratio between 

the energy used by the compressor and the amount of energy removed at the evapora-

tor (Borgnakke & Sonntag, 2013): 

𝐶𝑂𝑃 =  
𝑇

(𝑇 − 𝑇 )
 

(4-5) 

Where: COPmax
 is the maximum coefficient of performance, in J/J; Tcold is the 

temperature of the chilled water, in K; and Thot is the temperature of GAW, in K.  

The heat transferred from the product to the chilled water was calculated as:  

𝑞 = (𝑚 × 𝐶𝑝 × ∆𝑇)  
(4-6) 

Where: qGAW is the heat transferred from GAW, in J; m is the mass of the 

GAW batch, in kg, Cp is the specific heat of GAW at the experimental conditions, in 

kJ/kgK; and ΔT is the change in product temperature, in K. For simplification pur-

poses, since GAW is mostly water (Table 4.2), a Cp value of 4.2 kJ/kgK was used 

(The Engineering Toolbox, 2017). In reality, lactose concentration would increase 

with time, which would cause Cp to decrease (Kawaizumi, Nishio, Nomura, & 

Miyahara, 1981). Therefore, qGAW was overestimated in a conservative fashion. This 
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should also compensate for the fact the real COP is actually smaller than the theoreti-

cal maximum calculated. Therefore, the specific energy required for cooling was: 

𝐸 =
𝑞

𝐶𝑂𝑃 × 𝑚
 

(4-7) 

Where: Êcool is the specific thermal energy, in J / kg permeate; qGAW is the heat 

transferred from acid whey, in J; and mp is the permeate mass, in kg. 

Total Specific Energy Consumption 

For RO, the total specific energy was calculated as: 

𝐸 = (𝐸 , + 𝐸 , + 𝐸 ) 

(4-8) 

Where: Êpump,p and Êpump,c are the cumulative specific electrical energies, in 

kWh / kg permeate, consumed during processing and cleaning, respectively; and Êcool 

is the specific thermal energy required for cooling the system, in kWh / kg permeate. 

For FO, the total specific energy was calculated as: 

𝐸 = (𝐸 , + 𝐸 , +  𝐸 ) 

(4-9) 

Where: Êpump,p+cool and Êpump,c, represent the cumulative specific electrical en-

ergy consumed during processing (including cooling) and cleaning, in kWh/kg perme-

ate. The term Êreg, which is the electrical energy required for regenerating OA in the 

evaporator, was calculated using equations (4-3) and (4-4), but it will be discussed 

separately from the other energy components since it can differ greatly depending on 

the OA regeneration method used by different processors.  
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Statistical Analyses 

FO concentration of single strength GAW was only conducted once, due to the 

excessively long duration of the run. Both the RO and the FO components of the com-

bination process were conducted in triplicate, using different batches of GAW, and the 

data were analyzed statistically using R Studio (2018). For the physicochemical anal-

yses, statistical differences among means were determined using one-way Analysis of 

Variance (ANOVA). Significant differences among samples were determined by the 

Tukey honestly significant difference (HSD) test at p ≤ 0.05. 

 

4.4 RESULTS AND DISCUSSION 

Concentration of GAW by RO and FO Individually  

Firstly, the processing conditions conducive of the highest RO permeate fluxes 

were identified by carrying out RO concentration experiments in a range of TMP. 

Cross-flow velocity varied simultaneously as TMP. Figure 4.7 shows the initial flux 

and the final flux (flux at 3.5 h) for the RO of GAW as a function of TMP. At low 

TMP values, flux increased with increasing pressure until a plateau was reached, fol-

lowing a behavior typical of pressure-driven membrane processing (Brans, Schroën, 

Van Der Sman, & Boom, 2004; Fritsch & Moraru, 2008). Based on this data, a TMP 

value of 3375 kPa and a feed velocity of 0.37 m/s were used for all the subsequent RO 

runs. The FO process could not be optimized, due to the physical constraints of the 

system used. However, with the proper equipment, FO processes can also be opti-

mized by varying the flow rate of the two fluids to improve diffusion and transport of 

water across the membrane (Babu et al., 2006). 
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Figure 4.7 Permeate flux vs. transmembrane pressure (TMP) during Reverse Osmosis (RO) of 
Greek yogurt acid whey (GAW). Error bars represent standard deviations (n=3) 

 

Fresh GAW, with an initial concentration of 6.6 °Brix, was concentrated by 

RO to a final concentration of 20.3 °Brix in about 3.5 h (Figure 4.8). A plateau in 

concentration was virtually reached at this point, and the RO process progressed very 

slowly in its last minutes, probably due to an increase in the osmotic pressure of the 

concentrated feed and significant membrane fouling (Rastogi & Nayak, 2011). A pic-

ture of the permeate, feed, and concentrate for one selected RO experiment is shown 

in Figure 4.9. 

On the other hand, fresh GAW with an initial concentration of 5.9 °Brix was 

concentrated by FO to 26.4 °Brix, in about 7 h (Figure 4.10). Concentration by FO 

took considerably more time to reach the same concentration factor as RO (3x) (5.5 h 

for FO compared to 3.5 h for RO), which was due to both the lower fluxes in FO com-

pared to RO and to the much lower surface area of the FO membrane (0.5 m2 for FO 

compared to 2.6 m2 for RO). Additionally, the volume of the feed in the RO and FO 

systems was different. Therefore, although total processing times for the two processes 
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will be reported here for completeness of information, direct comparisons between RO 

and FO in terms of total processing times should be avoided, since they are specific 

for the size of the processing units used in this study. 

 

 

Figure 4.8 Example of retentate concentration and permeate flux as a function of time during 
Reverse Osmosis (RO) of Greek yogurt acid whey (GAW) 

 

 

Figure 4.9 RO permeate (left), feed (center), and concentrate (right) 
 

Most remarkably, though, the concentration during FO increased continuously 

and a plateau was not reached for the duration of the FO run in the current study. At 
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the same time, water fluxes in FO were much lower but more stable than in RO, con-

sistent with previous reports in the literature (Babu et al., 2006; Sant’Anna et al., 

2012). As discussed before, this can be explained by the lower propensity to fouling in 

FO, because of the very low pressure during processing (M. S. Raghavarao, Nagaraj, 

Patil, Ravindra Babu, & Niranjan, 2005). The main limitation of achievable concentra-

tion in FO is the concentration of the OA, since the driving force is the difference in 

concentration (and osmotic pressure) between the feed and the OA.  

 

  

Figure 4.10 Example of retentate concentration and permeate flux as a function of time during 
Forward Osmosis (FO) of Greek yogurt acid whey (GAW) 

 

A comparative analysis of RO and FO shows that RO performs better at low 

feed concentration, due to the high fluxes and the reduced propensity for membrane 

fouling by the dilute feed, while FO performs better at high feed concentration, where 

small volumes of water need to be removed from the feed to significantly increase its 

concentration factor. This behavior prompted the study of a combination process, 

where the dilute feed is first pre-concentrated by RO, then followed by FO. 
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RO + FO Combination Process: Concentration and Flux Behavior 

Fresh GAW, with an initial concentration of 6.6 ± 0.4 °Brix, was pre-concen-

trated by RO to 19.6 ± 1.1 °Brix (Table 4.3). As seen in Figure 4.11, a plateau in con-

centration was almost reached at this point, similarly to the RO experiment described 

previously. At this point, the RO process was stopped and the concentrate was fed into 

the FO unit. In the FO step, the product reached a final concentration of 40.2 ± 1.9 

°Brix (Figure 4.12), at which point the process had to be stopped due to reaching the 

maximum pressure drop between feed and concentrate allowed by the FO unit. In a 

larger unit, the FO process could continue until a final product concentration is close 

to the OA concentration (60° Brix for the OA used in this study). An even higher final 

concentration of the feed is theoretically possible if an OA with a higher osmotic pres-

sure were available. Overall, RO achieved a concentration factor of about 3; FO ac-

counted for an additional 2, bringing the total concentration factor to about 6. 

