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Abstract 

 Greek yogurt is one of the largest-growing sectors in the dairy industry accounting for 

over 25% of yogurt sales in the United States. Greek yogurt is produced by removing a portion 

of water and water soluble components from yogurt. Consequently, a large quantity of Greek 

yogurt whey (GYW) is being produced as a co-product. GYW is compositionally different from 

cheese whey, and thus poses economic and environmental challenges to the dairy industry. The 

objective of the present study was to evaluate two physical treatments as alternative methods for 

separating valuable GYW components: magnetic fluid treatment (MFT) and the addition of 

sepiolite, a clay mineral. A MFT chamber was designed using four pairs of neodymium magnets 

arranged to produce a magnetic field strength of 0.6 Tesla. Three batches of GYW each from two 

manufacturers were procured. A 2×3 factorial design was used with MFT or without MFT and 

the addition of zero, two, or four grams of sepiolite per 100g of GYW. The pH of GYW was 

adjusted to 7.2 using 5N NaOH solution, and the GYW was pumped at a rate of 7.5 L/min 

through the MFT system with or without MFT chamber attached. The sample was split into three 

sub-samples, heated to 80°C, and sepiolite was added as per the experimental design. The 

samples were centrifuged at 1,000g for five minutes. The top aqueous layer was separated and 

analyzed for total solids, ash, lactose, protein, calcium, phosphates, and sodium content along 

with color. MFT did not influence the analyzed whey components (P > 0.05) except for lactose. 

However, addition of sepiolite influenced protein content and a* and b* color values for the top 

aqueous layers (P < 0.05). Both levels of sepiolite addition resulted in about a 50% decrease in 

protein compared to original GYW.  Adding two grams of Sepiolite per 100g of GYW from 

manufacturer 1 resulted in b* decreasing from 25.99 to 8.16 compared to treated GYW with no 



 

 

sepiolite. Sepiolite was found to have possible applications in the removal of proteins and color 

pigments in GYW. 
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Chapter 1 - Literature Review 

 Introduction 

 Greek yogurt is produced by removing water and water soluble components, Greek 

yogurt whey (GYW), from yogurt. GYW’s chemical properties including high mineral content, 

low pH, and relatively low concentrations of valuable components like proteins and lactose make 

it difficult to economically process with traditional processing methods. Table 1.1 contains the 

average chemical composition of GYW. For example, GYW contains high amounts of lactic acid 

and galactose that are hygroscopic and hinder drying processes (Keller, 2015). This issue has 

become more relevant recently in the United States with the increased popularity of Greek 

yogurt. The purpose of a successful GYW treatment method is to isolate valuable components 

including lactose, minerals, and protein to make value-added processes or sewage treatment 

more economical. The purpose of this literature review is to focus on problems associated with 

GYW while reviewing the use of and mechanisms behind possible physical treatment methods 

for GYW including magnetic fluid treatment and the addition of a clay mineral, sepiolite. 

 Dairy Consumption and Waste Production 

 Large volumes of nutrient-dense waste-streams result as the dairy industry accommodates 

for an increased consumer demand for dairy products. For example, the number of milk-

producing bovines in the world in 2007 was estimated to be 125 million and the world’s 

production of cow’s milk was projected to be 427,585 million kilograms. Cheese production in 

the United States was estimated at 4,412 million kilograms for 2007 as well (Chandan et al., 

2009). Yogurt production in the United States was around two billion kilograms in 2009 with the 

American per capita consumption of yogurt increasing 400% from 1982 to 2012 (Desai et al., 

2013). The production scale necessary to meet consumer demands around the world causes the 
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production of large amounts of waste. For example, cheese manufacturing typically involves the 

production of nine liters of whey for every kilogram of cheese produced. About 160 million 

metric tons of whey are produced annually in the world with about a 1 - 2% annual growth rate, 

where half of the whey produced is discarded as waste (Kosseva and Webb, 2013). According to 

Kosseva and Webb (2013), a dairy facility that produces 100 metric tons of milk per day 

produces approximately the same amount of organic products in their waste streams as a town 

with 55,000 residents. The dairy industry has multiple sources of waste creation while the 

components of the waste itself cause problems with proper disposal.  

 According to Sarkar et al. (2006), dairy waste-streams are distinguished by high 

biochemical and chemical oxygen demand contents, and high levels of suspended solids 

including fats, ammonia, or minerals. Therefore, dairy waste-streams require appropriate 

treatment before disposal. Besides the dairy products themselves, some of these components 

stem from detergents and sanitizers from cleaning processes (Kosseva and Webb, 2013). The 

organic components in the effluent include high concentrations of whey proteins, minerals, fat, 

and lactose (Sarkar et al., 2006). Waste composition varies notably among processing days, dairy 

products, and dairy plants. The biochemical oxygen demand varies from 40 - 48×103mg/L while 

the chemical oxygen demand varies from 80 - 95×103mg/L. The pH ranges from 4.7 - 11 and the 

amount of suspended solids ranges from 0.024 - 4.5g/L. The nitrogen and phosphorus contents 

are typically around 14 - 830mg/L and 9 - 280mg/L respectively. Nitrogen from dairy proteins is 

present in organic form as urea, nucleic acids, or protein or in ionic form as NH4+, NO3-, or NO2-. 

Phosphorus is commonly found in its inorganic forms including polyphosphate and 

orthophosphate. Other ions including Cl, K, Ca, Na, Mn, Ni, CO, Mg, and Fe are also present 
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(Kosseva and Webb, 2013). Composition and characteristics of common dairy waste-streams are 

given by Demirel et al. (2005). 

 The properties of dairy plant effluents including varying pH conditions, nutrient-rich 

components, and the presence of cleaners or detergents make its disposal a challenge. The 

treatment of waste-water from dairy plants involves multiple physical, chemical, or biological 

treatments to produce water able to be recycled and unwanted collected sludge that could be 

disposed of. The layout, equipment, and processes chosen depend on the capabilities and 

demands of the dairy plant (Bylund 2003). 

 Greek Yogurt Whey 

 Nsabimana et al. (2005) defined labneh as “a concentrated yogurt widely produced and 

consumed in the Middle Eastern countries and Balkans.” This semisolid food is derived by 

straining or filtering yogurt to achieve a product with higher fat and protein content, creamy 

white color, smooth texture, and an acidic flavor. Similar products to labneh are produced 

elsewhere including Egypt, Turkey, Bulgaria, Iceland, India, and the United States (Nsabimana 

et al., 2005). 

 Traditional labneh preparation involves straining yogurt through cloth, animal skin, or 

porous ceramic material until the desired total solids content is achieved. Modern industrial 

methods to produce labneh include membrane filtration techniques and centrifugation 

(Nsabimana et al., 2005).  

 The United States has a strained yogurt product very similar to labneh referred to as 

Greek yogurt or concentrated yogurt. Greek yogurt is also produced by removing water and 

water soluble components from yogurt. The United States does not currently have a standard of 

identity for Greek yogurt (Desai et al., 2013). American consumer demand for Greek yogurt is 
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steadily rising. Greek yogurt sales in the United States rose from $33 million in 2007 to $469 

million in 2010 accounting for 12% of all yogurt sales (Schultz and Parekh, 2011). Recently, 

Greek yogurt is estimated to account for more than 25% of yogurt sales in the United States 

(Desai et al., 2013). It is necessary for United States Greek yogurt manufactures to properly 

dispose of or find additional value for the water and water soluble components, Greek yogurt 

whey (GYW), resulting from this increase in Greek yogurt demand.   

 According to Wail-Alomari et al. (2011), whey from labneh is typically composed of 

about 94% water, 0.4% fat, 0.8% ash, 4.9% lactose, and 0.75% protein, and has a pH close to 

4.5. The reported values, especially for protein and lactose, from Wail-Alomari et al. (2011) vary 

from values recorded for GYW. In the United States, GYW on average has the following 

composition 4.45 pH, 5.77% total solids (TS), 0.72% ash, and 3.53% lactose. Table 1.1 contains 

detailed compositional analysis for GYW collected from ten United States Greek Yogurt 

manufacturing sites (U.S. Dairy Export Council, Arlington, VA, personal communication). For 

comparison, cottage cheese whey typically has the following characteristics 6.4% TS, 0.75% ash, 

4.6% lactose, 0.7% total protein, and pH of 4.5 (Chandan and Kilara, 2010).  Sweet whey from 

cheese making has a pH around 5.9 and the following average chemical properties 6.4% TS, 

0.85% total protein, 5.0% lactose, and 0.65% ash (Chandan and Kilara, 2010). GYW tends to 

have less valuable components including lactose and protein compared to whey from cheese or 

cottage cheese manufacturing. 

 In the Jordanian food industry about 99% of the whey from labneh production is disposed 

of in the sewage system causing a high biochemical oxygen demand and other environmental 

concerns (Wail-Alomari et al., 2012). Products derived from labneh whey have been utilized in 

bakery products including crackers and French bread, sweet lactose syrup, and during other dairy 
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products production, including cheese and sour cream, to make use of the nutritional components 

and limit environmental waste (Alsaed et al., 2013). Therefore, there could be opportunities to 

add value to GYW as well. 

 Importance of Calcium 

 Calcium is an important mineral for the health of living creatures (Haug et al., 2007). 

About 99% of the calcium stores in the human body are inside bones and teeth. Calcium in bones 

provides strength to the skeletal system and acts as a reservoir to properly maintain extracellular 

calcium levels. Obtaining proper calcium levels in bones is vital for children because over 90% 

of a person’s bone mass is achieved before the age of twenty. Besides bone health, calcium is a 

secondary messenger for transmitting signals within plasma membranes and is a cofactor in 

clotting mechanisms. Low dietary calcium intake has been linked to increased risk of 

hypertension, colon cancer, osteoporosis, and premenstrual syndrome (Power et al., 1999). Dairy 

products are an excellent source of dietary calcium because bovine milk contains on average one 

gram of calcium per liter of milk. In addition, dairy products provide over half of the calcium 

intake in the average American diet (Haug et al., 2007).  

 Calcium is also vital for animal health. Improper calcium intake can cause milk fever and 

ketosis for bovines (Goff, 2006). Swine diets high in calcium cause the meat to be tenderer by 

increasing the activity of proteases, specifically calpains (Pettigrew and Esnaola, 2001). In the 

animal industry calcium helps to improve the quality of animal products and preserve the health 

of the animals themselves. 

 Heat and pH adjustment can be utilized to recover calcium from different sources 

including dairy waste-streams. GEA Filtration (Hudson, WI) developed parameters to precipitate 

calcium phosphate from whey ultra filtrate and found that calcium phosphate is less soluble with 
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increasing pH and increasing temperature. Heating the pre-concentrated whey to 75 - 80°C and 

adjusting the pH to 6.9 - 7.2 resulted in the highest amounts of precipitated calcium phosphate. 

High pH levels favor the formation of insoluble tricalcium phosphate from soluble monocalcium 

phosphate (Corredig, 2009). Whey proteins, lactose, and most other whey constituents remain 

stable with increased pH. However, the addition of bases can cause lactic acid salts to form. For 

example, sodium hydroxide reacts with lactic acid to form sodium lactate. At 75°C calcium 

hydroxyphosphate loses water and forms insoluble calcium orthophosphate. Temperatures above 

65°C cause whey proteins to start denaturing, but lactose does not experience browning reactions 

until temperatures reach 100°C (Bylund, 2003). Chemical properties of whey can be manipulated 

to favor the precipitation of calcium.           

 Greek Yogurt Whey Processing Challenges 

 With an acidic pH around 4.45 pH and a relatively high ash content of about 0.72%, 

GYW creates issues with pipe and equipment scaling, and GYW’s relatively low protein and 

lactose content make it less valuable compared to sweet whey (U.S. Dairy Export Council, 

Arlington, VA, personal communication). In addition, GYW cannot be readily processed with 

traditional drying methods because it contains a relatively high amount of hygroscopic 

components, including lactic acid and galactose. GYW also contains small amounts of 

components that aid in drying processes, including high-molecular-weight proteins and lactose 

monohydrate (Keller, 2015). Therefore, nontraditional methods besides evaporation and filtration 

are necessary to economically process GYW. Possible processing methods for the GYW include 

land application, bioreactors, and animal feed. The application of GYW to fields is limited due to 

concerns about impact to soil quality caused by the GYW’s high acidity and mineral content. 

GYW does not have enough nutrients to be a primary component of animal feed. Both land 
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application and animal feed utilization incur costs related to transporting the GYW from the 

dairy processing plant to the farm. Bioconversion has the potential for breaking down the 

nutritional components in GYW but requires consistent nitrogen and carbon sources. A method 

capable of extracting or concentrating the lactose, minerals, and protein would be the best 

solution for treating or gathering value from GYW (U.S. Dairy Export Council, Arlington, VA, 

personal communication). 

 Possible Treatment Method  1: Sepiolite Clay Addition  

  Introduction into Sepiolite Properties and Uses 

 Guney et al. (2014) describes sepiolite as “a natural clay mineral 

(Mg4SiO6O15(OH)2*6H2O) with fibrous morphology and intracrystalline channels.” Alternating 

blocks and tunnels form the general structure of this specific magnesium silicate compound 

(Doğan et al., 2007). According to Doğan et al. (2007), each block consists of two tetrahedral 

silica sheets enclosing a central octahedral magnesia sheet where the silica sheets are 

discontinued and inversion of these sheets give rise to structural channels. Sepiolite’s molecular-

sized channels are responsible for its high specific surface area and high surface activity which 

allow for heavy metals to be easily attached and retained (Guney et al., 2014). Other desirable 

properties of sepiolite include high mechanical and chemical stability, abundant supply, and the 

ability to adsorb both organic and inorganic ions. Sepiolite is commonly used in the production 

of paint, paper, cosmetics, and detergents and in the treatment of waste-streams (Doğan et al., 

2007). Sepiolite is also used as a feed additive for all animal species acting as a binder and anti-

caking agent (Parisini, 1999). The many desirable properties of sepiolite led to studies exploring 

its uses in industrial waste treatment applications, as a dye or protein adsorbent, and as part of 

electrochemical sensors.  
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 Sepiolite as an Adsorbent for Heavy Metals 

 In industrial waste treatment sepiolite is a material option for waste-stream filters and 

bottom liners for solid waste sites because of its absorbent properties, especially with heavy 

metal ions. Brigatti et al. (1999) passed a model metal ion solution at a rate of 0.29mL/s through 

a chromatographic column packed with 50g of sepiolite with 580nm diameter pores. The model 

solution contained Co2+, Cu2+, Zn2+, Cd2+, and Pb2+ ions in distilled water. Each cation in the 

solution had a concentration of 2×10-3N. A 2×10-3N sodium solution was used to regenerate the 

column in order to observe the column’s ability for reuse. The researchers evaluated sepiolite’s 

effectiveness as an adsorbent for removing waste-water pollutants based on its adsorption and 

desorption properties. All effluent samples were analyzed using atomic absorption and 

inductively-coupled plasma to determine ion concentration (Brigatti et al., 1999).  

 According to Brigatti et al. (1999), total amount of cations retained and eluted by the 

beds was determined by integrating areas above the breakthrough and below elution curves. In 

the sepiolite column, 0.017mequ/g Co2+, 0.034 mequ/g Cu2+, 0.029 mequ/g Zn2+, 0.022 mequ/g 

Cd2+ and 0.017 mequ/g Pb+ were retained. After elution with the sodium solution some of the 

ions on the column were still retained including about 17.6% Co2+, 88.2% Cu2+, 65.5% Zn2+, 

40.9% Cd2+ and 17.6% Pb+. Lead and cobalt were the least retained after the column was 

regenerated. Copper and zinc had the highest affinity for sepiolite while lead and cobalt had the 

lowest. According to the elution curve for the sepiolite column, magnesium and calcium were 

initially released readily and the total eluted for each ion was 0.100meq/g and 0.070meq/g, 

respectively. The absorbent properties of sepiolite for specific metal ions described by this study 

can be considered when choosing a material for waste-stream treatment (Brigatti et al., 1999). 
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 Guney et al. (2014) examined the potential of soil mixtures composed of sepiolite and 

another silicate mineral, a zeolite composed of 81.1% SiO2, 12.5% Al2O3, and 2.7% CaO, as 

bottom liners for landfills. Batch adsorption studies were conducted by mixing 7g of the 

sepiolite/zeolite mixture with 75ml of a metal solution for 3h, centrifuging the resulting mixture 

at 150rpm for 24h, and then filtering the sample for mineral analysis using atomic absorption 

spectroscopy. The following metal solutions were used copper (II) chloride (200mg/L), Zinc 

chloride (200mg/L), Cl3Cr6H2O (2,000mg/L), lead (II) chloride (1,000mg/L), and FeCl36H20 

(3,000mg/L). The concentration of lead, copper, and zinc cations in the eluent from the column 

decreased as the ratio of sepiolite to zeolite increased. The ion retention for each column type 

was given by Guney et al. (2014). Sepiolite has about three times the surface area of zeolite 

which could be the cause of the higher metal ion retention in sepiolite-rich mixtures. Retention of 

the metal ions increased with increasing pH of the effluent. Increasing the amount of sepiolite in 

the mixture did not influence the pH of the effluent solutions. This recent study helped to 

confirm the waste treatment potential of sepiolite (Guney et al., 2014). 

 Sepiolite as an Adsorbent for Dye Pigments 

 The adsorption properties from the high surface area of sepiolite have applications in the 

removal of dye components. Types of dyes that could be adsorbed by sepiolite and the 

mechanism that determined the rate of adsorption were examined. The general approach to each 

study was to mix sepiolite with a dye solution and determine the amount of dye that was retained 

under certain conditions, including ionic strength, pH, and temperature (Doğan et al., 2007). 

Özcan et al. (2006) observed that when adsorbing an acid dye, Acid Blue 193, with sepiolite the 

adsorption was dependent on pH, contact time, and temperature. Increasing temperatures led to 

less dye being removed by sepiolite. Doğan et al. (2007) treated solutions containing methyl 
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violet and methylene blue with sepiolite, and discovered that the adsorption rate of these dyes by 

sepiolite increased with an increase in initial dye concentration, pH, ionic strength, and 

temperature. However, stirring speed was not an important factor. Tekbaş et al. (2009) observed 

that the adsorption of Basic Astrazon yellow 7GL by sepiolite was endothermic in nature. The 

mechanism for adsorption of all of the dyes in each study by sepiolite was described using 

pseudo-second order kinetic reaction models (Tekbaş et al., 2009). Sepiolite has proven to be an 

effective adsorbent of dye pigments.  

 Clay minerals could have applications in removing color from dairy products. For 

example, Kang et al. (2012) looked at alternative methods for removing annatto colorant, 

norbixin, from cheese whey. One of the methods involved adding acid-activated bentonite to 

cheese whey prepared with 3% w/v norbixin. The acid-activated bentonite was prepared by 

mixing 20g of bentonite with 2N sulfuric acid, heating the mixture to 90°C for 4h, and rinsing 

the mixture with distilled water until a pH of 4 was reached. Acid-activated bentonite powder 

was added to the liquid cheese whey (0.5% w/v) and recirculated at 50°C for 60min. The 

solution was then centrifuged for 10min at 8,000g and the residual norbixin was measured. 

About 79% of the norbixin in the cheese whey was removed by the acid-activated bentonite 

treatment. The dye adsorption was contributed to norbixin adsorbing into interlayer sites in the 

acid-activated bentonite (Kang et al. 2012). In addition, sepiolite has shown to have applications 

in bleaching cheese whey. Adding about 2% of sepiolite to cheese whey resulted in over a 30% 

color reduction (J. Amamcharla, unpublished data). Therefore, sepiolite could have applications 

in color removal for GYW. 
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 Removal of Proteins using Sepiolite 

 Sepiolite could have the potential to remove proteins from aqueous solutions. According 

to Yu et al. (2013), clay minerals can interact with proteins using any of the following 

mechanisms cation exchange, cation bridge, hydrogen bonding, hydrophobic interactions, 

hydrophilic interactions, van der Waals forces, and electrostatic interactions. Barral et al. (2008) 

used kaolinite, a layered aluminosilicate clay mineral, to adsorb bovine serum albumin (BSA), 

beta-lactoglobulin (β-LG), and alpha-lactalbumin (α-LA) from whey protein solutions. 

Maximum adsorption capacity was reached at the isoelectric point for each whey protein. 

Kaolinite adsorbed 131mg of α-LA, 52mg of BSA, and 77.5mg of β-LG per gram of kaolinite. 

X-ray diffraction analysis determined that protein adsorption takes place on kaolinite’s external 

edges and surfaces. A lack of hydrogen bonding between whey proteins and the hydroxyl groups 

onto the surface of kaolinite’s was confirmed using Fourier transform infrared spectroscopy. 

Barral et al. (2008) concluded that electrostatic interactions were the primary mechanism behind 

protein adsorption onto kaolinite surfaces. In addition, steric effects might also play a minor role. 

Similarly, sepiolite added at 1% to cheese way was shown in a separate study to remove up to 

40% of the whey proteins (J. Amamcharla, unpublished data). The ability of sepiolite to remove 

whey proteins could help to isolate whey proteins from other GYW components. 

 Sepiolite as a Clay-Modified Electrode 

 The adsorption properties of sepiolite allow it to have applications as a sensor for certain 

analytes. Clay-modified electrodes have applications for the development of electrochemical and 

biological sensors to detect various analytes ranging from cationic species, such as metal cations, 

and organic molecules, including water pollutants to products of enzymatic reactions (Mousty, 

2004). According to Mousty (2004), most clay-modified electrodes were prepared using covalent 
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bonding, chemisorption, and film deposition. The ability to preconcentrate an analyte, natural 

electrocatalytic properties, and the capacity to immobilize reagents are all desirable properties 

for clay minerals used as part of clay-modified electrodes. Studies focused on using clay-

electrodes prepared with sepiolite to detect various chemical analytes including clozapine (limit 

of detection (LoD) = 1×10-7M), dinocap (LoD = 8×10-10M), aniline (LoD = 1.6×10-7M), phenol 

(LoD = 3.2×10-7M), ephedrine (LoD = 1.8×10-5M), linuron (LoD = 3.0×10-7M), bentazepam, 

nitrobenzene (LoD = 1.6×10-6M), tetramethrin (LoD = 1.4×10-7M), and 2-sec-butyl-4, 6-

dinitrophenol (Mousty, 2004). Sepiolite has the potential for aiding in detection of chemical 

analytes. 

 Esteban-Cubillo et al. (2007) developed a humidity sensor using iron-oxide nanoparticles 

and sepiolite. Sepiolite was chosen as the supporting matrix for the sensing component, iron-

oxide, because of its high surface area and open pores. A high surface area was needed to 

support the iron-oxide while improving the sensibility. Open pores were vital for proper gas and 

water adsorption and condensation. Depending on the hematite content, the humidity sensors had 

a relative humidity detection range of 5 - 98% while exhibiting a low production cost (Esteban-

Cubillo et al., 2007).  

 Erdem et al. (2012) used sepiolite as a supportive matrix for a DNA electrochemical 

detector electrode. The sepiolite channels allowed for ion penetration and adsorption areas for 

molecules. The channels combined with sepiolite’s high surface area resulted in desirable 

catalytic and adsorptive properties. Sepiolite provided a 1.95-fold higher guanine signal and 

6.25-fold higher adenine signal (Erdem et al., 2012). The enhancing effect was contributed to 

sepiolite’s higher surface area for the modification of nucleic acid (Erdem et al., 2012). 
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 Conclusions on Sepiolite as a Feasible Physical Treatment     

 Sepiolite has desirable physical characteristics that can be applied in the industry, 

especially with waste treatment. Most studies regarding sepiolite focused on its ability to remove 

heavy metal ions or dyes from waste-streams. There is a need for studies that highlight the use of 

sepiolite in other industries or as a method of adding value to food products. One example of 

adding value could be extracting minerals or proteins from food waste-streams or removing 

unwanted pigments.    

 Possible Treatment Method  2: Magnetic Fluid Treatment 

 History behind Magnetic Fluid Treatment  

 Calcium carbonate precipitates in hard water, which is water with high calcium and 

magnesium ion content, by displacing the equilibrium of the calcoarbonic system: 

Ca2
+ + 2HCO3

− ⇔ CaCO3(s) + CO2 + H2O (Alimi et al. 2009). Calcium carbonate deposits can 

cause harm to water systems and piping that use hard or natural water in domestic, industrial, and 

agricultural applications (Strazisar et al., 2001). The detrimental effects range from clogging 

membranes and pipes to decreasing the efficiency of water heating systems (Alimi et al., 2009). 

Because calcium carbonate is less soluble at higher temperatures, the hard scale or calcium 

carbonate precipitate is the most damaging to hot-water systems including boilers and heat 

exchangers (Coey and Cass, 2000).  The chemical methods used to reduce water scaling, 

including the addition of lime or ion exchange systems, can be effective but are not cost effective 

and change the water chemistry significantly, sometimes resulting in harmful health effects if the 

water is consumed (Lipus and Dobersek, 2007). A physical treatment like magnetic fluid 

treatment that does not involve chemical reactants or harming the potability of the water can be a 

better method for hard water scale reduction  
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 Magnetic water treatment systems are not a new concept. The first commercial magnetic 

water treatment device was patented in 1945 in Belgium while magnetic water treatment systems 

have been used in America since 1975. Reported claims for the treatment include lower scale 

formation rate, development of soft scale formations, change in size of precipitated particles, 

increased ratios of aragonite, and change in the nucleation rate of calcium carbonate. No 

significant effects also have been reported (Strazisar et al., 2001).  

 Claims about the effectiveness of the treatment on hard water scaling have been 

controversial for over 50 years (Cai et al., 2009). The main reasons for the controversy focus on 

both laboratory and industrial studies having low reproducibility, the existence of reports with 

conflicting results, and the lack of an accepted and proven mechanism explaining how the 

magnetic field alters the water’s properties (Busch and Busch, 1997). Consequently, scientific 

literature comparing experimental parameters, analytical testing methods, and proposed 

mechanisms of magnetic water treatment studies was reviewed. In this portion of the review, the 

aim is to shed light on those conclusions and results regarding the treatment that would be 

reproducible and agreed upon in the scientific community. The food industry relies on water 

systems for processing and cleaning. Therefore, food processing plants can benefit from safe 

methods designed to reduce hard water scaling. The concept of using magnetic fluid treatment to 

alter the properties of minerals in primarily water solutions could also be related to food waste-

stream treatment and certain food processing procedures. 

 Fluid Types Treated with Magnetic Fluid Treatment  

 A majority of magnetic fluid treatment studies mostly focus on treating water samples 

because of the economical impact of hard water scaling. The water samples used within the 

studies include hard water from natural sources, purified water, and model electrolyte solutions. 
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Coey and Cass (2000) individually drew groundwater from a limestone well and commercial 

mineral water through a static magnetic field using gravity. A significant change in the calcium 

carbonate properties from magnetic treatment was observed at a 99.9% probability level for both 

water samples. Another study by Cai et al. (2009) featured pumping purified water through a 

static magnetic field to observe the magnetic field’s effect on the water’s hydrogen bonding 

properties. Observations including a decrease in surface tension and an increase in viscosity with 

magnetic treatment were used to support the hypothesis that the magnetic field increases the 

average water cluster size. A water purification system was used to purify the water source so 

that the water used in the experiments had specific properties including organic carbon 

concentration below 0.05mg/L, dissolved oxygen concentration below 5.0mg/L, and a resistivity 

of around 18.2MΏ at 25°C.  

 Knez and Pohar (2005) dissolved analytical grade calcium carbonate in deionized water 

by pumping carbon dioxide gas through the suspension for two days until the final concentration 

of calcium carbonate in the solution was between 1.000 -1.200g/L. The solution was pressure 

filtered through 0.04µm pores to remove solid particles. Changes were observed in the properties 

of the dissolved calcium carbonate, an increase in the amount of aragonite, after passing the 

solution through an electromagnetic chamber (Knez and Pohar, 2005).   

 A separate study prepared electrolyte solutions using analytical grade inorganic salts 

including sodium chloride, potassium chloride, sodium phosphate, and calcium chloride. The 

salts were dissolved in double distilled water and the resulting solution was then deionized. The 

electrolyte solutions were sealed inside a magnetic chamber for various amounts of time. A 

change in conductivity of the electrolyte solutions was observed (Holysz et al., 2007). Magnetic 

water treatment studies are not consistent with the water source or the solution composition and 
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preparation, but most of them claim to have notable observations. Such variety among the 

experimental samples can make comparing results from different studies difficult. Most of the 

experimental samples did not represent industrial situations which would make applying any 

results to industrial processing systems difficult.        

 Development of Magnetic Fluid Treatment Systems and Parameters 

 Researchers typically agreed that the experimental parameters played a vital part in the 

effectiveness of magnetic treatment of water. However, uncertainty existed on which parameters 

are the most important and the exact experimental conditions. This causes a lack of consistency 

among the experimental apparatuses and designs among magnetic treatment of water studies. 

The main experimental factors that could have the most influence include type of magnet being 

used, magnetic field strength, magnetic exposure time, flow rate of the sample, orientation of the 

magnetic field, and pipe or container material (Holysz et al., 2007).  