The evolution of the permeate (water) flux and flux drop during the RO and 

subsequent FO of GAW is shown in Figure 4.13. The permeate flux for RO decreased 

from 33.2 ± 2.8 L/m2h to 2.6 ± 1.9 L/m2h, which represents a drop to about 8% of the 

initial flux at the end of the 2.5 h run. The initial flux values are comparable to those 

reported before (Pepper & Orchard, 1982) for the RO of sweet whey under similar 

processing conditions. The permeate flux at the beginning of FO was of the same or-

der of magnitude as the flux at the end of the RO run, with a value of 3.6 ± 0.7 L/m2h. 

At the end of the FO run, the permeate flux dropped to 1.6 ± 0.3 L/m2h, or about 46% 

of the initial flux. Although the initial RO fluxes were an order of magnitude higher 

than those of FO, the rate of fouling for the latter was much slower, even though the 

feed was much more concentrated than in RO. The application of high pressures in RO 
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(> 3000 kPa, compared to ~ 100 kPa in FO) likely leads to compacting of both the 

membrane and the fouling layer and consequently results in a drastic decrease in per-

meate flux and a plateau in the retentate concentration. On the other hand, the flux in 

FO was much steadier and the process could handle much higher concentrations of the 

retentate than RO, which is consistent with previous observations (Lee et al., 2010). 

 

 

Figure 4.11 Concentration increase vs. time for the processing of Greek-style yogurt whey (GAW) 
by a combination of Reverse Osmosis (RO) and Forward Osmosis (FO). Error bars 
represent standard deviations (n=3) 

 

 

Figure 4.12 Final Concentrate obtained using a combined RO + FO process 
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Figure 4.13 Permeate flux and flux drop (J/J0, i.e., the flux as a percentage of the initial flux) as a 
function of time for the concentration of Greek-style acid whey (GAW) using a combi-
nation of Reverse Osmosis (RO) and Forward Osmosis (FO). Error bars represent 
standard deviations (n=3) 

 

The measured composition of the fresh GAW and the calculated compositions 

of the RO and FO concentrates are shown in Table 4.2. GAW had a low protein con-

tent, but a high concentration of lactose and minerals. The lactose levels in the final 

FO concentrate actually reaches the solubility limit of lactose at 20 °C, which is ~20 g 

of anhydrous lactose per 100 g of water (Huppertz and Gazi, 2016). This may lead to 

lactose crystallization during storage, and thus needs to be considered when handling 

the final concentrates. On the other hand, the presence of high levels of Ca and P is 

relevant for membrane processing, as these minerals are known to promote membrane 
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fouling, particularly under the high pressures applied in RO. Polyvalent ions have 

been reported to form bridges between the membrane and the carboxyl groups in pro-

teins, organic acids, and amino acids in whey (Kulozik & Kessler, 1988b; Madaeni & 

Mansourpanah, 2004; Meneses & Flores, 2016).  

 

Table 4.2. Composition of GAW (1) (measured), and its RO concentrate (3) and FO concen-
trate (6) (calculated) 

 
Component 

GAW* Feed GAW RO* 
concentrate 

GAW FO* 
concentrate 

Total solids (%) 6.00 ± 0.22 18.00 36.00 

 Total sugars (%) 3.84 ± 0.33 11.53 23.05 

  Lactose (%) 3.29 ± 0.21 9.87 19.74 

 Crude protein (%) 0.30 ± 0.12 0.91 1.83 

 Ash (%) 0.67 ± 0.03 2.03 4.52 

  K (mg/g) 1.61 ± 0.03 4.83 9.66 

  Ca (mg/g) 1.23 ± 0.04 3.68 7.37 

  P (mg/g) 0.68 ± 0.01 2.03 4.07 

  Na (mg/g) 0.39 ± 0.02 1.17 2.34 

  Mg (mg/g) 0.10 ± 0.01 0.31 0.63 

  Cl (mg/g) 0.86 ± 0.09 2.57 5.15 
*GAW: Greek yogurt Acid Whey; RO: Reverse Osmosis; FO: Forward Osmosis 

 

Some select physicochemical properties of the fresh GAW, the RO concen-

trates, and the FO concentrates are included in Table 4.3. As expected, the concentrate 

streams had higher titratable acidity than the fresh GAW, due to the high concentra-

tion of organic acids, particularly lactic acid, and lower water activity, due to the 

higher concentration of soluble components. However, the difference in water activity 

was statistically significant compared to the initial GAW only for the FO concentrate. 

The pH did not change after concentration, probably because of the buffering capacity 

of some of the GAW components (Salau, Mietton, & Gaucheron, 2005). 
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Table 4.3 Physicochemical properties of GAW (1), RO concentrate (3) and FO concentrate (6) 

 
GAW* Feed GAW RO* 

concentrate 
GAW FO* 
concentrate 

°Brix 6.57 ± 0.40a 19.57 ±1.14b 40.23 ± 1.93c 

Water activity 0.99 ± 0.01a 0.98 ± 0.01a 0.93 ± 0.01b 

pH 4.33 ± 0.25a 4.31 ± 0.10a 4.17 ± 0.12a 

Titrable acidity - lactic acid (g/L) 5.98 ± 0.91a 15.94 ± 2.83b 53.55 ± 10.40c 

*GAW: Greek yogurt Acid Whey; RO: Reverse Osmosis; FO: Forward Osmosis 
a-cValues on the same row followed by different superscript letters are significantly different    
(p < 0.05) 

 

Energy Consumption during the RO and FO Concentration 

Besides superior product quality, one of the premises of nonthermal methods 

for concentration is a reduced energy consumption compared to thermal concentration. 

To assess this, the total cumulative specific energy required during the RO+FO combi-

nation process was calculated. It is important to state from the beginning that the val-

ues obtained here are highly dependent on the design and the scale of the units used in 

this study, as well as the feed. These values are expected to vary from system to sys-

tem, and the calculations presented here should be used as an example of how such a 

process can be assessed in each particular situation.  

The changes in specific energy with time during each step of the concentration 

process are shown in Figure 4.14. As described in Section 4.3, the calculated values 

accounted for pumping, cooling, and cleaning for both the RO and the FO stages of 

the process. It should be specified that certain components of the energy consumption, 

in this case cleaning costs, are fixed and do not depend on the yield of the membrane 

separation processes or their duration. Thus, the energy used for cleaning was distrib-

uted proportionally throughout the entire duration of the process, both for RO and FO. 