 Permanent magnets are the most popular type of magnets when designing magnetic 

treatment devices because of their lower operational costs compared to electromagnets. 

Ambashta and Sillanpää (2010) mentioned that “permanent magnets have been prepared from 

ferromagnets of iron-based, nickel-based, cobalt-based or rare earth element-based compounds.” 

Advancements in materials and processing have made it possible to increase the magnetic field 

strength of permanent magnets from less than one Tesla to about two Tesla if multiple magnets 

are used (Ambashta and Sillanpää, 2010). Most studies arrange multiple permanent magnets to 

produce a magnetic field less than one Tesla despite the ability to create a stronger field (Botello-

Zubiate et al., 2003). According to Kobe et al. (2002), successful treatment requires a magnetic 

field of at least 0.5 Tesla. However, studies with magnetic fields lower than 0.5 Tesla still 

claimed reduction in hard water scale (Fathi et al., 2006). According to published reports, the 
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amount of time the water was exposed to a magnetic field produced by permanent magnets 

varied from a few minutes to over 60min (Li et al., 2007). The permanent magnetic studies 

almost equally represent designs featuring the sample moving through the magnetic field or 

being stagnant while exposed to the magnetic field (Holysz et al., 2007). The permanent magnet 

water treatment systems vary greatly in design but they generally involve arranging multiple 

magnets especially in an alternating fashion (Fathi et al., 2006). 

 Fathi et al. (2006) designed a permanent magnet apparatus to observe calcium carbonate 

scale formation of hard water under a magnetic field. A loop of 1.50m of clear polyvinyl chloride 

tubing with a cross section of 0.38cm2 was connected to a closed glass tank. A volumetric gear 

pump was attached to the circuit and adjusted to pump 0.5L of water with a moderate flow rate 

in the laminar region with Reynolds number below 2,040 through the system. According to Fathi 

et al. (2006), the magnetic device consisted of five pairs of permanent magnets associated 

alternately with north and south faces facing each other. Each magnet pair was closed with an 

iron toke. The resulting field strength of the magnetic device that the sample was exposed to was 

about 0.16 Tesla. This design allowed for the sample to be pumped through the system, avoided 

notable contamination from pipe and container materials, and arranged the magnets in a simple 

manner.  

     According to Ambashta and Sillanpää (2010), electromagnets are solenoids of 

electrical conducting wires that generate adjustable magnetic fields up to 2.4 Tesla when electric 

current passes through the wires. Even though electromagnets are capable of higher ranges than 

permanent magnets, magnetic water treatment studies that involved electromagnets normally 

used magnetic fields with field strengths of one Tesla or lower. Pumping the sample was the 
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most popular option with electromagnetic water treatment systems, and the sample was typically 

circulated through the system for less than ten minutes.  

 Cho and Lee (2005) compared a permanent and an electromagnet system to observe 

which device best lowers the surface tension of hard water. The researchers observed a drop in 

the surface tension of the hard water when treated with either system. Their observations suggest 

that whether the magnetic field was produced using permanent or electromagnets, effectiveness 

of the magnetic fluid treatment should be the same. Even though electromagnet systems have 

higher operational costs than permanent magnet systems, electromagnets can have more 

adjustable and higher field strengths.    

 Knez and Pohar (2005) used an electromagnetic device with calcium carbonate 

electrolyte solutions to observe magnetic field effects on calcium carbonate structure. A 

recirculating system was constructed using 3m of silicon tubing with an inner diameter of 0.7cm 

attached to a peristaltic pump and a one liter glass container. The pump produced flow rates from 

0.1 to 3.0L/min. The electromagnet had adjustable magnetic flux densities based on the direct 

electric current strength and the adjustable gap between the magnetic poles. An AC/DC 

transformer supplied the current, and the sample was designed to flow orthogonally with respect 

to the magnetic field. The major advantages of this system were the ability to easily adjust the 

flow rate and magnetic field properties (Kenz and Pohar, 2005).   

 The rate at which the sample flowed through the magnetic field or whether the sample 

was moving through the field at all could be important design aspects for magnetic water 

treatment systems. Kobe et al. (2002) claims that the fluid must pass orthogonally with respect to 

the magnetic field at velocities of 0.5 - 2.0m/s with Reynolds numbers in turbulent region above 

2,040 in order to observe measurable effects from magnetic treatment. Strazisar et al. (2001) 
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performed static magnetic treatment, sample stagnant during magnetic exposure, and dynamic 

magnetic treatment, sample moving through the magnetic field, with calcium carbonate 

solutions. Dynamic and static magnetic treated solutions both had higher amounts of calcium 

carbonate in aragonite form compared to solutions that did not receive magnetic fluid treatment. 

These results suggest that both methods can be effective and contradict the hypothesis that only 

dynamic magnetic fluid treatment was effective (Strazisar et al., 2001).  

 Alimi et al. (2009) treated calcium carbonate solutions by passing them through a series 

of permanent magnets at flow rates within the laminar region with Reynolds number below 

2,040. The magnetic fluid treatment appeared to have increased the amount of calcium carbonate 

precipitated compared to no magnetic fluid treatment. Their observations of the formed calcium 

carbonate crystals contests the theory that the flow rate must be in the turbulent region in order 

for the magnetic fluid treatment to be effective (Alimi et al., 2009). Another experiment passed 

calcium carbonate solutions through a series of permanent magnets at various flow rates ranging 

from 0.5 - 0.94 L/min. Higher crystal nucleation in the bulk solution was observed as the flow 

rate increased. Almost all studies prefer that the fluid flows orthogonally in relation to the 

magnetic field. However, no explanation was given for selecting this flow direction (Alimi et al., 

2007). The choice to move the sample through the magnetic field or not has not been proven to 

be a major factor for obtaining successful magnetic fluid treatment. 

 The chemical and physical properties of the surfaces that the water or sample comes into 

contact with has been shown to not greatly influence or hinder the effects of magnetic fluid 

treatment. However, the surface material has been shown to be a factor in the amount of hard 

scale formation on the surface. Alimi et al. (2009) suggested that a combination of the surface 

material and magnetic fluid treatment led to a notable reduction in hard scale formation. Alimi et 
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al. (2009) pumped calcium carbonate solutions at flow rates of 0.54L/min, 0.74L/min, and 

0.94L/min, through a permanent magnetic device with field strength of 0.16 Tesla with the 

following pipe materials polytetrafluoroethylene (PTFE), Tygon, polyvinyl chloride (PVC), 

copper, and stainless steel. The study concluded that magnetic water treatment caused notably 

more calcium carbonate formation in the bulk solutions rather than on the surfaces. However, the 

pipe material that was used was not an important factor. Other conclusions included that the 

magnetic field effect was lower for conductive materials, rougher materials have less hard scale 

formation, and PTFE had the most hard scale formation while Tygon had the least (Alimi et al., 

2009). The hard water scale formation from magnetic fluid treatment for each pipe material that 

was examined was given by Alimi et al. (2009).  

 Chibowski et al. (2003) dipped aluminum, glass, copper, and steel surfaces in stagnant 

calcium carbonate solutions for two hours with and without the presence of a 0.1 Tesla 

permanent magnetic field at various temperatures. Aluminum had the least amount of calcium 

carbonate deposits on the surface while stainless steel had the most. The researchers claimed that 

the magnetic fluid treatment caused nearly a 40% reduction in the calcium carbonate deposits 

depending on the surface and temperature (Chibowski et al., 2003). Contact surface material was 

not a major factor for the effectiveness of the magnetic fluid treatment but could influence the 

overall hard water scale.   

 Methods for Evaluating the Effectiveness of Magnetic Fluid Treatment 

 In the studies on magnetic fluid treatment, various methods have been used to determine 

if the hard water scaling was reduced or if the water’s properties were changed. Observing and 

measuring the amount of precipitate that forms was the simplest experimental method that 

related directly to the goal of reducing mineral build-up. Lipus and Dobersek (2007) studied 
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magnetic water treatment by pumping tap water through two hot water heaters at a rate of 

0.2L/min for three weeks. The inlet pipe to one boiler contained permanent neodymium magnets 

with an alternating arrangement on the outside resulting in a 0.1s water retention time. Segments 

of the piping and heating coils were weighed before and after the experiment. The depth of hard 

water scale was measured in millimeters and pictures of each pipe were taken for visual 

comparison. The boiler system with magnetic fluid treatment appeared to have about 2.5 times 

less scaling than the control according to weighing, measuring, and visually observing certain 

sections of the systems. A similar study involved using magnetic fluid treatment with a 

membrane distilling system. Gryta (2011) used commercial permanent magnetic systems with 

0.1 Tesla each that were attached during the experimental runs. The scale observed with the 

magnet-treated sample was more porous with larger crystallites and in smaller amounts than the 

scale from the control. Physically measuring the amount of scale and visually observing the 

properties led most researchers to conclude that magnetic water treatment did reduce scaling. 

However, these experimental designs often failed to involve statistical analysis of multiple 

replications that could show that the amount of scaling reduction was statistically significant.  

 Calcium carbonate has three major phases: aragonite with needle-like crystals, calcite 

with rhombohedral crystals, and vaterite with spherical crystals. Vaterite is the least stable form 

while calcite is the most stable at ambient conditions. Aragonite formation favors higher 

temperatures. Aragonite and vaterite recrystallize to calcite over time. Calcite, because of its 

structure, is believed to form hard adhesive deposits that are the primary cause of hard water 

scaling. Some scientists believe that magnetic water treatment favors the formation of porous, 

soft, and soluble aragonite deposits, which reduces scaling issues (Lipus and Dobersek, 2007). 

Using X-ray diffraction, scanning electron microscopy, and microscopy analysis, Coey and Cass 
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(2000) identified the forms of the calcium carbonate deposits to see if magnetic fields promoted 

one structure over the other. The ratio of calcite to aragonite was evaluated by measuring the 

ratio of calcite at peak 104 and aragonite at peaks 111 and 102 using X-ray reflections in the 

region 25° < 2θ < 30°. Still mineral water and well water were treated separately. The samples 

were contained in polythene bottles and passed through either a bypass valve or a 0.1 Tesla 

permanent magnet system. More than 100 samples were blindly treated so the experimenter did 

not know which samples received the magnetic fluid treatment. Because of the experimental 

design, they were able to state with a 99.9% probability level that the magnetic fluid treatment 

increased the amount of aragonite in the deposits.  

 Fathi et al. (2006) analyzed magnetically treated water under a scanning electron 

microscope, and also observed that the magnetic field caused calcite and vaterite to form 

aragonite. Lipus and Dobersek (2007) showed in their hot water heater experiment reduced 

scaling with magnetic fluid treatment. The scaling in both hot water heaters was tested for 

aragonite using X-ray diffraction spectroscopy. The scientists concluded that aragonite did not 

reduce scaling because aragonite was the primary scaling component for both treatments.  

 Knez and Pohar (2005) passed water through an electromagnetic chamber and deduced 

that magnetic induction and exposure time had a notable influence on the amount of aragonite 

during magnetic fluid treatment but velocity was not an important factor. Coey and Cass (2000) 

reported a significant amount of aragonite with magnetic fluid treatment as well. Although not 

all studies directly link aragonite to scale prevention, some of the studies noticed an increased 

presence of aragonite with magnetic fluid treatment. The form of calcium carbonate being altered 

while exposed to a magnetic field can be proof that the water’s properties have been influenced. 
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 Changes in electric conductivity of water was used as an indicator that properties of the 

water molecules have been altered by magnetic fluid treatment. Pang and Deng (2008) conducted 

an experiment in which the electric conductivity of water samples was measured before and after 

being exposed to a static magnetic field. They exposed pure water, water with an insignificant 

amount of impurities, to a static magnetic field with a strength of 0.44 Tesla for 30min. The 

electric conductivity was measured for the control and magnetically treated sample with a 

semiconductor instrument. The electrical conductivity of the water was reported to be higher 

after treatment. The experimenters linked the increased electrical conductivity to an increase in 

charged particles created by the magnetic field.  

 Holysz et al. (2007) exposed model electrolyte solutions to a weak static permanent 

magnetic field, 0.015 Tesla, for five minutes. The electrolyte solutions were composed of 

inorganic salts including sodium chloride, potassium chloride, calcium chloride, and sodium 

phosphate dissolved separately in distilled water. After the treatment, the samples were allowed 

to rest for 30min prior to being measured for electrical conductivity with a multiparametic 

system. A change in electrical conductivity was observed in all of the electrolyte solutions. This 

change was linked to the nature of the ions changing. According to Holysz et al. (2007), the 

change in electrical conductivity was “proportional to the thickness of the hydration shell around 

the ions and thermodynamic functions of hydration.”   

 Surface tension has been used to measure physicochemical changes in water from 

magnetic fluid treatment but this method can be very susceptible to sources of error including 

solution contamination and instrumental limitations. Cai et al. (2009) pumped purified water at 

one meter per second through a permanent magnetic system with a magnetic flux density of one 

Tesla for 3 - 40h. The surface tensions of the control and treated samples were measured at room 
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temperature and a relative humidity of 40 - 50% by the plate method with a tensiometer, whose 

precision was 0.01mN/m. The magnetic field decreased the surface tension of the water from 

about 73mN/m to 66mN/m after thirteen minutes of magnetic exposure. Cai et al. (2009) 

suggested that the lower surface tension was the result of the molecular energy of the water 

decreasing from being exposed to the magnetic field.  

 Pang and Deng (2008) noticed a decrease in surface tension with magnetic fluid 

treatment as well using a micro optical-vision instrument. However, they attributed this 

observation to the magnetic field lowering the angles of contact for the water. Amiri and 

Dadkhah (2006) performed the most in-depth surface tension study of magnetically treated 

water. More than 200 tests were performed during which the surface tension over time after the 

treatment was taken into account. Deionized water was passed through a commercial magnetic 

system and the surface tension was recorded using a tensiometer. Amiri and Dadkhah (2006) 

found that the surface tension of water was too sensitive to experimental conditions to be 

considered as a reliable indicator of the effects of magnetic fluid treatment on water. A few 

studies have linked changes in surface tension to the magnetic fields altering the molecular 

structure of water. However, scientists who attribute changes to the surface tension to this cause 

do not agree on a mechanism that would explain the phenomenon. Therefore, surface tension 

may not be a reliable indicator for the effectiveness of magnetic fluid treatment. 