Total specific energy values for RO and FO (without the OA regeneration step) were 
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0.29 ± 0.04 kWh/kg and 0.32 ± 0.07 kWh/kg, respectively. The inclusion of the regen-

eration step brings the FO energy to about 0.63 kWh/kg. This is still below the latent 

heat of water at 45 °C and 0.1 bar (typical for thermal concentration), which is 0.66 

kWh/kg (The Engineering ToolBox, 2003). 

 

 

Figure 4.14 Specific cumulative energy consumption (kWh/kg water removed) over time for the 
combination Reverse Osmosis (RO) & Forward Osmosis (FO) of Greek-style acid 
whey (GAW). Error bars represent standard deviations (n=3) 

 

By comparison, Xu & Rizvi (2016) estimated the specific energy for the ther-

mal concentration of GAW up to a concentration factor of 8, using a calandria vac-

uum evaporator, as 3.98 kWh/kg of water removed, which is an order of magnitude 

higher than the values obtained here for RO and FO. As discussed before, the RO and 

FO units had different membrane surface areas. If the total specific energy values 

shown above considered the membrane surface area, the energy consumption would 
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become lower in FO compared to RO. We chose however not to make these calcula-

tions and to focus on the total specific energy, which allowed an assessment of the 

other components of the energy consumption. 

As shown in Figure 4.15a, in RO about half of the specific energy was due to 

membrane processing, with values similar to those reported in the literature 

(Tremblay-Marchand et al., 2016), while the other half was spent mostly for cleaning, 

with cooling having a very small contribution. In the case of the FO process, however, 

about half of the total required energy pertained to the OA regeneration operation. The 

contribution of the OA regeneration component to the total energy decreased with pro-

cessing time, as shown in Figure 4.15b, as more permeate (water) was removed from 

the feed. The specific energy values for OA regeneration shown here are specific to 

the vacuum evaporation system used in this study, and these values will depend on the 

regeneration system used in each particular case.  

This data shows that finding an economical solution for OA regeneration is 

key to reducing the energy consumption in FO. Another alternative would be to use 

osmotic agents that can be easily regenerated without much energy expenditure. Vola-

tiles, thermolytic salts, flocculants, and magnetic particles have been proposed before 

as such alternatives (Zhao et al., 2012). Nonetheless, in any food application, the 

choice of OA will also depend on its food-grade status and compatibility with the feed 

material to avoid any issues of product contamination in case a membrane breach or 

reverse solid flux occur at any point during the process. 
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Figure 4.15 Calculated specific energy for the Reverse Osmosis (RO) and Forward Osmosis (FO) 
stages of the combined concentration process. a) Components of total specific energy 
for RO and FO; b) Percentage of the specific energy components of total specific en-
ergy for FO, as a function of process duration. OA refers to the osmotic agent for the 
FO process 

 

4.5 CONCLUSIONS 

This work demonstrates how a combination of RO and FO can be used to non-

thermally concentrate a challenging liquid stream from the food industry, using acid 

whey from Greek yogurt processing as an example. The proposed combination pro-

cess couples Reverse Osmosis, a step able to achieve high flux at a low solids content 

Processing       Cleaning               OA regeneration 
& cooling 

Processing   Cleaning 

Cooling 

a) 

b) 
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of the feed, with Forward Osmosis, a step able to achieve a high concentration factor 

at a high solids content of the feed. Overall, the RO+FO combination can produce 

concentrates of concentration levels comparable to or higher than thermal evaporation, 

without thermal damage of their components, and potentially at lower energy con-

sumption. The energy calculations provided here serve as an initial estimate for the 

RO+FO combination process. Scaling up the process can bring these values down due 

to large volumes of product processed, continuous operation, and overall more effi-

cient processing. Such energy considerations, as well as the flux and concentration be-

haviors, can help processors decide about the moment when it is most advantageous to 

switch from RO to FO for each type of feed. 

As progress is made in developing better performing FO membranes, better os-

motic agents, and solutions for their regeneration, this combination process can be-

come a very interesting nonthermal alternative for the concentration of challenging or 

sensitive liquid food products (i.e. protein concentrates, baby formula) and beverages 

(i.e. juices, cold brew coffee). 
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CHAPTER FIVE.                                                                         

DEVELOPMENT AND VALIDATION OF AN EMPIRICAL PREDIC-

TIVE MODEL FOR THE PERMEATE FLUX DURING THE FOR-

WARD OSMOSIS OF ACID WHEY  

 

5.1 ABSTRACT 

Forward Osmosis (FO) is receiving increasing interest as a nonthermal concen-

tration process for liquid foods and beverages. In order to optimize the process, there 

is a need for simple models that can predict the permeate flux based on product com-

position and operating conditions. In this study, preconcentrated acid whey from 

Greek-style yogurt (GAW) was further concentrated by FO at temperatures ranging 

from 10 to 30 °C. The instant flux data was used to create a linear model correlating 

the permeate flux at a given time with the operating temperature, initial concentration 

of the feed, and concentration of the feed at a given time, with the form: 𝐽(𝑡) =

 
( . . ) ( . ( ) . )

√𝑇, where J(t) is flux at time t, T is the operating temper-

ature, C0 is the initial concentration of the feed, C(t) is the feed concentration at time t, 

and m and n are numerical constants specific to the system. The model was then vali-

dated using data from independent FO processing runs conducted under different con-

ditions than those used for generating the model. The validation was successful since 

95% of the measured flux values were within the prediction intervals. The model de-

veloped and validated in this study can become a helpful framework for predicting and 

optimizing the FO concentration of liquid foods and beverages. 
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5.2 INTRODUCTION 

Forward Osmosis (FO) is a novel concentration technique that is emerging as 

an alternative to both reverse osmosis (RO) and thermal evaporation. The process con-

sists of removing water from a product through a semipermeable membrane, based on 

the concentration gradient between the feed and a more concentrated solution (osmotic 

agent) on the other side of the membrane (Nicoll, 2013). Since FO uses little applied 

pressure, it is less prone to fouling than RO, which makes it a promising process for 

concentrating challenging streams to high solid levels without pretreatment or exten-

sive membrane fouling (Babu et al., 2006; Beaudry and Lampi, 1990; Raghavarao et 

al., 2005; Ravindra Babu et al., 2006; Zhao et al., 2012; Zhao and Zou, 2011).  

Nevertheless, FO is subject to concentration polarization, a reversible phenom-

enon that arises mostly during the start-up of the concentration process but affects the 

process throughout the entire run. Concentration polarization occurs when the perme-

ate flow causes a build-up of the non-permeable solids at the membrane surface, 

which reduces the concentration gradient between the feed side and the osmotic agent 

side, increases the pressure drop across the membrane, and hinders water permeation 

(Cath et al., 2006; Gray et al., 2006; Xu et al., 2010). Specific to FO is the fact that the 

water flow through the membrane also dilutes the osmotic agent (OA) adjacent to the 

membrane, as shown in Figure 5.1. This process, called dilutive concentration polari-

zation, is another concern since it reduces the effective osmotic driving force. In addi-

tion to the concentrative and dilutive concentration polarization described above, 

while not as severe as in RO, fouling caused by the deposition and adsorption of parti-

cles at the membrane surface and/or around the spacers of the spiral-wound membrane 
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may cause a decrease in permeate flux after several hours of processing, especially at 

high concentrations (Lee et al., 2010). 

 

 

Figure 5.1. Concentration Polarization in FO when the feed is facing: a) the support layer; b) the 
active layer (Cath et al., 2006) 

 

Recent studies report the use of FO for desalination, wastewater treatment, sugar 

processing, and the concentration of liquid foods such as fruit juices, tomato sauce, and 

coffee (Cath et al., 2006; Nicoll, 2013; Sant’Anna et al., 2012). Menchik and Moraru 

(2019) have proposed a combined reverse osmosis – forward osmosis process to con-

centrate acid whey from Greek-style yogurt, a challenging coproduct from the dairy 

industry that is currently an environmental issue in the US. As FO is increasingly ex-

plored for the concentration of challenging or heat-sensitive fluids in the food industry, 

there is a need for developing mathematical models relating the permeate flux with op-

erating conditions and product characteristics. Such models could be used to quantita-

tively predict the flux and optimize the FO process by selecting those conditions capable 
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of achieving higher fluxes and concentration factors while minimizing energy consump-

tion. 

For dilute solutions, and ignoring the concentration polarization phenomena, the 

water flux of the FO process for a non-fouled membrane is given by (Cath et al., 2006): 

𝐽 =  𝑎𝜎∆𝜋 
(5-1) 

Where JW is the water flux in L/(m2h), a is the pure water membrane permeabil-

ity in L/bar.m2h, σ is the reflection coefficient, and Δπ is the osmotic pressure differen-

tial between the bulk of the feed and the bulk of the OA, in bar. The osmotic pressure 

of each solution can be determined using the Van’t Hoff equation presented by Phuntsho 

et al. (2014): 

𝜋 = 𝑖𝐶𝑅𝑇 

(5-2) 

Where π is the osmotic pressure in bar, i is the Van’t Hoff coefficient of each 

component (related to the number of dissociated chemical species in the solution), C is 

the concentration of the component that gets concentrated in mol/L, R is the universal 

gas constant (0.08314 L.bar/mol.K), and T is the temperature in K. 

Since concentration polarization is a prevalent issue in FO, it diminishes the 

driving force of the process to a point in which equation (5-1) needs to be revised. In 

order to solve this, Phuntsho et al. (2014) proposed the following modification based on 

boundary layer mass transfer theory: 

𝐽 =
1

𝐾
𝑙𝑛

𝑎𝜋 , + 𝑏

𝑎𝜋 , 𝑒 ⁄ + 𝐽 + 𝑏
 

(5-3) 
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Where KD is the resistivity of diffusion of draw solutes within the porous support 

layer of the membrane, πD,b is the osmotic pressure of the draw solution in the bulk, b is 

the salt permeability coefficient of the membrane active layer, πF,b is the osmotic pres-

sure of the feed solution in the bulk, and kF is the mass transfer coefficient of the feed 

side boundary layer.  

While comprehensive, this equation does not have a trivial solution and needs 

to be solved numerically. Moreover, it includes several constants and properties that 

need to be determined experimentally or calculated. Additional caveats of this equa-

tion include: i) both a and b changing with time as the membrane experiences fouling; 

and ii) the poor fit for Equation (5-2) to determine osmotic pressures at high feed con-

centrations (Valentas et al., 1997). 

Based on the limitations of existing models for FO concentration, the present 

study focused on developing a more user-friendly, readily applicable empirical equa-

tion for permeate flux in FO that incorporates three simple key product and process 

parameters: initial Brix of the feed, concentration factor, and temperature. The first 

two parameters are intimately connected to the osmotic pressure (Equation (5-2)) and 

the viscosity of the feed. In addition, temperature affects both the osmotic pressure 

(Equation (5-2)), the viscosity of the feed (Fritsch, 2006), and the diffusivity of its sol-

ids (Tew, 2015). 

 

5.3 MATERIALS AND METHODS 

Concentration Calibration Curve 

GAW was concentrated to 35 °Brix following the procedures described in 

Menchik and Moraru (2019) and Section 4.3, and later diluted with deionized water to 
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the following Brix levels: 1, 5, 10, 15, 20, 25, and 30 °Brix. Moisture content for each 

Brix level, in addition to the undiluted sample, was determined according to method 

AOAC 925.09 (AOAC, 1995) using the sand pan technique, as described in Penner 

(2010). Total solids were calculated from the moisture content and a calibration curve 

was obtained. 

Osmotic Pressure Determination and Theoretical Flux Estimations 

Fat-free GAW, in batches of 150 L, was obtained from Byrne Dairy (Cortland, 

NY) and stored under refrigeration (5 ± 1 °C) until use, for a maximum of two weeks. 

It was then pre-concentrated by RO to 15 °Brix following the procedures described in 

Section 4.3. FO of the pre-concentrated GAW was conducted at 20 °C using the same 

equipment and parameters detailed in Menchik and Moraru (2019). Permeate fluxes 

and concentration factor were calculated for the initial and final 15 minutes of the pro-

cess, using equations (4-2) and (4-1), respectively. 

The osmotic pressures of the fresh, RO-concentrated, and FO-concentrated 

GAW, as well as of the concentrated and diluted OA, were calculated based on their 

individual components using equation (5-2).  

The osmolarities of the fresh and RO-concentrated GAW were later verified 

using a MicroOsmetteTM Automatic Osmometer Model 5004 (Precision Systems, INC, 

Binghamton, NY). The measurements were later converted to osmotic pressure at 20 

°C using equation (5-2), in which the term iC was replaced by osmolarity values, in 

Osm/L. Since the osmolarities of the FO-concentrated GAW and the OA were above 

the maximum limit of the osmometer (3000 µOsm/L), they could not be verified using 

this method. 
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The membrane permeability (a) was determined using equation (5-1), with Jw 

being the pure water flux (osmotic pressure = 0 bar) and considering σ = 0.95, as spec-

ified by the membrane’s manufacturer. After a was determined, equation (5-1) was 

used to calculate the theoretical initial and final fluxes for the FO concentration exper-

iments, and those were compared to the actual values measured. Since the OA is di-

luted during the FO process, both a maximum and a minimum theoretical flux were 

estimated, using the osmotic pressures of the fresh and diluted OA, respectively. 

 

Empirical FO Flux Model Development 

Fat-free GAW, in batches of 150 L, was obtained from Byrne Dairy (Cortland, 

NY) and stored under refrigeration (5 ± 1 °C) until use, for a maximum of two weeks. 

It was then pre-concentrated by RO to 15 °Brix following the procedures described in 

Section 4.3. FO of the pre-concentrated GAW was conducted at 10, 15, 20, 25, and 30 

°C (a triplicate each) using the same equipment and parameters detailed in Menchik 

and Moraru (2019). The temperature extremes were considered based on the limita-

tions of the membrane and the heat exchangers available. Permeate flux and concen-

tration factor were determined every 15 minutes, using equations (4-2) and (4-1), re-

spectively.  