 Viscosity is another physicochemical property of water that has been measured to 

observe how water reacts in the presence of a magnetic field. Viscosity was measured when Cai 

et al. (2009) pumped water through a permanent magnet experiment using a rheometer. The 

magnetic fluid treatment increased the viscosity of the water. Cai et al. (2009) suggested that 

their observation was the result of the water’s activation energy increasing from the treatment.  
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 Pang and Deng (2008) used a micro optical-vision instrument to observe changes in 

viscosity for their static magnetic field water treatment experiment. An increase in viscosity with 

increasing magnetic fluid treatment was observed and assumed to be the result of additional 

hydrogen bonds being formed under the influence of the magnetic field. Viscosity measurement 

methods have both linked magnetic fluid treatments to alterations of the structure of water. 

However, viscosity measurements are not common for evaluating the effectiveness of magnetic 

fluid treatment. 

 Proposed Magnetic Fluid Treatment Mechanisms 

 Discovering the mechanism behind how a magnetic field influences the structure of water 

can be important to justify or explain any changes from magnetic fluid treatment. One theory 

assumes that the magnetic field changes the hydrogen bonds in the water and changes how water 

molecules become oriented around an ion within a hydration shell. Holysz et al. (2007) noticed 

that water exposed to the magnetic field experienced changes in its electric conductivity and 

evaporation rate. These changes depend on the type of ions present in the solution and are 

proportional to the hydration shell thickness around the ions and the thermodynamic functions of 

hydration. Therefore, Holysz et al. (2007) theorized that a magnetic field alters the hydration 

shell to cause a decrease in scaling. Changes in the hydrogen’s bonding abilities during the 

magnetic fluid treatment were seen as the cause for an increase in the evaporation rates of the 

treated samples during the study as well.  

 Cai et al. (2009) observed nuclear magnetic resonance (NMR) relaxation measurements 

in water exposed to a magnetic field. The magnetic fluid treatment appeared to increase the 

activation energy of the water molecules, according to the NMR relaxation results. Cai et al. 

(2009) claimed that the change of molecular energy was an indicator of hydrogen bonds forming, 
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breaking, or reorienting. The more hydrogen bonds that form in water, the more inactive water 

is. The increase in hydrogen bonds caused the mean size of water clusters to increase as well 

from the magnetic fluid treatment (Cai et al., 2009). Changes in the ability of water molecules to 

interact with other water molecules and ions do help explain some of the observations made 

during magnetic water treatment studies. However, the mechanism by which the magnetic field 

changes these water properties has not been elucidated.  

 Kney and Parsons (2006) and Madsen (2004) suggested that the magnetic field alters the 

proton spin of water molecules instead of the hydration shell or hydrogen bonds. The magnetic 

field, according to this proposed mechanism, could influence the proton spin of water molecules 

which causes a faster proton transfer of bicarbonate ions to water. This results in a higher 

nucleation rate for crystals and reduced crystal size (Kney and Parsons, 2006). Madsen (2004) 

stated that proton spin relaxation occurs due to the theory of magnetic resonance spectroscopy. 

The proton spin relaxation mechanism is not supported by as much analytical analysis compared 

to the hydration shell and hydrogen bonding mechanisms because it stems from mostly 

observations of the resulting crystal size from magnetic fluid treatment. However, this 

mechanism is more direct in how the property changes in the water relate to the observed 

changes in the crystal formations.        

 Lorentz force acts upon any charged particles when they move through a magnetic field. 

The equation for the Lorentz force is F = qvB where F is the resulting force, q is the electrical 

charge of the particle, v is the velocity vector, and B is the magnetic field strength (Madsen, 

2007). Theoretically, having the water flow orthogonal to the magnetic field will produce the 

highest force on the water molecules. Some scientists hypothesize that the Lorentz force is 

responsible for any observations related to changes in calcium carbonate compounds when water 
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is passed through a magnetic fluid treatment device (Kozic and Lipus, 2003). There are multiple 

theories for how the Lorentz force influences the water or dissolved ions. According to Fathi et 

al. (2006), this force could be capable of disturbing “the double ionic layer surrounding the 

colloidal particles and their zeta potential.” According to Alimi et al. (2009) “Lorenz forces 

exerted on charged species induce local convection movements in the liquid which could 

contribute to accelerate associations between ions or colloidal particles.”  

 Li et al. (2007) suggested that the resulting Lorentz force of the water moving through a 

magnetic field causes local ionic concentrations that modify the shape of calcium carbonate 

formations to promote more aragonite crystals. Madsen (2007) used the Lorentz force equation 

along with a mathematical model to show that theoretically any resulting Lorentz force should be 

too weak to have a notable influence on an aqueous system. Lorentz force might contribute to the 

scale reduction during magnetic fluid treatment but it does not explain why changes occur with 

static magnetic treatment. 

 A less popular theory proposes that the magnetic field enhances the corrosion of iron 

leading to free iron corrosion products (Busch and Busch, 1997). These products serve as 

nucleation centers for calcium carbonate. Thus, the hard precipitate will be suspended in the 

liquid instead of on surfaces (Coey and Cass, 2000). Botello-Zubiate et al. (2003) passed water 

through a one Tesla magnetic field at a rate of 0.77m/s and measured the corrosion behavior of 

the treated water using electrochemical polarization curves and steel corrosion as an example. 

The corrosion rates increased with magnetic water treatment. This theory, however, does not 

explain why magnetic water treatment studies with electrolyte solutions and purified water 

without iron or other metal ions still experienced changes. The mechanism for how the magnetic 

field speeds up the corrosion process also is not explained.  
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 Conclusions on Magnetic Fluid Treatment as a Feasible Physical Treatment 

 Several scientific studies have reported changes in water properties from magnetic fluid 

treatment that could suggest that magnetic fields can reduce hard water scaling. Not all of the 

properties measured, especially aragonite content and surface tension, appear to be widely 

accepted as measures confirming the success of magnetic water treatment. Most of the 

experimental designs do not support statistical analysis because of too few replications, which 

might help to explain reports of poor reproducibility of results. The proposed mechanisms also 

are not supported by any in-depth analysis. The differences in experimental design for each study 

make it difficult to compare and draw conclusions from multiple studies. These differences 

include type of sample used, properties of the magnetic system, length of treatment, sample 

containers, and whether the sample was passed through the magnetic field.  

 More efforts focused on identifying the mechanism as well as experimental designs that 

would allow statistical analysis are needed. Researchers also need to collaborate to a greater 

degree to find the best experimental conditions and testing methods. Despite a lack of reliability 

with a fraction of the magnetic water treatment studies, magnetic fluid treatment has been 

reported to have potential in altering mineral composition and altering water properties, 

including surface tension and viscosity. Therefore, more studies involving magnetic fluid 

treatment are needed to find the appropriate treatment conditions and to explore any other 

applications of this physical treatment.  
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 Conclusion  

 Greek yogurt whey (GYW), because of its nutritional content, poses both an 

environmental issue and the potential for concentrating dairy components for other uses. 

Magnetic fluid treatment and the addition of sepiolite clay could be cost-effective methods to 

concentrate GYW components, especially minerals. Neither method has been extensively used 

with fluids chemically similar to GYW. There is not much research on sepiolite reacting with 

proteins, sugars, or minerals. The research regarding magnetic fluid treatment is very 

inconsistent with little agreement on the experimental parameters. The lack of reliable and 

relatable literature for both treatment methods makes predicting any results when applying them 

to GYW difficult. However, they still could be effective value-adding methods for GYW.  
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  Tables 

Table 1.1 Greek yogurt whey compositional analysis (U.S. Dairy Export Council, Arlington, VA, personal communication) 

 pH 

Titratable 

Acidity 

(%) 

Total 

Protein 

(%) 

Carbohydrates 

(%) 

Lactose 

(%) 

Lactic 

Acid 

(%) 

Total 

Solids 

(%) 

Ash 

(%) 

Calcium 

(mg/100g) 

Sodium 

(mg/100g) 

Phosphorus 

(mg/100g) 

Galactose 

(%) 

Minimum 4.11 0.38 0.18 3.00 3.23 0.61 4.67 0.52 107.00 43.30 59.00 0.50 

Average 4.45 0.42 0.27 4.41 3.53 0.70 5.77 0.72 120.12 50.47 66.37 0.61 

Maximum 4.73 0.49 0.36 5.20 4.26 0.84 6.65 0.92 143.00 58.90 75.80 0.77 
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Table 1.2 Summary of magnetic water treatment studies using permanent magnets   

Article 
Substance 

Treated 

Magnetic 

Field 

Strength 

Flow Rate/ 

Velocity 

Magnetic 

Exposure/ 

Run Time 

Observations 

(Coey and 

Cass, 2000) 

Well Water 

and Mineral 

Water 

0.1 Tesla Static 1 pass 
Magnetic treatment increases the amount of aragonite in water with a 99.9% level of 

probability. Effects last for over 200h. 

(Botello-

Zubiate et al., 

2003) 

Tap Water 1 Tesla 
0.0936L/ 

min 
1 pass 

Magnetic treatment favors the formation of aragonite and increases the corrosion rate of 

carbon steel. 

(Chibowski et 

al., 2003) 

Calcium 

Carbonate 

Solutions 

0.1 Tesla Static 2h 
Magnetic treatment decreases calcium carbonate formation on surfaces including stainless 

steel, copper, aluminum, and glass despite the material or temperature. 

(Holysz et al., 

2003) 

Calcium 

Carbonate 

Solutions 

0.5 Tesla Static 20min 

Magnetic treatment influenced the zeta potential of calcium carbonate as well as the light 

absorbance and pH of the treated solutions. The presence of impurity ions including 

magnesium, iron, and sulfate influenced the effects of magnetic treatment. 

(Kney and 

Parsons, 2006) 

Electrolyte 

Solutions 
0.55 Tesla Static 

16 to 

30min 

Magnetic treatment had an effect on solutions made with calcium carbonate but not with 

solutions made with sodium carbonate. 

(Amiri and 

Dadkhah, 

2006) 

Tap and 

Purified 

Water 

0.385 

Tesla 
Gravity 1 pass 

Surface tension is not a reliable indicator for determining the influence of a magnetic field on 

water properties. 

(Fathi et al., 

2006) 

Calcium 

Carbonate 

Solutions 

0.16 Tesla 
Laminar 

region 

5 to 

30min 

Magnetic treatment increases homogeneous nucleation of calcium carbonate. The effect is 

promoted by an increase in pH, increase in flow rate, and an increase in the residence time. 

(Alimi et al., 

2007) 

Calcium 

Carbonate 

Solutions 

0.16 Tesla 

0.50, 0.74, 

and 

0.94L/min 

15min 
Magnetic treatment caused more nucleation of calcium carbonate in the bulk solution. 

Higher flow rates and higher pH values increased this effect. 

(Holysz et al., 

2007) 

Electrolyte 

Solutions 

0.015 

Tesla 
Static 

0 to 

80min 

Magnetic treatment influenced the conductivity and amount of water evaporated in the 

solutions. 

(Lipus and 

Dobersek, 

2007) 

Tap Water 
0.6 - 0.8 

Tesla 
0.2L/min 0.1s 

Magnetic treatment reduces hard water scale formation in hot water boilers. The formation of 

aragonite was not the cause for the decrease in hard scale formation. 

(Xiao-Feng 

and Bo, 2008) 

Purified 

Water 
0.44 Tesla Static 

0 to 

75min 

Magnetic treatment increases the soaking degree, depresses surface tension, increases the 

electric conductivity, and increases the refraction index of water. 

(Alimi et al., 

2009) 

Calcium 

Carbonate 

Solutions 

0.16 Tesla 

0.54, 0.74, 

and 

0.94L/min 

15min 
Magnetic treatment decreases hard scale formation despite the pipe material including PTFE, 

TYGON, PVC, copper, and stainless steel. 

(Cai et al., 

2009) 

Purified 

Water 
0.50 Tesla 1m/s 3 to 40h 

Magnetic treatment decreases the surface tension and increases the viscosity over treatment 

time. 

(Gryta, 2011) 

Calcium 

Carbonate 

Solutions 

0.1 Tesla 0.07m/s 45 passes 
Magnetic treatment reduced the amount of hard water scale formation on membranes for 

membrane filtration. The main formation of calcium carbonate was calcite. 
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Table 1.3 Summary of magnetic water treatment studies using electric magnets 

Article 
Substance 

Treated 

Magnetic 

Field 

Strength 

Flow 

Rate/ 

Velocity 

Magnetic 

Exposure/Run 

Time 

Observations 

(Strazisar 

et al., 

2001) 

Calcium 

Carbonate 

Solutions 

0.5 - 1.3 

Tesla 

0L/min 

and 

0.03L/mi

n 

1 to 10h 
Magnetic treatment does not influence the zeta potential of calcium carbonate. The magnetic 

field favors the formation of aragonite. Static and dynamic treatment gave similar results. 

(Kobe et 

al., 2003) 

Calcium 

Carbonate 

Solutions 

0.0004 - 

0.0015 

Tesla 

0.87m/s 8h 

Magnetic treatment influences the formation of calcium carbonate crystals. The magnetic field 

strength, flow rate, and presence of impurity ions including copper and silicon are important 

parameters for treatment. 

(Cho and 

Lee, 

2004) 

Hard Water 0.16 Tesla 

1.0m/s 

and 

6.3m/s 

30 passes 
Magnetic treatment decreases the surface tension of water despite the type of magnet that 

produced the magnetic field. 

(Knez and 

Pohar, 

2005) 

Calcium 

Carbonate 

Solutions 

0.71 - 1.12 

Tesla 

0.1 to 

3L/min 
4.2 to 8.4min 

Magnetic treatment favored the formation of aragonite but did not alter the zeta potential of 

calcium carbonate. Treatment was dependent on magnetic induction and magnetic exposure 

time but fluid velocity was not a significant parameter. 

(Madsen, 

2004) 

Calcium 

Carbonate 

Solutions 

0.25 Tesla None 30min 
Magnetic treatment decreases calcium carbonate crystal size. High pH values hinder the 

treatment effects. 

(Li et al., 

2007) 

Calcium 

Carbonate 

Solutions 

0.02 Tesla Low 2h 
Magnetic treatment favors the formation of calcite to vaterite or aragonite. The treatment causes 

less fouling in membrane filtration systems. 
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Chapter 2 - Research Objectives 

1. To briefly explain how Greek yogurt whey properties lead to the need to develop alternative 

treatment methods 

2. To determine the chemical and physical composition of Greek yogurt whey from two 

commercial sources 

3. To evaluate two physical treatments, magnetic fluid treatment and the addition of sepiolite, 

as methods for adding value to Greek yogurt whey  
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Chapter 3 - Magnetic Fluid Treatment and Sepiolite Addition as 

Methods for Concentrating Greek Yogurt Whey Components 

 Abstract 

 The demand for Greek yogurt in the United States is steadily increasing. Consequently, 

the co-product of Greek yogurt processing, Greek yogurt whey, has an acidic pH, high mineral 

content, and low protein content that make traditional whey processing methods difficult and 

uneconomical. Magnetic fluid treatment and the addition of a magnesium hydrosilicate clay 

mineral, sepiolite, were evaluated as physical cost-effective methods to add value to Greek 

yogurt whey. Three separate batches of Greek yogurt whey were obtained from two United 

States Greek yogurt manufacturers. A Greek yogurt whey sample was collected from each batch, 

adjusted to a pH of 7.2, and re-circulated for five minutes through a pumping system at a rate of 

7.5L/min with or without exposure to a permanent magnetic field. The magnetic field had a peak 

field strength of 0.6T. The sample was split into thirds, heated to 80°C, and then sepiolite was 

added at one of three levels: zero, two, or four grams of sepiolite per 100g Greek yogurt whey. 