The FO water flux (J) was related to the concentration factor (cf ), the initial 

concentration of the feed (Brix0), and the FO processing temperature (T). The empiri-

cal constants were determined using a linear model fit (R Studio 2018). Predictors 

were considered statistically relevant to the model when their individual p-values were 

lower than 0.05. Overall goodness-of-fit of the model was assessed by its adjusted R-

squared value. Overall assumptions for the model, such as independence of the data 
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points, normality and homoskedasticity of the residuals, and the absence of influential 

points were also tested. The full code is provided in APPENDIX D. 

Validation of the empirical FO model  

 In order to validate the model previously proposed, three new FO experimental 

points were proposed using the following combinations of temperature and initial 

Brix: 10 °C and 20 °Brix, 20 °C and 15 °Brix, and 30 °C and 10 °Brix. They would 

correspond, respectively, to the lowest, mid, and highest points for prediction based on 

the model. All points were run in triplicate, and the experimental values of instant flux 

measured were compared with the 95% prediction intervals (R Studio 2018) for the 

previous model fit using the predictors (initial Brix, concentration factor, and tempera-

ture) from the new data points. 

 

5.4 RESULTS AND DISCUSSION 

Concentration Calibration Curve 

The relationship between °Brix and total solids for GAW is shown in Figure 

5.2. The slope and the intercept are close to 1 and zero, respectively, and R-squared = 

0.999, which means that °Brix is a good surrogate for concentration for this material. 
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Figure 5.2 Calibration curve relating Total Solids (%) to °Brix 
 

Osmotic Pressure Determination and Theoretical Flux Estimations 

Table 5.1 shows the calculated osmotic pressures for the different streams in-

volved in the FO concentration process, as well as the average measured osmolarities 

and their corresponding calculated osmotic pressures, when available. °Brix is also 

provided, for comparison. 

 

Table 5.1 Osmolarity, measured, and calculated osmotic pressures for acid whey (GAW) and 
Osmotic Agent (OA) at different concentrations 

 GAW F* GAW ROC* GAW FOC* DOA OA 

°Brix 6 15 45 45 60 
Osmolarity (mOsm/L) 369 915 - - - 
Π measured (bar) 8.97 22.25 - - - 
Π calculated (bar) 8.80 22.02 66.05 170.95 227.93 

*F: fresh; ROC: Reverse Osmosis Concentrate; FOC: Forward Osmosis Concentrate; D: Diluted. 

 

 It is noticeable that the component-based osmotic pressure calculations for the 

feed and the RO-concentrated GAW are very close to the values determined based on 
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the measured osmolarity, confirming the previously reported accuracy of equation 

(5-2) for dilute solutions (Phuntsho et al., 2014). Unfortunately, the osmolarities for 

the other components could not be determined, since they were beyond the maximum 

threshold of the equipment used. Another important observation is that even though 

GAW FOC and DOA have similar concentrations, the calculated osmotic pressure of 

the latter is higher than that of the former due to the different nature of their solutes. 

The pure water flux measured was, on average, 10.56 L/m2h, and the calcu-

lated osmotic pressure of the OA was 227.9 bar (Table 5.1), which resulted in a mem-

brane permeability of 0.049 L/bar.m2h. Table 5.2 shows the theoretical maximum and 

minimum fluxes calculated for the beginning and end of the FO concentration of 

GAW, as well as the actual measured values. 

 

Table 5.2 Theoretical maximum, minimum, and actual permeate fluxes for the beginning (ini-
tial) and the end (final) of the FO concentration process 

 Initial Flux (L/m2h) Final Flux (L/m2h) 

Theoretical Maximum 9.54 7.50 
Theoretical Minimum 6.90 4.86 
Actual measured 5.80 2.52 

 

The actual measured fluxes were considerably lower than the theoretical mini-

mum calculated values, which means that equation (5-1) could not provide good esti-

mates for the FO process. As previously discussed, this is due to the concentration po-

larization phenomenon, which makes the concentrations of GAW and OA near the ac-

tive layer of the membrane a lot closer to each other than one would expect based on 

the concentrations of their bulk solutions, thus reducing the effective driving force of 

the process (Cath et al., 2006; Phuntsho et al., 2014). The equation could perhaps still 
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be used if there were a simple, non-destructive way of measuring the true concentra-

tions of the streams right at the active layer of the FO membrane, which was not the 

case for the equipment used in this study, and would not be practical for most indus-

trial-scale operations. Therefore, there is a need for developing a simple yet accurate 

empirical model for the permeate flux of the Forward Osmosis process. 

Empirical FO Flux Model Development 

Based on the considerations discussed in the introduction, which were con-

firmed by correlation diagrams between flux and independent process variables (initial 

concentration, concentration factor, temperature), the following model was obtained:  

𝑙𝑛(𝐽) = 𝑎 + 𝑎 × 𝑙𝑛(𝐵𝑟𝑖𝑥 ) + 𝑎 × 𝑙𝑛( 𝑐 ) + 𝑎 × 𝑙𝑛(𝑇) 
(5-4) 

Where: J is the permeate flux, in L/m2h; cf is the concentration factor; Brix0 is 

the initial concentration of the feed (pre-concentrated GAW); T is the FO processing 

temperature, in °C; and a1, a2, a3, and a4 are empirical constants. 

By transformation, the following exponential form of Equation Error! Refer-

ence source not found. was obtained: 

𝐽 =  𝑒 × 𝐵𝑟𝑖𝑥 × 𝑐 × 𝑇  
(5-5) 

The empirical constants were determined using a linear model fit of Equation 

Error! Reference source not found. of the data obtained from the FO runs. 

Figure 5.3 shows the linear dependence of ln(J) with ln(cf) at different temper-

atures. Besides the demonstrated good linear fit (R-squared > 0.98 for all temperature 

groups), it is also noticeable the similar slopes of the curves at different temperatures, 

showcasing the independence between these two predictors. However, in order to ac-

count for the fact that the material could have been preconcentrated to different initial 
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Brix values, which would cause a change on its FO permeate flux, this parameter was 

also added as an extra predictor, and found to be statistically significant (p < 0.05). 

The summary for the full linear model proposed is provided in Table 5.3. All predic-

tors used in the model are individually statistically significant (p < 0.05), and so is the 

model as a whole. The adjusted R-squared value is 0.8688, considered a very good fit 

(n = 96) (Agresti, 2007). The exponential form of the equation proposed is: 

𝐽 =  1436.55 × 𝐵𝑟𝑖𝑥 . × 𝑐 . × 𝑇 .  
(5-6) 

 

 

Figure 5.3 Log-log plot of Flux vs concentration factor (Cf) grouped by processing temperature. 
Error bars correspond to standard deviations (n=3, except for 15°C, where n=2) 

 

Both initial Brix and concentration factor have negative exponents, as ex-

pected, since both are directly related with an increase in viscosity, concentration po-
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larization, osmotic equilibration, and fouling propensity, all of which lead to a de-

crease in permeate flux. Interestingly, the exponent for concentration factor was very 

close to -1, indicating an inverse proportionality between flux and concentration.  

 

Table 5.3 Summary output of the linear model proposed for FO instant flux 

lm(formula = log(FluxInst) ~ log(BrixFeed) + log(Cf) + log(Temperature),  
    data = TempProj)           
                
Residuals:             
     Min       1Q   Median       3Q      Max        
-0.65816 -0.05773  0.01635  0.08006  0.21909        
                
Coefficients:             
                 Estimate Std. Error t value Pr(>|t|)           
(Intercept)       7.27371    2.24669   3.238  0.00168 **      
log(BrixFeed)    -2.46621    0.83951  -2.938  0.00418 **      
log(Cf)          -0.95305    0.04358 -21.867  < 2e-16 ***     
log(Temperature)  0.44203    0.03668  12.051  < 2e-16 ***     
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1     
Residual standard error: 0.1342 on 92 degrees of freedom     
Multiple R-squared:  0.873,     Adjusted R-squared:  0.8688      
F-statistic: 210.8 on 3 and 92 DF,  p-value: < 2.2e-16     

 

On the other hand, the positive exponent for temperature is likely explained by 

the decrease in viscosity and increase in diffusivity caused by higher temperatures, 

leading to an increase in flux. The value is ~ 0.5, which is reminiscent of the average 

velocity of particles being proportional to the square root of temperature (Bird et al., 

2002). In fact, the 95% confidence intervals for the exponents of cf and T include, re-

spectively, the values -1 and 0.5. Therefore, Equation (5-6) can be reasonably approxi-

mated with these rounded exponents and re-written as: 

𝐽 =  
𝑚

𝐵𝑟𝑖𝑥 𝑐
√𝑇 

(5-7) 
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Where m and n are empirical parameters that are material dependent. For the 

case of GAW, m = 4638 and n = 2.95, the change from Equation (5-6) being due to the 

new linear fit after fixing the exponents of cf and T. 

The only two terms in Equation (5-7) that are time-dependent are J and cf. 

Therefore, by combining Equation (5-7) with Equation (4-1), we get the following: 

𝐽(𝑡) =  
𝑚

𝐵𝑟𝑖𝑥 𝐵𝑟𝑖𝑥 (𝑡)
√𝑇 

(5-8) 

Replacing Brix with concentration C using the calibration curve presented in 

Figure 5.2 yields the following equation for flux: 

𝐽(𝑡) =  
𝑚

(1.04𝐶 + 0.29) (1.04𝐶(𝑡) + 0.29)
√𝑇 

(5-99) 

Empirical FO Flux Model Validation 

In order to validate the model previously proposed, data from three independ-

ent FO runs conducted under temperature and initial Brix conditions different than 

those used for developing the model were used. The experimental values of instant 

flux were compared with the 95% prediction intervals for the developed model. The 

instant flux for the new set of data was within the prediction intervals for 95% of the 

points tested (using Equation (5-6)), as shown in Figure 5.4. This demonstrates that 

the empirical model developed is able to predict accurately the permeate flux during 

the FO of GAW in a range of feed concentrations and temperatures. It is important to 

notice, however, that this equation is only valid within the limits tested in this study, 

and that it cannot be extrapolated for different types of feed, membranes, or draw solu-

tions without previous validation. 
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Figure 5.4 Comparison of the actual measured permeate fluxes with the values predicted by the 
model (fit), as well as the lower and upper boundaries of the 95% predicted interval 

 

5.5 CONCLUSIONS AND FUTURE WORK 

As Forward Osmosis becomes more prevalent in the food industry for the non-

thermal concentration of a variety of liquid foods and beverages, models such as the 

one developed and validated in this study could help stakeholders make substantiated 

decisions about which parameters and conditions to use in order to increase permeate 

fluxes and optimize the manufacturing of various FO concentrates. Future work will 

test the same methodology to develop a similar model for the FO of other streams, 

such as milk, juices, or coffee. The study of how different draw solutions, membrane 

materials, and configurations affect the empirical model would also be very important. 

These results could be part of a framework for industry and researchers working on 

membrane processing of foodstuffs in general and dairy products in particular.  
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APPENDIX A                                                                                 

SURVEY ABOUT GREEK-STYLE YOGURT ACID WHEY IN 

NEW YORK STATE 
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APPENDIX B                                                                                

COMPOSITION PANEL FOR GREEK-STYLE YOGURT ACID 

WHEY 

Table B.1 Composition data for the first batch of products 
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  Byrne Dairy Upstate Farms OATKA 

Test units GAW** GAW CAW** MP** 
Moisture % w/w 94.56 94.532 96.621 87.502 
Dry Mass 6.0 6.0 3.7 13.4 
Ash 0.641 0.746 0.416 1.134 
ammonia – nitrogen ppm 83 79 58 < 5 
urea – nitrogen N/D* < 5 < 5 227 
nitrate – nitrogen N/D N/D N/D N/D 
total nitrogen (TN) 581 390 259 502 
Non-Protein Nitrogen % of TN 0.17 0.16 0.13 0.35 
Total Protein (calculated) mg/g 3.71 2.49 1.65 3.2 
alpha-lactalbumin mg/g 0.50 0.47 0.22 0.52 
beta-lactoglobulin 0.11 0.13 0.83 1.18 
alpha-S1-casein 0.00 0.00 0.00 0.00 
alpha-S2-casein 0.00 0.00 0.00 0.00 
beta-casein 0.00 0.00 0.00 0.00 
gamma-casein 0.00 0.00 0.00 0.00 
kappa-casein 0.00 0.00 0.00 0.00 
total casein 0.00 0.02 0.07 0.00 
other peptides  0.00 0.00 0.08 0.08 
total low molecular weight 3.09 1.87 0.45 1.42 
Calcium mg/100g 121 120 69.9 96.3 
Iron < 1.00 < 1.00 < 1.00 < 1.00 
Sodium 37.9 38.7 23.1 80.6 
Phosphorus 66.8 66.5 46.3 99.9 
Copper < 1.00 < 1.00 < 1.00 < 1.00 
Potassium 164 169 95.2 360 
Magnesium 10.6 10.4 6.78 16.3 
Manganese < 1.00 < 1.00 < 1.00 < 1.00 
Zinc < 1.00 < 1.00 < 1.00 < 1.00 
Total Chloride % 0.078 0.094 < 0.06 0.207 
Chemical Oxygen Demand mg/L 62200 64400 40000 142000 
Biochemical Oxygen Demand > 22000 > 7300 > 7300 > 7300 
Ortho-phosphorus 558 530 391 712 
pH  4.4 4.4 4.41 6.37 
Titrable Acidity (Lactic acid) % 0.433 0.432 0.277 0.122 
Oxalic Acid < 0.01 < 0.01 < 0.01 < 0.01 
Citric Acid 0.18 0.17 0.09 0.4 
Tartaric Acid < 0.01 < 0.01 < 0.01 < 0.01 
Malic Acid < 0.01 < 0.01 < 0.01 < 0.01 
Quinic Acid < 0.01 < 0.01 < 0.01 < 0.01 
Succinic Acid < 0.01 < 0.01 < 0.01 < 0.01 
Lactic Acid 0.65 0.64 0.37 < 0.01 
Glutaric Acid 0.06 0.06 0.04 0.14 
Acetic Acid < 0.01 < 0.01 < 0.01 < 0.01 
Fumaric Acid < 0.01 < 0.01 < 0.01 < 0.01 