After centrifugation at 1,000g for five minutes, the samples formed a top aqueous and a bottom 

sediment layer. The top aqueous layers were analyzed for total solids (TS), ash, lactose, protein, 

calcium, phosphates, and sodium contents along with color. Magnetic fluid treatment did not 

affect the analyzed Greek yogurt whey components from both manufacturers (P > 0.05) except 

for the lactose content of the top aqueous layers from manufacturer 2. The addition of sepiolite 

had the greatest effect on the phosphate and protein content along with color for the top aqueous 

layers. The addition of sepiolite significantly lowered the phosphate concentration in the top 

aqueous layers for both manufacturers (P < 0.05). Protein within the top aqueous layers 

compared to Greek yogurt whey significantly decreased about 60% for manufacturer 1 and 45% 
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for manufacturer 2 with either amount of sepiolite treatment (P < 0.05). The color values b* and 

a* in the Greek yogurt whey from both manufacturers significantly decreased with the addition 

of sepiolite by about 70% and 90%, respectively (P < 0.05). The adsorption of protein was 

contributed to electrostatic effects while the adsorption of the color pigments was contributed to 

sepiolite’s large surface area. Magnetic fluid treatment and sepiolite addition under the 

conditions in the present study were not practical treatment methods for de-mineralizing Greek 

yogurt whey. However, sepiolite was found to have possible applications in the removal of 

proteins and natural color pigments in Greek yogurt whey. 
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 Introduction 

 Greek yogurt accounts for over 25% of American yogurt sales and its demand has 

continued to rise. Greek yogurt or strained yogurt is obtained by removing a portion of the water 

and water soluble components, Greek yogurt whey (GYW), from yogurt (Desai et al., 2013). The 

co-product GYW accounts for about two-thirds of the original milk that goes into the 

manufacture of Greek yogurt. GYW has the following average composition 4.45 pH, 5.77% total 

solids (TS), 0.72% ash, 3.53% lactose, and 0.27% total protein (U.S. Dairy Export Council, 

Arlington, VA, personal communication). Acid whey from cottage cheese typically has the 

following characteristics 6.4% TS, 0.75% ash, 4.6% lactose, 0.7% total protein, and pH of 4.5 

(Chandan and Kilara, 2010). GYW on average can be more acidic than acid whey from cottage 

cheese manufacturing and contains notability less protein and lactose. Even though GYW has an 

acidic pH, it cannot be correctly classified as acid whey because it is compositionally different.  

 The characteristic low pH and high mineral content of GYW creates issues with 

equipment fouling. GYW is difficult to dry into a free-flowing powder using traditional drying 

methods because it contains a relatively high amount of hygroscopic components including lactic 

acid and galactose formed during Greek yogurt manufacturing. GYW contains small amounts of 

high-molecular-weight proteins and lactose monohydrate that typically aid in the drying process 

(Keller, 2015). Besides drying concerns, GYW, unlike acid whey, is lower in value due to its 

lower protein and lactose contents. Even without the processing concerns, it is not economically 

feasible to treat GYW with traditional methods. Disposal methods for GYW include land 

application, bioreactors, and animal feed but each of these methods has its own limitations and 

adds little value to the GYW (U.S. Dairy Export Council, Arlington, VA, personal 

communication). In March 2015, the U.S. Dairy Export Council released a report that included 
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its goal to investigate potential opportunities for GYW. Finding low-cost methods of adding 

value to GYW or fractionating the valuable components is needed.  

 Clay minerals are natural low-cost adsorbents of dye, proteins, and heavy metals. 

Sepiolite is a natural clay mineral with the following unit-cell formula 

(Si12)(Mg8)O30(OH)4(OH2)4*8H2O. It is classified as a magnesium hydrosilicate and is composed 

of blocks consisting of two tetrahedral silica sheets enclosing a central octahedral magnesia 

sheet. The mineral’s structure is responsible for its high specific surface area, molecular-sized 

channels, high stability, and its ability to adsorb both organic and inorganic ions. Sepiolite 

reserves are abundant in Turkey and can also be found in parts of the United States including 

Nevada and California. Sepiolite is commonly used in the production of paint, paper, cosmetics, 

and detergents (Doğan et al., 2007). Guney et al. (2013) discovered that sepiolite has applications 

as a liner for landfills because of its effectiveness at adsorbing heavy metals including lead, 

copper, and zinc. Sepiolite has also proven effective at removing various dyes from color 

effluents: Basic Astrazon yellow 7GL, methylene blue, and methyl violet (Tekbaş et al., 2009). 

The structural properties and abundant supply of sepiolite has made it a cost-effective solution 

for treating various forms of industrial waste-streams. 

 Magnetic fluid treatment (MFT) is a possible cost-effective physical treatment for 

separating mineral components. MFT was initially researched as a method to reduce hard water 

scaling caused by calcium carbonate deposits. Reported claims for exposing water to a magnetic 

field include lower scale formation rate, development of soft scale formations, change in size of 

precipitated particles, and no significant effects (Strazisar et al., 2001). Controversy over the 

effectiveness of this treatment centers on both laboratory and industrial studies having low 

reproducibility, the existence of reports with conflicting results, and the lack of an accepted and 
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proven mechanism (Cai et al., 2009). Researchers suggest that magnet type, magnetic field 

strength and orientation, magnetic exposure time, flow rate of the sample, and pipe or container 

material could all be important factors for proper treatment (Holysz et al., 2007). MFT has the 

potential to alter characteristics of minerals but the lack of an agreed upon experimental setup or 

mechanism makes predicting any results difficult. 

 The objective of the present study was to examine sepiolite addition and MFT as cost-

effective physical treatment methods for separating out or isolating valuable components in 

GYW including protein, lactose, and minerals. Separating these GYW components would aid in 

the disposal of this co-product while adding value. A treatment process was developed to 

observe if the addition of sepiolite would aid in the removal of minerals or other components 

made insoluble by MFT. These two methods were evaluated separately as alternative processing 

techniques for value addition of GYW as well. 
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 Materials and Methods 

 Experimental Design 

 Two commercial United States manufacturers of Greek yogurt supplied three separate 

Greek yogurt whey (GYW) batches collected from different processing days. Treatment included 

a 2×3 factorial design of two magnetic treatment levels, magnetic fluid treatment (MFT) and no 

exposure to the magnetic field, and three sepiolite treatment levels: the addition of zero, two, or 

four grams of sepiolite per 100g of sample. Each batch received duplicates of each of the eight 

clay and magnetic treatment combinations.  

 MFT System Development 

 The MFT chamber design shown in Figure 3.1 was based on operating conditions for 

proper magnetic water treatment suggested by Strazisar et al. (2001): the fluid flow is orthogonal 

with respect to magnetic field direction, magnetic field strength is at least 0.5 – 1 Tesla, there is a 

long residence time, and the water flow is turbulent.  

 Finite Element Method Magnetics (FEMM) 4.2 software (David Meeker, Charlottesville, 

VA) was used to determine the orientation of the magnets that would produce the strongest 

magnetic flux perpendicular to the fluid flow. The chosen design features four pairs of 5.08 x 

2.54 x 5.08cm neodymium block permanent magnets (Stanford Magnets, Irvine, CA) placed with 

opposing poles across from each other. Parallel magnets were spaced 2.5cm from each other and 

had the opposite field orientation from the adjacent pairs. The magnetic field inside the magnetic 

chamber was measured with a gauss meter (DC Magnetometer (Gauss), AlphaLab Inc., Salt 

Lake City, UT). 

 The MFT system displayed in Figure 3.1 was designed to recirculate the sample through 

the magnetic field. The sample was loaded into a polypropylene funnel. The funnel fed the 
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sample into a centrifugal pump (Iwaki Magnet Pump Model # MD-15R-115NL01, Iwaki 

America Inc., Holliston, MA) which pushed the sample at a rate of 7.5L/min through a 1.27cm 

inner diameter stainless steel pipe. The magnetic chamber was attached to the stainless steel pipe. 

Teflon tubing with 1.27cm inner diameter carried the sample back to the funnel.   

 Sepiolite 

 Sepiolite, Sepiogel F, was obtained from IMV Nevada (Amargosa Valley, NV) as per 

manufacturer with 12.2% free moisture and a particle distribution of 4.6% > 325 mesh and 

95.4% < 325 mesh. Particle chord length distribution of the sepiolite particles was confirmed 

using Focused Beam Reflectance Measurement (FBRM) (Particle Track E25, Mettler-Toledo 

LLC., Columbus, OH) as per the instrument manufacturer’s instructions. 

 Process Description: MFT and Sepiolite Addition 

 For each run 1,500g of GYW sample was heated to 40 - 42°C using a hot plate with 

constant stirring. The pH of the samples was recorded at 40 - 42°C using a pH meter with a 

temperature probe (Accumet™ AP110 Portable pH Meter, Thermo Fisher Scientific, Waltham, 

MA). The pH of the sample was then adjusted to 7.20 - 7.25 using a 5N sodium hydroxide 

solution. About 11.50 – 22.70g and 10.00 - 10.25g of 5N sodium hydroxide solution was used to 

neutralize the GYW from manufacturer 1 and manufacturer 2, respectably.  

 The pH adjusted sample was processed through the MFT system for five minutes. The 

magnetic chamber was removed for control samples. The sample was collected from the 

pumping system, pH at 40 - 42°C recorded, and split into three 450g sub-samples. Each sub-

sample was heated to 80 - 82°C with constant stirring and covered to avoid evaporation of the 

sub-sample. Once the sub-sample reached 80 - 82°C, the appropriate amount of sepiolite was 

added according to the experimental design and mixed for two minutes at 80 - 82°C. 
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 Subsequently, the heated 450g sub-samples were placed immediately into 500ml 

polypropylene centrifuge bottles and centrifuged at 1,000g for five minutes with a centrifuge (J2-

21, Beckman Coulter Inc., Brea, CA). Centrifugation resulted in two distinct layers being formed 

including a top aqueous layer and a bottom sediment layer. Both layers were weighed and stored 

separately at < -10°C until further analysis. Figure 3.2 contains a flow diagram of the treatment 

process. 

 Chemical and Physical Analysis 

  Both layers were tested for TS, ash, calcium, phosphates, sodium, and protein contents. 

The top aqueous layers were tested for color and lactose content. Untreated GYW samples from 

each batch were tested for the components previously mentioned except for lactose content. 

Duplicate analysis was performed for each sample. 

 Calcium. Calcium in the samples was analyzed with flame atomic absorption using the 

method described by Zucchetti and Contarini (1993) with some modifications. Sample, 0.7 - 

0.8g, was mixed with 29.25ml of 12% trichloroacetic acid (TCA) and incubated at 23°C for 

30min. The sample was filtered through filter paper (Whatman #541, GE Healthcare Bio-

Sciences, Pittsburg, PA). Ten milliliters of filtrate was added to 0.40ml of 5% lanthanum oxide 

solution and appropriately diluted with double deionized water. The diluted sample was analyzed 

at 589nm with an atomic absorption spectrometer (AAnalyst 100, PerkinElmer Inc., Waltham, 

MA).  

 Sodium. Sodium analysis followed the sample procedure mentioned above for calcium 

analysis except the samples were analyzed at 589nm using atomic emission mode with an atomic 

absorption spectrometer (AAnalyst 100, PerkinElmer Inc., Waltham, MA). The standard curve 
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for the sediment layers contained 0.1, 0.5, and 5.0ppm sodium standard solutions while 5.0, 10.0, 

and 25.0ppm sodium standard solutions were used for the top aqueous layers’ standard curve.  

 Color. A colorimeter (HunterLab Mini Scan EZ Colorimeter Model # 4500L, Hunter 

Associates Laboratory Inc., Reston, VA) was used to obtain L*, a*, and b* values for the GYW 

and treated top aqueous layers. Three readings were recorded for each sample. 

 Lactose. Lactose in the sample was measured using the method described by 

Amamcharla and Metzger (2011). One gram of sample was diluted with 20g of distilled water. 

Five milliliters of diluted sample were added to 0.1ml of lactase (Enzeco® Lactase NL, Enzyme 

Development Corp., New York, NY), mixed, and incubated at 40°C for ten minutes. The 

samples were mixed and measured using a blood glucose meter (ReliOn Ultima, Abbott 

Laboratories, Abbott Park, Illinois).  

 Phosphate. Phosphate content was determined using the colorimetric method from Fiske 

and Subbarow (1925). The absorbance of each sample was read at 660nm using a spectrometer 

(Spectronic Genesys 5, Thermo Fisher Scientific, Waltham, MA). Top aqueous layers of 

duplicate samples with the following ratios of two grams of sepiolite per 100g distilled water and 

four grams of sepiolite per 100g distilled water were prepared. The sepiolite and distilled water 

samples were then centrifuged at 1,000g for five minutes and used to determine the background 

color development for sepiolite-containing samples. Additional dilution was required for most 

samples. 

 Total Nitrogen. Total nitrogen was analyzed by combustion assay (Trumac N, LECO 

Corp., St. Joseph, MI). A conversion factor of 6.38 was used to determine the crude protein 

content from the total nitrogen. 
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 Total Solids and Ash. TS for both layers was determined using the forced air method 

described by Wehr et al. (2004). Ash for both layers was determined using the incineration 

method described by Wehr et al. (2004).  

  Identification of Proteins on the Sepiolite Surface 

  Clay mineral surfaces are capable of adsorbing proteins; therefore florescent microscopy 

was used to determine if GYW proteins had an attraction to sepiolite surfaces. The whey proteins 

were stained by adding 5μL of sample to 2μL of Fast Green FCF. The samples were then 

observed using a laser scanning confocal microscope (LSM 5 Pascal, Carl Zeiss AG, 

Oberkochen, Germany) with a 560 – 615nm band-pass filter and a laser line of 543nm (Auty et 

al., 2001).  