*N/D: not detected 
**GAW: Greek-style yogurt Acid Whey; CAW: Cottage cheese Acid Whey; MP: Milk Permeate 
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Table B.1 (continued) 
    Byrne Dairy Upstate Farms OATKA 

test units GAW** GAW CAW** MP** 
Insoluble Fiber % 0 0 0 0 
Soluble Fiber 0.4 0.3 0.2 0.2 
Total Fiber 0.4 0.3 0.2 0.2 
Resistant Oligosaccharides 0 0 0 0 
Galactose 0.589 0.602 < 0.1 < 0.1 
Fructose < 0.1 < 0.1 < 0.1 < 0.1 
Glucose < 0.1 < 0.1 < 0.1 < 0.1 
Sucrose < 0.1 < 0.1 < 0.1 < 0.1 
Maltose < 0.1 < 0.1 < 0.1 < 0.1 
Lactose 3.33 3.42 1.99 10.6 
Total Sugar with Galactose 3.92 4.02 1.99 10.6 
Total Fat, chromatography* 0 0.01 0.01 0 
Saturated Fat 0 0.01 0 0 
Monounsaturated Fat 0 0 0 0 
cis-cis Polyunsaturated Fat 0 0 0 0 
trans Fat 0 0 0 0 
Total Fat, gravimetric 0 0 0 0.01 
12:0 Lauric   0.001     
16:0 Palmitic  0.006   
18:0 Stearic  0.003 0.004  
18:1 Oleic  0.003 0.004  
18:2 Linoleic  0.001   
Folic Acid µg/100g < 5.00 < 5.00 < 5.00 8.12 
Niacin mg/100g 0.114 0.118 0.108 0.361 
Vitamin B1 (Thiamine-HCl 
(US)) 

0.1 0.06 0.06 0.1 

Vitamin B1 (Thiamine (EU)) 0.0787 0.0742 0.0472 0.0787 
Vitamin B2 (Riboflavin) 0.12 0.06 0.04 0.05 
Vitamin B6 < 0.02 < 0.02 < 0.02 0.04 
Vitamin B12 µg/100g < 0.10 < 0.10 < 0.10 < 0.10 
Pantothenic Acid mg/100g 0.459 0.268 0.246 0.983 
Vitamin A IU/100g < 50 < 50 < 50 < 50 
Vitamin D Total < 40 < 40 < 40 < 40 
Vitamin C mg/100g < 0.5 < 0.6 < 0.5 < 0.5 

* Fatty acids that were not found in the samples are not shown in the table. 
**GAW: Greek-style yogurt Acid Whey; CAW: Cottage cheese Acid Whey; MP: Milk Permeate 
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Table B.1 (continued) 

*N/D: not detected; M/I: matrix interference; LOQ: limit of quantification. 
**GAW: Greek-style yogurt Acid Whey; CAW: Cottage cheese Acid Whey; MP: Milk Permeate 

  Byrne Dairy Upstate Farms OATKA 
test units GAW** GAW CAW** MP** 

HydroxyProline % N/D* N/D N/D N/D 
Aspartic Acid 0.011 0.018 0.034 0.012 
Threonine 0.006 0.008 0.015 0.004 
Serine 0.006 0.008 0.013 0.004 
Glutamic Acid 0.022 0.03 0.055 0.021 
Proline 0.008 0.011 0.017 0.003 
Glycine 0.002 0.004 0.005 0.005 
Alanine 0.005 0.006 0.015 0.005 
Valine 0.005 0.008 0.016 0.003 
Isoleucine 0.006 0.009 0.017 0.004 
Leucine 0.009 0.015 0.036 0.007 
Tyrosine 0.002 0.005 0.011 0.002 
Phenylalanine 0.004 0.007 0.012 0.002 
Lysine 0.009 0.015 0.032 0.008 
Histidine 0.004 0.005 0.007 0.002 
Arginine 0.003 0.005 0.009 0.002 
Total Hydrolyzed Amino Acids 0.102 0.154 0.294 0.084 
Cysteine 0.002 0.003 0.008 0.003 
Methionine 0.001 0.002 0.006 0.001 
Taurine M/I* M/I M/I 0.003 
Asparagine < LOQ* < LOQ < LOQ < LOQ 
Glutamine < LOQ N/D < LOQ N/D 
Cysteine N/D N/D < LOQ N/D 
Citrulline N/D N/D 0.001 < LOQ 
GABA 0.003 0.004 0.007 < LOQ 
Ethanolamine 0.001 0.001 0.001 0.007 
Ornithine < LOQ N/D 0.001 0.001 
Total Free Amino Acids 0.022 0.013 0.025 0.0035 
Tryptophan < 0.01 < 0.01 < 0.01 < 0.01 
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Table B.2 Composition data for the second batch of products (a duplicate each) 
    Byrne Dairy Upstate Farms OATKA 

test units GAW** GAW CAW** MP* 

Total protein  
(calculated) 

mg/g 
2.37 1.71 2.75 3.12 5.05 3.52 4.35 3.73 

ALA* 0.25 0.17 0.77 0.63 0.71 0.39 1.62 1.57 
BLG* 0.00 0.00 0.20 0.16 2.11 1.53 0.00 0.00 
alpha-S1-casein 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
alpha-S2-casein 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
beta-casein 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
gamma-casein 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
kappa-casein 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total casein 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
other peptides  0.00 0.00 0.25 0.22 1.02 0.57 0.00 0.00 
total low  
molecular 
weight 2.11 1.54 1.53 2.10 1.20 1.03 2.73 2.15 
COD* 56.1 53.7 52.4 54.9 31.9 38.7 127 133 
BOD* 45.8 45.8 50.5 46.1 32.7 40 182 110 
Dry Mass % w/w 6.2 6.1 6.0 6.1 3.6 3.3 14.8 15.4 
ammonia – N ppm 79 79 87 64 55 57 < 5 < 5 
urea - N < 5 < 5 < 5 < 5 < 5 < 5 251 224 
nitrate - N N/D N/D N/D N/D N/D N/D N//D N/D 
total nitrogen 371 268 431 489 791 552 682 584 
Titrable Acidity 
- Lactic Acid 

% 
0.484 0.529 0.45 0.424 0.299 0.307 0.205 0.312 

Total Chloride 0.079 0.091 0.108 0.09 0.06 0.06 0.223 0.248 
pH 4.21 4.22 4.35 4.48 4.37 4.35 5.88 5.4 
Ash 0.666 0.71 0.674 0.688 0.406 0.326 1.196 1.248 
Moisture 94.2 94.4 94.5 94.4 96.7 96.6 86.4 85.8 
Total Fat,  
gravimetric 1.3 1.5 1.2 1.3 1.4 1.2 1.4 1.2 
Calcium mg/100g 122 128 122 122 68.3 70.7 102 106 
Sodium 37.6 41.9 38.5 39.3 21.6 22.5 85.8 88.6 
Phosphorus 68.2 69.2 69 68.5 48.1 48.9 108 113 
Potassium 162 158 157 156 90.8 93.3 364 381 
Magnesium 11 10.5 10.5 10.4 6.56 6.67 17.6 18.2 
Galactose % 0.62 0.65 0.59 0.56 0.14 0.15 0.13 0.17 
Fructose < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Glucose < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.151 0.16 
Sucrose < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Maltose < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Lactose 3.5 3.33 3.39 3.41 2.06 2.13 11.5 11.9 
Total Sugar w/  
Galactose 4.11 3.98 3.98 3.97 2.2 2.28 11.8 12.2 

*ALA: α-lactalbumin; BLG: β-lactoglobulin; BOD: Biochemical Oxygen Demand; COD: Chemical 
Oxygen Demand 
**GAW: Greek-style yogurt Acid Whey; CAW: Cottage cheese Acid Whey; MP: Milk Permeate 
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APPENDIX C                                                                                                                                                 

COMPOSITION PANEL FOR THE FRACTIONATION OF GREEK-STYLE YOGURT ACID WHEY 

Table C.1 Composition data for all streams produced during the fractionation of GAW* (all values given in mg/g) 

  Raw Material (GAW) 1.4µm MF**  0.2µm MF  15kDa UF**  
 Untreated Pre-filtered Permeate Concentrate Permeate Concentrate Permeate Concentrate 

total moisture 948.01 948.21 944.87 949.01 947.07 942.66 953.56 945.63 
total solids 57.00 58.00 59.00 57.00 57.00 61.00 50.00 58.00 
  total sugars 33.60 32.80 36.00 31.60 35.50 37.20 30.50 36.50 
    lactose 30.00 29.50 31.60 28.50 31.10 32.70 26.10 31.90 
  total protein 4.40 4.50 4.10 4.37 3.38 4.57 2.36 3.28 
    alpha-lactalbumin 0.86 0.86 0.70 0.80 0.42 1.14 0.00 0.50 
    beta-lactoglobulin 0.15 0.12 0.08 0.07 0.00 0.11 0.00 0.00 
    beta-casein 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 
    total casein 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
    other peptides  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
    total low molecular weight 3.38 3.52 3.31 3.44 2.96 3.33 2.36 2.76 
  total fat 1.00 1.00 1.00 2.00 1.00 1.00 1.00 0.00 
  ash 6.84 6.76 6.56 6.64 6.80 7.20 5.88 6.54 
   Ca 1.20 1.18 1.20 1.22 1.16 1.22 1.12 1.18 
   Na 0.38 0.38 0.38 0.39 0.37 0.39 0.38 0.38 
    P 0.67 0.65 0.66 0.67 0.63 0.67 0.61 0.64 
   K 1.60 1.56 1.60 1.62 1.56 1.61 1.57 1.57 
   Mg 0.10 0.09 0.10 0.10 0.09 0.10 0.09 0.10 
   Cl 0.95 0.87 0.84 0.90 0.30 0.97 0.99 0.89 
titrable acidity (lactic acid) 5.42 5.38 4.58 5.61 4.50 4.95 4.25 4.52 
pH 4.47 4.48 4.58 4.47 4.57 4.57 4.57 4.58 
COD 64.8 54.8 58 60.4 71.6 64.8 48 60 
BOD 30.8 33.6 34.2 36.7 33.5 35.8 31.7 33.7 

Note: alpha-S1-casein, alpha-S2-casein, gamma-casein, and kappa-casein were not found in any of the samples. 
*GAW: Greek-style yogurt Acid Whey 
**MF: Microfiltration; UF: Ultrafiltration 
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APPENDIX D                                                                                

FULL R CODE FOR THE EMPIRICAL MODEL DEVELOPED.  

 

# Pedro Menchik 
# temperature project - FO of GAW 
 
# reading file into R, checking everything 
 
library(readxl) 
TempProj <- read_excel("C:/Users/pedro/Box Sync/PhD project 2019 apr/RO+FO ex-
periments/temperature project/Temperature summary_forR.xlsx") 
View(TempProj) 
 
attach(TempProj) 
names(TempProj) 
summary(TempProj) 
dim(TempProj) 
 
# installing some packages 
 
library(car) 
library(MASS) 
library(corrgram) 
library(leaps) 
library(outliers) 
 
corrgram(TempProj,panel = "panel.pts", diag.panel = "panel.density")  # checking cor-
relations between variables 
 
grubbs.test(TempProj$FluxInst, type = 10, opposite = TRUE)  # checking for outliers 
z = as.factor(TempProj$Tgroup) 
 
# plotting the data 
 
plot(TempProj$Cf, TempProj$FluxInst, col=c("red","blue","green", "yellow", 
"black")[z]) 
legend(x="topright", legend = levels(z), col=c("red","blue","green", "yellow", "black"), 
pch=1) 
 
# building the model 
 
TempProj$BrixFeed = BrixConc/Cf 
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choice_model = lm(log(FluxInst)~log(BrixFeed)+log(Cf)+log(Temperature), 
data=TempProj) 
summary(choice_model) 
 
#predictions 
 
TempNew <- read_excel("C:/Users/pedro/Box Sync/PhD project 2019 apr/RO+FO ex-
periments/temperature project/Temperature summary_forR_newdata.xlsx") 
View(TempNew) 
 
attach(TempNew) 
 
TempNew$BrixFeedNew = BrixConcNew/CfNew 
 
NewDat = data.frame(Temperature=TemperatureNew,Cf=CfNew, BrixFeed=Temp-
New$BrixFeedNew) 
Pred.int = exp(predict(choice_model,NewDat,interval="prediction")) 
 
 
TempNew$Lower<- Pred.int[,2] 
TempNew$Fit<- Pred.int[,1] 
TempNew$Upper<- Pred.int[,3] 
 
TempNew$Check <- (FluxInstNew >= TempNew$Lower & FluxInstNew <= Temp-
New$Upper) 
Percent = sum(TempNew$Check)/length(TempNew$Check) 
Percent 
TempNew$Delta <- (FluxInstNew - TempNew$Fit) 
 
write.csv(TempNew, "modelcheck2.csv") 
 
# checking assumptions 
cooks.dist = cooks.distance(choice_model)  #outliers 
plot(choice_model, which = 4) 
 
stud.res = studres(choice_model) 
qqPlot(stud.res)  #normality 
plot(choice_model$fitted.values,stud.res, col=c("red","blue","green", "yellow", 
"black")[z])  #homoskedasticity 
abline(0,0) 
legend(x="bottomright", legend = levels(z), col=c("red","blue","green", "yellow", 
"black"), pch=1) 
plot(1:nrow(TempProj), stud.res, col=c("red","blue","green", "yellow", "black")[z])  
#independence 
abline(0,0) 
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# fixed coefficient version 
 
choice_model2 = lm(log(FluxInst)~log(BrixFeed)+offset(-1*log(Cf))+off-
set(0.5*log(Temperature)), data=TempProj) 
summary(choice_model2)   
 
anova(choice_model, choice_model2)  # the models are not statistically different! 
 
# comparing goodness-of-fit 
 
cp(choice_model7) 
cp(choice_model5) 
AIC(choice_model7) 
AIC(choice_model5) 
BIC(choice_model7) 
BIC(choice_model5) 
 
# assumptions 
 
cooks.dist = cooks.distance(choice_model2) #outliers 
plot(choice_model7, which = 4) 
 
stud.res = studres(choice_model2) 
qqPlot(stud.res)  #normality 
plot(choice_model2$fitted.values,stud.res, col=c("red","blue","green", "yellow", 
"black")[z])  #homoskedasticity 
abline(0,0) 
legend(x="bottomright", legend = levels(z), col=c("red","blue","green", "yellow", 
"black"), pch=1) 