  Scanning Electron Microscopy (SEM)  

 A scanning electron microscope (Nova NanoSEM 430, FEI Company, Hillsboro, OR) 

was used to observe the surface morphology of the GYW bottom sediment layers and the 

original sepiolite. The sepiolite with GYW samples were then observed under SEM with 10kV 

accelerating voltage. Sepiolite direct from the manufacturer was observed using both 5kV and 

10kV accelerating voltage. Neither the sepiolite with GYW nor original sepiolite samples were 

dried prior to SEM imaging. The SEM contained an X-ray detector (X-Max Large Area 

Analytical EDS silicon drift detector, Oxford Instruments, Abingdon, Oxfordshire) for analysis 

of the elemental composition of the samples. X-ray elemental analysis was performed once per 

each sample type with a spot of 4.0 and an accelerating voltage of 15kV, and X-ray elemental 

analysis involved four interactions of the chosen area in order to achieve about 250,000 total 

counts.  

http://en.wikipedia.org/wiki/Oberkochen
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 Statistical Analysis 

 A t-test was conducted comparing average composition values of the original GYW from 

both manufacturers collected from all the batches. The test was conducted using the proc ttest 

function with SAS software version 9.3 (SAS Institute Inc., Cary, NC) with significance tested at 

P < 0.05. 

 The statistical model was a Randomized Complete Block Design plus split plot with three 

blocks where each block was a batch of GYW. MFT was designated as the whole plot while 

sepiolite addition was the split plot. Analysis of Variance (ANOVA) for split plot was used to 

test compositional differences between each layer resulting from the treatments. Data were 

analyzed separately for each manufacturer using PROC MIXED with SAS software version 9.3 

(SAS Institute Inc., Cary, NC) with significance tested at P < 0.05. Least Squared Means were 

used to compare effects of the levels of sepiolite addition. 
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 Results and Discussion  

 Modeling of MFT Chamber 

 In the MFT chamber as seen in Figure 3.1, the flow of GYW is always perpendicular to 

the magnetic field direction. However, the magnetic field direction changes 180° based on the 

orientation of the magnets. As the GYW flows through the MFT chamber, it experiences a 

magnetic field when it passes through a gap in-between a pair of magnets. According to Figure 

3.3, the theoretical magnetic flux density sharply increases to a maximum of about 0.9 - 0.95 

Tesla in the gap between the magnet pair.  The actual magnetic flux density measured with a 

gauss meter was 0.6 Tesla. The difference between the theoretical and actual magnetic flux 

density could be the result of interference with the pipe materials between the magnets and the 

fluid and impurities within the magnets (Baltzis, 2009).      

 Greek Yogurt Whey 

 Table 3.1 shows the average chemical composition of the GYW used in the present study. 

Only the pH, L*, and b* values were significantly different between the GYW from both 

manufacturers (P < 0.01). GYW from both manufacturers had the following general composition 

6.03% TS, 0.73% ash, and 0.26% protein. The pH, TS, ash, protein, and calcium values fall into 

the range observed from a study that analyzed GYW from ten United States Greek yogurt 

manufacturing sites (U.S. Dairy Export Council, Arlington, VA, personal communication).   

 Effect of Magnetic Field on GYW Components 

 Results from the top aqueous layers were used to evaluate the effectiveness of the 

treatments. The high sepiolite content of the bottom sediment layers resulted in various issues 

including difficulty in obtaining a uniform sample of the bottom sediment layer. Also, the high 

amount of silica in the sepiolite rich bottom sediment layer caused interference with calcium 
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analysis (Zucchetti and Contarini 1993). Therefore, the discussion in the present study will focus 

on results from the top aqueous layers.     

 The composition of the top aqueous layers without any influence from the MFT was 

compared to the GYW from the manufacturers. Neutralizing and heating the GYW favored the 

formation of insoluble tricalcium phosphate from soluble monocalcium phosphate (Corredig 

2009). Tricalcium phosphate and other insoluble GYW components were separated from the top 

aqueous layer during centrifugation. Removing the insoluble components lowered the calcium 

content in the GYW from both manufacturers by about 75%. Phosphate concentration (mM) was 

lowered about 70% for GYW from manufacturer 1 and about 55% for GYW from manufacturer 

2. Percent protein was lowered about 40% for GYW from manufacturer 1 and about 25% for 

GYW from manufacturer 2. The added sodium from the sodium hydroxide solution could be a 

part of either the top aqueous layer or the bottom sediment layer which makes it difficult to 

compare the ash and sodium of the raw GYW to the GYW top aqueous layers with pH and 

temperature treatment. There were relatively high variations in pH between the GYW batches 

collected from manufacturer 1 compared to those collected from manufacturer 2. The GYW from 

manufacturer 1 required about twice the amount of 5N sodium hydroxide sodium for 

neutralization compared to the GYW from manufacturer 2. The high standard deviation for the 

sodium values from manufacturer 1 as seen in Table 3.2 are the result of the pH variation 

between the GYW batches and the additional amount of base solution required for neutralization. 

The chosen pH and temperature parameters were desirable for de-mineralizing the GYW. 

 There was no interaction between the MFT and the addition of sepiolite (P > 0.05) for 

both manufacturers. Therefore, both treatments were observed separately for any differences in 

composition of the top aqueous layers. The MFT was not an effective method of precipitating 
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additional GYW minerals. MFT did not have an impact (P > 0.05) on any of the analyzed 

properties of the GYW top aqueous layers from manufacturer 1 as seen in Table 3.2. GYW top 

aqueous layers from manufacturer 2 had a difference in the amount of lactose from MFT (P < 

0.01) as seen in Table 3.2. There were no other significant differences (P > 0.05) from MFT with 

GYW from manufacturer 2. The compositional changes in the top aqueous layers exposed to 

MFT were a result of the temperature and pH conditions instead of influence from the magnetic 

field. The observation with lactose from manufacturer 2 might require further support because of 

the lack of differences experienced with all of the properties of both manufacturers from MFT.           

 The MFT not influencing the precipitated GYW minerals could be the result of the 

necessary experimental conditions not being met. It is unknown currently what parameters might 

aid in the precipitation of minerals in a fluid compositionally similar to GYW. Any combination 

of the GYW composition, magnet type, magnetic field strength, or exposure time along with 

unknown factors could be the cause. Lipus and Dobersek (2007) used MFT on hard water in a 

hot water heater and observed a structural change in calcium carbonate from calcite to aragonite 

as a result of the MFT treatment. However, MFT did not change the amount of scaling in the hot 

water heater. Therefore, MFT might alter the structure of minerals but not their solubility. The 

ideal conditions for MFT of GYW need to be examined further if this method is to be a proposed 

solution for removing GYW minerals. 

 Effect of Sepiolite Addition  

 FBRM was used to observe the chord length distribution of the sepiolite particles. The 

chord length was found to be around 20µm. The average particle size was 44µm according to 

manufacturer specifications. Özcan et al. (2006) reported a surface area of 234.3m2/g for 

sepiolite passed through a 63μm sieve. Smaller sepiolite particles have a larger surface area and 
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thus a great capacity to adsorb organic and inorganic materials. Observed sepiolite particles in 

the present study had large surface areas and identifiable channels as seen in Figure 3.4. This is 

consistent with the nature of this material. The particle size distribution is dependent on any size 

reduction processing but the morphology of the mineral remains unchanged. How the properties 

of sepiolite attract GYW components was evaluated in the present study. 

 The lactose content of the top aqueous layers was independent of sepiolite addition for 

manufacturer 1 (P = 0.08) and manufacturer 2 (P = 0.41) as seen in Table 3.2. Lactose was 

expected to remain in the continuous phase after treatment. Sepiolite physically entraps part of 

the continuous phase containing lactose and other soluble components as the sepiolite swells, but 

the sepiolite does not have an attractive force towards lactose (Guney et al., 2014).  

  Sepiolite did not change the ash content of the aqueous top layers from manufacturer 2 

(P = 0.21) as seen in Table 3.2. The top aqueous layers from manufacturer 1 treated with two 

grams of sepiolite per 100g GYW were significantly higher in ash than the top aqueous layers 

treated with the two other sepiolite treatments. However, the amount of ash did not increase by a 

notable degree and could be the result of additional sodium from the sodium hydroxide solution. 

Ash analysis by itself did not elute to any conclusive changes in the mineral content of the GYW 

from sepiolite addition.   

 The low amount of silicon from sepiolite present in the top aqueous layers did not have 

notable interference during atomic absorption and emission analysis. Calcium in the top aqueous 

layers from manufacturer 1 was not influenced by sepiolite addition (P = 0.12) as seen in Table 

3.2. The two grams of sepiolite per 100g of GYW treatment did show a slight significant 

increase in calcium content for the top aqueous layers from manufacturer 2. The increase in 

calcium was not observed with the four grams of sepiolite per 100g of GYW treatment for the 
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top aqueous layers from manufacturer 2. This trend could be similar the ash observations 

previously mentioned for the top aqueous layers from manufacturer 1. The pH and heat treatment 

alone remove about 75% of the calcium. Soluble calcium is not attracted to the sepiolite surface 

and remains in the continuous phase. Guney et al. (2014) used sepiolite to effectively remove 

heavy metals from the following salt solutions CuCl2, ZnCl2, and PbCl2. The large surface area 

and channels were contributed to the higher heavy metal adsorption but a specific mechanism 

was not identified. Soluble calcium could be competing against other components like proteins 

for adsorption sites on sepiolite.  

 The addition of sepiolite significantly decreased the phosphate content of the top aqueous 

layers for both manufacturers (P < 0.01) as seen in Table 3.2. The addition of two grams of 

sepiolite per 100g of GYW significantly decreased the phosphates content in the top aqueous 

layers by about 80% for manufacturer 1 and 70% for manufacturer 2 compared to GYW from the 

manufacturer. Similarly, the addition of four grams of sepiolite per 100g of GYW significantly 

decreased the phosphates content by about 90% for manufacturer 1 and 77% for manufacturer 2 

compared to GYW from the manufacturer. Dairy-derived phosphates can be present as H2PO4
- or 

HPO4
2- or bound to calcium and magnesium (Fox and McSweeney, 1998). 

  The original sepiolite contains negligible phosphorus but sepiolite with GYW contains 

about 1.68% phosphorous as seen in Table 3.3. Therefore, phosphates could be adsorbing onto 

the sepiolite surface. According to Yin et al. (2011), effective phosphate absorbents normally 

contain high amounts of aluminum, iron, or calcium which readily adsorb phosphates or form 

stable phosphorus precipitates. Yin et al. (2011) observed the adsorption of phosphates from a 

phosphorus solution onto calcium-rich sepiolite material with over 20% CaO. The calcium-rich 

sepiolite material contained only 40 - 50% sepiolite with smectite, calcite, and dolomite as the 
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other main constituents. Phosphates effectively adsorbed onto the calcium-rich sepiolite material 

by forming calcium-bound phosphorus precipitations on the surface. The sepiolite in the present 

study contains only about 2.01% aluminum, 2.07% calcium, and 3.10% by weight iron as seen in 

Table 3.3. Therefore, another mechanism for phosphate adsorption is more likely.  

 Yan et al. (2010) suggested that anions including certain phosphates adsorb onto clay 

surfaces through ligand exchange and electrostatic interactions. Yan et al. (2010) observed an 

anion and OH- exchange reaction as the adsorption mechanism behind phosphates from a stock 

solution onto hydroxy-iron, hydroxy-aluminum, and hydroxy-iron-aluminum pillared bentonite 

clay minerals. Further research into the exact mechanism behind phosphate adsorption onto 

sepiolite surfaces is needed, but ligand exchange and electrostatic interactions are the most 

likely. 

 Sodium content was observed to see if the neutralization of the GYW with sodium 

hydroxide interfered with results from experimental treatment. The addition of sepiolite did not 

have an effect on the top aqueous layers from manufacturer 1 (P = 0.37) and manufacturer 2 (P = 

0.83) as seen in Table 3.2. Therefore, the sodium remained in the continuous phase and did not 

interfere with other analysis. 

 The protein content in the top aqueous layers compared to the GYW from manufacturer 1 

lowered about 45% without the addition of sepiolite and lowered about 60% after the addition of 

two or four grams of sepiolite per 100g of GYW. Similarly, for manufacturer 2 the addition of 

zero grams of sepiolite lowered the protein content in the top aqueous layers by about 25% 

compared to the GYW, while the addition of two or four grams of sepiolite per 100g of GYW 

lowered the protein content by about 45%. There was a significant difference in protein removal 

between the addition of zero and two grams of sepiolite per 100g of GYW treatments for both 
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manufacturers (P < 0.01) as seen in Table 3.2.  However, there was no significant difference in 

protein removal between the two and four grams of sepiolite per 100g of GYW treatments for 

both manufacturers. Electrostatic interactions between the sepiolite surface and the GYW 

proteins were suspected as the main mechanism for protein removal in the GYW by sepiolite. 

 Confocal microscopy, X-ray analysis, and SEM images were used to observe interactions 

between sepiolite and the whey proteins in the bottom sediment layers obtained after 

centrifugation of treated GYW with sepiolite added. The sepiolite surface without GYW appears 

rough with various tunnels and jagged edges as seen in Figure 3.4. Figure 3.5 shows particles 

with a more rounded morphology where the GYW proteins have adsorbed to sepiolite surfaces. 

The confocal microscopy image of sepiolite with GYW as seen in Figure 3.6a displays green 

fluorescent dye on the sepiolite surfaces indicating GYW protein attachment onto the sepiolite 

surface. Figure 3.6b shows a SEM image from the same area for comparison.  

 Yu et al. (2013) discussed possible mechanisms for interactions between clay minerals 

and proteins including cation exchange, cation bridge, hydrogen bonding, hydrophobic 

interactions, hydrophilic interactions, van der Waals forces, and electrostatic interactions. Barral 

et al. (2008) used a layered aluminosilicate clay mineral, kaolinite, to adsorb bovine serum 

albumin (BSA), beta-lactoglobulin (β-LG), and alpha-lactalbumin (α-LA) from purified whey 

protein solutions. Maximum adsorption capacity was reached at the isoelectric point for each 

whey protein where 131mg α-LA, 52mg BSA, and 77.5mg β-LG were adsorbed per gram of 

kaolinite. X-ray diffraction analysis of kaolinite with whey proteins revealed that protein 

adsorption takes place on the clay’s external edges and surfaces. X-ray elemental component 

analysis of sepiolite with GYW in the present study showed about 11.79% carbon and 1.93% 

nitrogen by weight on the sepiolite surface compared to negligible nitrogen and about 1.39% 
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carbon with the original sepiolite as seen in Table 3.3. The appearance of additional carbon and 

nitrogen on the sepiolite surface indicate GYW protein attachment onto the sepiolite surface.  

 Barral et al. (2008) confirmed a lack of hydrogen bonding between whey proteins and the 

hydroxyl groups onto the surface of kaolinite’s using Fourier transform infrared spectroscopy. 

Barral et al. (2008) concluded that electrostatic interactions were the primary mechanism behind 

protein adsorption onto kaolinite surfaces. In addition, steric effects might also play a minor role. 

Similarly, electrostatic interactions are suspected to be the main mechanism for the adsorption of 

GYW proteins onto sepiolite. 

 The desorption of the GYW proteins was examined by washing GYW proteins adsorbed 

onto sepiolite with three washes of distilled water. Confocal microscopy of the washed sepiolite 

with GYW proteins showed similar results to the unwashed sepiolite with GYW proteins. With 

X-ray elemental component analysis, the washed sepiolite had a similar nitrogen and carbon 

concentration compared to sepiolite with GYW as seen in Table 3.3. Efficient desorption of the 

proteins was not accomplished because most of the proteins remained attached to the sepiolite 

surface after the distilled water wash. Barral et al. (2008) examined different eluents for 

desorbing whey proteins from a kaolinite surface: distilled water, 1M NaCl, polyethylene glycol, 

ethanol, ethanol with NaCl, and ethanol with sodium dodecyl sulfate (SDS). Only ethanol with 

SDS was determined to be an effective eluent for protein desorption. According to Yu et al. 

(2013), solution pH influences electrostatic interactions between proteins and clay surfaces by 

affecting the clay’s surface charge and the protein’s degree of ionization. Proteins have a 

maximum adsorption onto clay surfaces at their isoelectric point where the proteins experience 

the least amount of repulsive forces. Electrostatic interactions between clay surfaces and proteins 
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are weakened when the solution pH is greater than the isoelectric point. Therefore, basic 

conditions should favor the desorption of proteins from clay surfaces (Yu et al., 2013).  

  The sepiolite particles settled into the sediment layer along with the other insoluble 

components. The two grams of sepiolite per 100g of GWY treatment resulted in about a 0.5% 

decrease in TS for the top aqueous layers from both manufacturers (P < 0.01) as seen in Table 

3.2. Adding four grams of sepiolite per 100g of GWY from manufacturer 1 significantly 

decreased TS by about 1% in the top aqueous layers. There was no significant reduction in TS 

between the two and four grams of sepiolite per 100g of GYW treatments for manufacturer 2. 

The decrease in TS for the top aqueous layers is a result of the proteins and phosphates becoming 

attached to the sepiolite which separates into the bottom sediment layer. Similarly, heat treatment 

and pH neutralization of the GYW resulted in solids including ash and protein becoming 

insoluble and separating into the bottom sediment layer. Lactose can be recovered from GYW 

more efficiently using value-added processes including membrane filtration and evaporation if 

the ash and protein content is decreased. Proteins and ash contained within the sepiolite can also 

be recovered or repurposed as animal feed. The lactose rich top aqueous layer and the mineral 

and protein rich bottom sediment layer formed through pH neutralization, heating, and sepiolite 

addition are easier to add value to than non-treated GYW that exists in one single phase.  

 The continuous phase of the GYW becomes less opaque after the removal of the white 

insoluble calcium phosphates formed by the pH and heat treatment. The b* value of the GYW 

continuous phase increased from 4.24 to 25.99 for manufacturer 1 and increased from 6.73 to 

26.23 for manufacturer 2 after pH and heat treatment as seen in Table 3.1 and Table 3.2. 

Sepiolite treatment was effective at removing a majority of the yellow and green tint caused by 

the natural pigments in the GYW for both manufacturers. The addition of two grams of sepiolite 
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per 100g of GYW lowered the b* in the top aqueous layers by about 70% (P < 0.01) compared to 

the addition of no sepiolite for both manufacturers as seen in Table 3.2. However, there was no 

significant difference between the two and four grams of sepiolite per 100g of GYW treatments. 

The a* for the GYW from both manufacturers lowered by about 90% after the addition of 

sepiolite (P < 0.01) as seen in Table 3.2.  

 When the amount of sepiolite added was increased from two grams to four grams of 

sepiolite per 100g of GYW sepiolite the a* significantly decreased about 50% further for GYW 

from manufacturer 1 and about 90% further for GYW from manufacturer 2. The L* for the 

GYW from manufacturer 1 lowered about 20% after sepiolite treatment (P < 0.01) but there was 

no significant difference in L* when the amount of sepiolite increased from two to four grams 

per 100g of GYW. There was no definite pattern for L* when sepiolite was added to the GYW 

from manufacturer 2. Other studies have confirmed that sepiolite is an effective adsorbent of 

aqueous dyes including Basic Astrazon yellow 7GL, methylene blue, and methyl violet dyes 

because of its large surface area (Tekbaş et al., 2009).  Yellow pigment caused by annatto in 

whey powders and other value-added whey products used in baked goods, drinks, or other 

products can cause a lower perceived quality in the product by consumers (Kang et al., 2010). 

Sepiolite has been shown to effectively remove natural color that is undesirable to consumers 

from GYW. 
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 Conclusions 

 MFT and the addition of sepiolite were evaluated as possible methods for concentrating 

the valuable chemical components in GYW collected from two manufacturers. The pH and 

temperature parameters were confirmed as effective conditions to precipitate minerals. The MFT 

did not prove effective in aiding the removal of TS, ash, protein, minerals, or colored pigments 

from the GYW top aqueous layer for both manufacturers. Proper experimental parameters need 

to be further researched if MFT is to be a proposed treatment method for GYW. The addition of 

sepiolite combined with the temperature and pH conditions was able to increase the removal of 

TS, protein, phosphates, and color pigment. The adsorption of proteins onto the sepiolite surface 

was contributed to electrostatic effects, while the adsorption of dye pigments was contributed to 

sepiolite’s large surface area. Although sepiolite did not concentrate all GYW minerals, 

applications for protein and color removal were discovered.    

 There is the opportunity to utilize layers formed by the addition of sepiolite, pH 

adjustment, and heat treatment of GYW. The top aqueous layer becomes lower in ash and 

protein content and thus can be more readily used with lactose recovery methods including 

membrane filtration. Sepiolite also removes the natural yellow pigment in GYW that is seen as a 

negative quality attribute by consumers. The bottom sediment layer can be used as an animal 

feed with higher concentrations of minerals and protein compared to GYW. Schell et al. (1993) 

fed bovines diets with sepiolite and found that the sepiolite aided in the health and weight gain of 

the animal. Methods need to be looked into for removing the GYW proteins from the surface of 

sepiolite to yield a cost effective whey protein concentrate. Clay minerals similar to sepiolite 

along with pH and temperature treatment have the ability to add value to GYW by isolating 

components and thus making it easier to recover or repurpose them.     
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Figure 3.1 Magnetic Fluid Treatment system design 
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Figure 3.2 Process flow diagram for treatment of Greek yogurt whey 
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Figure 3.3 Theoretical magnetic flux density plot for the Magnetic Fluid Treatment 

chamber 
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Figure 3.4 SEM image of sepiolite 
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Figure 3.5 SEM image of sepiolite with GYW
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a 

 

 

b 

 

Figure 3.6 Confocal microscopy image of dyed whey proteins on sepiolite surface (a) with corresponding SEM image (b) where 

green indicates the presence of proteins on the surface
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 Tables 

Table 3.1 Chemical composition of Greek yogurt whey collected from manufacturer 1 and 

manufacturer 2 (mean ± standard deviation; n=2) 

Average 

Chemical Property Manufacturer 1 Manufacturer 2 

pH 4.27±0.06a 4.48±0.02b 

TS (%) 6.02±0.05a 6.04±0.04a 

Ash (%) 0.73±0.01a 0.73±0.01a 

Protein (%) 0.27±0.01a 0.25±0.02a 

Calcium (mg/100g) 126±7a 126±12a 

Phosphates (mM) 6.88±0.62a 7.17±0.41a 

Sodium (mg/100g) 39±2a 42±1a 

C
o
lo

r 

L* 13.21±1.18a 32.42±1.00b 

a* -3.78±0.06a -3.93±0.53a 

b* 4.24±0.05a 6.73±0.430b 

a-bMeans within a row with different superscripts differ (p< 0.05)
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Table 3.2 Effect of magnetic exposure and addition of sepiolite to the chemical composition of the top aqueous layers of Greek 

yogurt whey (mean ± standard deviation; n=2) 

 MFT1 Sepiolite Treatment1 

Average 

Chemical 

Property 

Manufacturer 
Magnetic 

Exposure 

No Magnetic 

Exposure 

MFT 

Effect 

P-

Value 

Grams of Sepiolite per 100g GYW 
Sepiolite 

Effect 

P-Value 
0g 2g 4g 

TS (%) 
1 5.78±0.04a 5.79±0.05a 0.12 5.82±0.03c 5.78±0.04d 5.76±0.04e <0.01 

2 5.81±0.06a 5.81±0.06a 0.95 5.84±0.04c 5.80±0.07d 5.79±0.05d <0.01 

Ash (%) 
1 0.759±0.008a 0.759±0.006a 0.78 0.759±0.006c 0.762±0.007d 0.755±0.005c <0.01 

2 0.730±0.008a 0.729±0.005a 0.66 0.759±0.006c 0.762±0.007d 0.755±0.005c 0.21 

Lactose (%) 
1 3.53±0.09a 3.50±0.11a 0.31 3.57±0.10c 3.48±0.10c 3.50±0.1c 0.08 

2 3.78±0.10a 3.68±0.09b <0.01 3.73±0.12c 3.75±0.13c 3.70±0.07c 0.41 

Protein (%) 
1 0.12±0.04a 0.12±0.03a 0.81 0.15±0.03c 0.10±0.02d 0.10±0.03d <0.01 

2 0.15±0.03a 0.14±0.04a 0.19 0.18±0.03c 0.13±0.02d 0.13±0.02d <0.01 

Calcium 

(mg/100g) 

1 29±2a 28±2a 0.25 28±2c 29±2c 29±1c 0.12 

2 28±2a 28±2a 0.52 27±3c 29±2d 28±2cd 0.03 

Phosphates 

(mM) 

1 1.40±0.65a 1.30±0.65a 0.19 2.05±0.35c 1.27±0.31d 0.72±0.34e <0.01 

2 2.28±0.64a 2.18±0.65a 0.20 2.97±0.25c 2.12±0.27d 1.61±0.39e <0.01 

Sodium 

(mg/100g) 

1 117±64a 116±64a 0.82 118±66c 115±63c 117±65c 0.37 

2 138±4a 139±6a 0.91 138±7c 139±3c 139±3c 0.83 

C
o

lo
r 

L* 
1 16.27±2.93a 16.03±2.39a 0.51 19.59±1.19c 14.48±0.75d 14.37±0.83d <0.01 

2 37.12±1.55a 36.97±1.43a 0.69 36.83±1.67cd 36.47±1.12c 37.83±1.32d 0.03 

A* 
1 -1.42±1.74a -1.33±1.57a 0.14 -3.63±0.33c -0.35±0.15d -0.15±0.16e <0.01 

2 -1.38±1.77a -1.40±1.77a 0.78 -3.79±0.34c -0.35±0.21d -0.03±0.14e <0.01 

B* 
1 14.03±9.61a 13.39±8.60a 0.29 25.99±2.93c 8.16±0.71d 6.97±0.76d <0.01 

2 14.04±9.27a 13.85±9.03a 0.83 26.23±3.29c 8.10±0.62d 7.51±0.57d <0.01 
a-bMeans within a row with different superscripts differ (p<0.05) 
c-e Means within a row with different superscripts differ (p<0.05) 
1No interaction among magnetic and sepiolite treatments for all chemical properties (p>0.05) 
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Table 3.3 X-ray elemental component analysis 

 Percent Weight Composition 

Element Original sepiolite 

4g sepiolite with  

100g GYW  

bottom sediment layer 

Washed 4g sepiolite with  

100g GYW 

 bottom sediment layer1,2 

C 1.39 11.79 9.83 

N 0.00 1.93 2.01 

O 54.05 48.03 36.54 

F 2.30 1.79 1.35 

Na 0.17 0.28 0.00 

Mg 10.74 7.54 5.44 

Al 2.01 1.62 0.90 

Si 22.13 17.90 39.38 

P 0.00 1.68 1.13 

K 0.58 1.01 0.32 

Ca 2.07 4.60 3.09 

Fe 3.10 1.84 0.00 

Ti 1.46 0.00 0.00 

1Sample was stained with Fast Green FCF prior to X-ray component analysis 
2Sample was washed three times with distilled water 
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Appendix A - Image of Magnetic Fluid Treatment System from 

Chapter 3 

 
Figure A.1 Image of Magnetic Fluid Treatment System from Chapter 3  



   

72 

 

Appendix B - Additional Theoretical Magnetic Field Design for 

Chapter 3 

  
Figure B.1 Theoretical Magnetic Flux Density Plot for Constant Magnetic Pair Orientation  
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Appendix C - Raw Data and SAS Code for Manufacturer 1 for 

Chapter 3 

data yogurt; 

input ID$ Magnet$ Clay$  TS Ash Lactose Aveb Protein Batch$ P Ca Na AveL 

AveA; 

datalines; 

1A Yes 0g/100g 5.848 0.759 3.539 28.450 0.180 a 2.521 0.027

 0.161 20.683 -3.820 

2A Yes 2g/100g 5.797 0.762 3.655 8.800 0.113 a 1.749 0.029 0.155

 15.164 -0.270 

3A Yes 4g/100g 5.794 0.757 3.636 7.190 0.109 a 1.020 0.031 0.165

 14.534 0.043 

4A No 0g/100g 5.855 0.762 3.745 19.427 0.172 a 2.483 0.027

 0.161 16.680 -3.287 

5A No 2g/100g 5.817 0.759 3.432 7.407 0.109 a 1.671 0.031 0.153

 13.744 -0.360 

6A No 4g/100g 5.778 0.761 3.566 6.710 0.109 a 1.239 0.030 0.166

 14.296 -0.080 

7A Yes 0g/100g 5.843 0.762 3.492 22.480 0.169 a 2.307 0.029

 0.166 18.617 -3.377 

8A Yes 2g/100g 5.830 0.773 3.472 6.567 0.112 a 1.551 0.032 0.158

 13.090 -0.153 

9A Yes 4g/100g 5.806 0.756 3.553 5.903 0.100 a 0.891 0.029 0.162

 13.153 -0.210 

10A No 0g/100g 5.853 0.766 3.483 23.960 0.153 a 2.424 0.028

 0.158 19.072 -3.250 

11A No 2g/100g 5.830 0.769 3.547 7.770 0.098 a 1.505 0.029 0.154

 14.108 -0.193 

12A No 4g/100g 5.822 0.757 3.464 7.670 0.086 a 0.916 0.028 0.157

 14.710 -0.053 

1B Yes 0g/100g 5.815 0.749 3.522 28.540 0.131 b 2.419 0.029

 0.159 20.847 -3.743 

2B Yes 2g/100g 5.797 0.758 3.512 8.513 0.075 b 1.496 0.029 0.156

 14.713 -0.323 

3B Yes 4g/100g 5.742 0.750 3.579 7.553 0.069 b 1.098 0.030 0.157

 15.524 -0.177 

4B No 0g/100g 5.848 0.754 3.594 24.450 0.126 b 1.736 0.026

 0.167 18.790 -3.110 

5B No 2g/100g 5.825 0.755 3.539 8.733 0.076 b 1.077 0.027 0.160

 15.184 -0.250 

6B No 4g/100g 5.776 0.752 3.604 5.737 0.071 b 0.766 0.029 0.162

 13.436 0.207 

7B Yes 0g/100g 5.802 0.746 3.674 25.563 0.122 b 1.891 0.027

 0.162 19.519 -3.717 

8B Yes 2g/100g 5.783 0.759 3.553 8.153 0.065 b 1.336 0.026 0.163

 14.966 -0.333 

9B Yes 4g/100g 5.745 0.746 3.408 7.627 0.050 b 0.781 0.028 0.160

 15.291 -0.147 

10B No 0g/100g 5.822 0.754 3.600 26.797 0.089 b 1.839 0.028

 0.162 19.821 -3.467 

11B No 2g/100g 5.750 0.750 3.446 8.197 0.118 b 0.843 0.028 0.162

 14.834 -0.643 
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12B No 4g/100g 5.796 0.754 3.380 5.970 0.112 b 0.663 0.027 0.159

 13.279 -0.337 

1C Yes 0g/100g 5.788 0.764 3.666 29.123 0.174 c 1.725 0.032

 0.032 20.701 -4.213 

2C Yes 2g/100g 5.756 0.763 3.445 7.973 0.142 c 0.918 0.030 0.030

 13.777 -0.480 

3C Yes 4g/100g 5.723 0.764 3.343 6.680 0.113 c 0.420 0.030 0.030

 13.827 -0.323 

4C No 0g/100g 5.785 0.763 3.528 27.893 0.145 c 1.694 0.028

 0.028 20.233 -3.880 

5C No 2g/100g 5.753 0.761 3.266 9.257 0.114 c 1.070 0.032 0.032

 15.563 -0.483 

6C No 4g/100g 5.711 0.749 3.421 7.647 0.182 c 0.187 0.027 0.027

 14.937 -0.367 

7C Yes 0g/100g 5.765 0.760 3.596 28.163 0.167 c 1.681 0.026

 0.026 20.407 -3.973 

8C Yes 2g/100g 5.722 0.775 3.427 8.030 0.106 c 1.122 0.029 0.029

 13.850 -0.243 

9C Yes 4g/100g 5.717 0.758 3.479 7.133 0.095 c 0.232 0.029 0.029

 14.116 -0.163 

10C No 0g/100g 5.785 0.764 3.385 26.980 0.166 c 1.874 0.028

 0.028 19.759 -3.757 

11C No 2g/100g 5.734 0.765 3.437 8.517 0.103 c 0.946 0.029 0.029

 14.760 -0.507 

12C No 4g/100g 5.711 0.759 3.530 7.853 0.094 c 0.397 0.029 0.029

 15.380 -0.180 

; 

run; 

 

proc print data=yogurt; 

run; 

 

/*Lactose*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model Lactose= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet /cl; 

 

/*Object1 difference between three clay treatments for Lactose*/ 

  

estimate  'obj1_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj1_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj1_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

run; 

 

 

/*TS*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model TS= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 
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lsmeans Magnet Clay Clay*Magnet; 

 

 /*Object2 difference between three clay treatments for TS*/ 

  

estimate  'obj2_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj2_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj2_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

 

/*Ash*/ 

proc mixed data=yogurt; 

class Magnet Clay  Batch; 

model Ash= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet; 

 

 /*Object3 difference between three clay treatments for Ash*/ 

  

estimate  'obj3_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj3_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj3_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Color_b*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model aveb= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet; 

 

 /*Object2 difference between three clay treatments for TS*/ 

  

estimate  'obj2_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj2_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj2_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Protein*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model Protein= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for Protein*/ 
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estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

 

/*Phosphate*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model P= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for Phosphate*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Calcium*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model Ca= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for Ca*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Sodium*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model Na= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for Na*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 
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run; 

/*Color_L*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model AveL= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for L*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Color_A*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model AveA= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for A*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Summary*/ 

 

proc summary data=yogurt; 

 

var TS Ash Lactose Aveb Protein P Ca Na AveL AveA; 

title "Summary for magnet"; 

class magnet; 

output out=summary_magnet; 

run; 

 

proc print data=summary_magnet; 

run; 

 

 

proc summary data=yogurt; 

title "Summary for clay"; 

var TS Ash Lactose Aveb Protein P Ca Na AveL AveA; 

class clay; 

output out=summary_clay; 
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run; 

 

proc print data=summary_clay; 

run; 
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Appendix D - Raw Data and SAS Code for Manufacturer 2 for 

Chapter 3 

data yogurt; 

input ID$ Magnet$ Clay$  TS Ash Lactose Aveb Protein Batch$ P Ca Na AveL 

AveA; 

datalines; 

1A Yes 0g/100g 24.267 3.023 3.789 26.513 0.880 a 3.038

 0.095 0.573 37.440 -3.417 

2A Yes 2g/100g 23.185 2.956 3.725 8.077 0.633 a 2.530 0.120

 0.529 36.047 -0.227 

3A Yes 4g/100g 22.023 2.781 3.777 7.663 0.675 a 2.190 0.108

 0.519 38.713 -0.140 

4A No 0g/100g 24.315 3.054 3.489 23.420 0.966 a 3.231

 0.117 0.572 37.010 -3.823 

5A No 2g/100g 23.205 2.955 3.549 7.537 0.483 a 2.539 0.127

 0.560 35.970 -0.477 

6A No 4g/100g 21.912 2.758 3.650 7.817 0.471 a 1.907 0.108

 0.517 37.040 -0.207 

7A Yes 0g/100g 24.081 3.030 3.759 24.647 0.840 a 3.117

 0.141 0.547 35.623 -3.800 

8A Yes 2g/100g 22.950 2.902 3.664 8.770 0.599 a 2.042 0.114

 0.548 37.027 -0.443 

9A Yes 4g/100g 21.871 2.768 3.633 7.293 0.508 a 1.661 0.110

 0.509 37.463 0.027 

10A No 0g/100g 24.288 3.080 3.660 22.970 0.814 a 3.149

 0.121 0.577 33.833 -3.567 

11A No 2g/100g 22.937 2.901 3.591 8.420 0.482 a 1.998 0.132

 0.537 35.983 -0.517 

12A No 4g/100g 21.812 2.746 3.592 7.700 0.445 a 1.581 0.112

 0.515 38.490 0.017 

1B Yes 0g/100g 24.578 3.112 3.775 22.017 0.687 b 3.203

 0.116 0.594 36.357 -3.537 

2B Yes 2g/100g 23.429 2.926 3.839 8.023 0.569 b 2.251 0.117

 0.571 36.433 -0.303 

3B Yes 4g/100g 22.246 2.775 3.756 7.437 0.539 b 1.763 0.106

 0.542 38.290 0.173 

4B No 0g/100g 24.513 3.060 3.735 23.200 0.698 b 3.025

 0.111 0.584 36.637 -3.517 

5B No 2g/100g 23.111 2.936 3.848 7.060 0.403 b 2.318 0.114

 0.571 36.817 0.073 

6B No 4g/100g 22.383 2.818 3.694 8.680 0.462 b 1.845 0.106

 0.535 38.017 -0.077 

7B Yes 0g/100g 24.375 3.095 3.769 23.980 0.688 b 3.127

 0.119 0.591 34.580 -3.280 

8B Yes 2g/100g 23.085 2.979 3.796 8.137 0.517 b 2.179 0.118

 0.556 34.647 -0.140 

9B Yes 4g/100g 22.104 2.777 3.790 6.467 0.401 b 1.871 0.109

 0.536 34.990 0.120 

10B No 0g/100g 24.310 3.035 3.696 27.547 0.645 b 2.657

 0.110 0.600 35.977 -3.897 

11B No 2g/100g 23.400 2.946 3.738 6.997 0.454 b 2.144 0.113

 0.561 35.250 -0.313 
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12B No 4g/100g 22.322 2.839 3.683 7.003 0.407 b 1.599 0.113

 0.543 35.893 0.213 

1C Yes 0g/100g 24.833 3.069 3.852 30.243 0.578 c 2.635

 0.109 0.597 38.610 -4.187 

2C Yes 2g/100g 23.496 2.935 4.067 8.770 0.574 c 1.788 0.117

 0.567 39.173 -0.393 

3C Yes 4g/100g 22.377 2.766 3.772 7.707 0.494 c 0.850 0.096

 0.530 39.203 -0.057 

4C No 0g/100g 24.539 3.074 3.797 30.100 0.794 c 2.924

 0.100 0.599 38.987 -4.083 

5C No 2g/100g 23.718 2.933 3.690 8.340 0.559 c 1.723 0.118

 0.569 37.197 -0.250 

6C No 4g/100g 22.375 2.721 3.739 7.953 0.496 c 1.006 0.094

 0.541 38.967 -0.233 

7C Yes 0g/100g 24.922 3.084 3.902 31.343 0.811 c 2.999

 0.110 0.604 39.073 -4.390 

8C Yes 2g/100g 23.131 2.892 3.718 8.797 0.538 c 2.096 0.113

 0.550 36.780 -0.753 

9C Yes 4g/100g 22.749 2.885 3.624 6.863 0.496 c 1.755 0.116

 0.532 37.690 -0.063 

10C No 0g/100g 24.651 3.080 3.555 28.817 0.821 c 2.471

 0.095 0.495 37.773 -3.993 

11C No 2g/100g 23.655 2.971 3.748 8.237 0.541 c 1.832 0.111

 0.571 36.347 -0.433 

12C No 4g/100g 22.719 2.838 3.695 7.533 0.507 c 1.248 0.111

 0.566 39.250 -0.130 

; 

run; 

 

proc print data=yogurt; 

run; 

 

/*Lactose*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model Lactose= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet /cl; 

 

/*Object1 difference between three clay treatments for Lactose*/ 

  

estimate  'obj1_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj1_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj1_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

run; 

 

 

/*TS*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model TS= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 
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lsmeans Magnet Clay Clay*Magnet; 

 

 /*Object2 difference between three clay treatments for TS*/ 

  

estimate  'obj2_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj2_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj2_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

 

/*Ash*/ 

proc mixed data=yogurt; 

class Magnet Clay  Batch; 

model Ash= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet; 

 

 /*Object3 difference between three clay treatments for Ash*/ 

  

estimate  'obj3_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj3_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj3_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Color_b*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model aveb= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet; 

 

 /*Object2 difference between three clay treatments for TS*/ 

  

estimate  'obj2_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj2_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj2_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Protein*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model Protein= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for Protein*/ 



   

82 

 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

 

/*Phosphate*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model P= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for Phosphate*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Calcium*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model Ca= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for Ca*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Sodium*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model Na= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for Na*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 
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run; 

/*Color_L*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model AveL= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for L*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Color_A*/ 

proc mixed data=yogurt; 

class Magnet Clay Batch; 

model AveA= Magnet Clay Clay*Magnet ; 

 

random Batch Batch*Magnet*Clay; 

 

lsmeans Magnet Clay Clay*Magnet ; 

 

 /*Object4 difference between three clay treatments for A*/ 

  

estimate  'obj4_1 (0g vs 2g)' Clay 1 -1 0 ; 

estimate  'obj4_2 (0g vs 4g)' Clay 1 0 -1 ; 

estimate  'obj4_3 (2g vs 4g)' Clay 0 1 -1 ; 

 

     

run; 

/*Summary*/ 

 

proc summary data=yogurt; 

 

var TS Ash Lactose Aveb Protein P Ca Na AveL AveA; 

title "Summary for magnet"; 

class magnet; 

output out=summary_magnet; 

run; 

 

proc print data=summary_magnet; 

run; 

 

 

proc summary data=yogurt; 

title "Summary for clay"; 

var TS Ash Lactose Aveb Protein P Ca Na AveL AveA; 

class clay; 

output out=summary_clay; 
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run; 

 

proc print data=summary_clay; 

run; 
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Appendix E - Additional SEM Images for Chapter 3 

Materials and Methods for the Following SEM Images 

A scanning electron microscope (S-3500N SEM, Hitachi, Ltd., Tokyo, Japan) was used 

to observe the surface morphology of the two and four grams of sepiolite per 100g Greek yogurt 

whey sediment layers. The samples were dried at 40°C for 12h and sputtering coated with 15-

20nm of gold palladium using a fine ion coat sputter (Denton Desk II Vacuum Sputter Coater, 

Denton Vacuum, LLC., Moorestown, NJ). The samples were then observed under SEM with 

15kV accelerating voltage. 
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Figure E.1 SEM Image of Original Sepiolite 
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Figure E.2 SEM Image of Original Sepiolite 
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Figure E.3 SEM Image of Original Sepiolite 
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Figure E.4 SEM Image of Greek Yogurt Whey Bottom Sediment Layer without Sepiolite 
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Figure E.5 SEM Image of Greek Yogurt Whey Bottom Sediment Layer without Sepiolite 
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Figure E.6 SEM Image of Sepiolite with Greek Yogurt Whey 
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Figure E.7 SEM Image of Sepiolite with Greek Yogurt Whey 
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Figure E.8 SEM Image of Sepiolite with Greek Yogurt Whey 
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Figure E.9 SEM Image of Sepiolite with Greek Yogurt Whey 
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Appendix F - Images of Color Change in Greek Yogurt Whey Top 

Aqueous Layers from Sepiolite Addition for Chapter 3 

 

Figure F.1 Image of Color Change in Greek Yogurt Whey Top Aqueous Layers from 

Sepiolite Addition for Chapter 3; from left to right: original Greek yogurt whey (GYW), 0g 

sepiolite per 100g GYW, 2g sepiolite per 100g GYW, and 4g sepiolite per 100g GYW  
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Figure F.2 Image of Color Change in Greek Yogurt Whey Top Aqueous Layers from 

Sepiolite Addition for Chapter 3; from left to right: centrifuged samples of 4g sepiolite per 

100g Greek yogurt whey (GYW), 2g sepiolite per 100g GYW, and 0g sepiolite per 100g 

GYW  
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