
 

 

ABSTRACT 

YOU, SEUNG WOON. Spent Coffee Grounds as Efficient and Cost-Effective Adsorbents to 

Remove Common Food Dyes. (Under the direction of Dr. Gabriel Keith Harris). 

 

Biosorbents are natural materials with the ability to adsorb chemical substances.  With 

growing concerns for environmental preservation and distancing from use of chemicals, 

biosorbents have garnered increasing attention in industries due to their simple usage, re-

usability, efficiency, and their effectiveness at removing dyes. Biosorbents can also greatly 

reduce the cost of using chemicals or expensive filtration systems because they often originate as 

waste materials, meaning that this can also address the problem of environmental pollution by 

landfill. Spent coffee grounds accounts for several million tons of food waste per year 

worldwide.  Their feasibility as biosorbents for various pollutants such as heavy metal ions or 

textile dyes been studied previously, but the effects of coffee roast level and surface chemistry on 

biosorbent properties has not been fully examined.  This thesis, therefore, presents three 

objectives: spent coffee grounds’ feasibility as biosorbents; examination of possible adsorption 

mechanisms by adsorption isotherm models and Fourier-Transform Infrared Spectroscopy 

(FTIR); comparison of adsorption efficiency among the different roasts of spent coffee grounds 

by UV-Vis spectrophotometry.    

The objective of the first study was to explore spent coffee grounds' usability as cost 

effective adsorbents to remove four common food dyes at various concentrations under acidic 

conditions (pH = 2) at room temperature: FD & C Red 40, FD & C Blue 1, FD & C Green 3 and 

FD & C Red 3. Four concentrations of each dye were used based on the 10% of ranges of 

reported usage.  The collected spent coffee grounds were sorted by the reported roast levels to 

study whether difference of adsorption capacity existed between different roasts. The spent 

coffee grounds were first ground finely to maximum 250 microns, de-fatted, rinsed and dried to 



 

 

prevent any coffee soluble leaching into the samples. Each configuration of roast level versus 

dye concentration was replicated nine times at the adsorbent dosage of 0.1 g in 50 mL (2g 

adsorbent / L solution) dye solution samples in a room with no lights at 120 rpm for 3 hours. 

Based on spectrophotometric and colorimetric evaluations, spent coffee grounds at all three roast 

levels were proven to be effective at adsorbing all dyes (p < 0.05) except FD & C Red 3. 

Isotherm analysis indicated that FD&C Blue 1 and Green 3 follow the Langmuir model, while 

Red 40 is better characterized by the Freundlich model. Fourier-Transform Infrared spectroscopy 

indicated the possible interaction between sulfate ions of dyes and nitrogen-containing groups of 

spent coffee grounds as a primary mechanism of adsorption, which may explain why FD&C Red 

3, which lacks sulfonate, was not adsorbed.  

The objective of the second study is to expand the second study's success into norbixin 

adsorption from liquid cheddar whey. Liquid cheddar whey was produced during cheddar cheese 

production at NC State University. Cheddar whey was treated with three roast levels of spent 

coffee grounds and two different species of activated charcoals at the rate of 2 g of adsorbents in 

100 mL samples (20 g/1L) at 120 rpm for 1 hour with no light to prevent light degradation of the 

norbixin. Solid-phase extraction column was used to extract norbixin and collect in methanol - 

acetic acid (7:3, v/v) solutions for spectrophotometric analysis. Spectrophotometric data 

indicates that spent coffee grounds are not suitable for removing norbixin due to low efficiency, 

while activated carbon CAL 12 X 40 showed good reduction of norbixin. Colorimetric analysis 

showed that brown leaching was significant by dark and medium roast even after pre-treatment, 

while SGL 8 X 30 and CAL 12 X 40 greatly reduced b* values. FTIR compositional analysis 

showed that both CAL 12 X 40 and SGL 8 X 30 significantly reduced lactose (11.23% and 

10.64%) and protein content. No significant phenomenon was observed in FTIR spectra. Future 



 

 

studies to find biosorbents that can interact with carboxylic groups and/or dienes structures of 

norbixin is recommended.         

 In summary, the spent coffee grounds effectively adsorbed FD&C Blue 1, Green 3, and 

Red 40, all of which contained sulfonate ions. Adsorption of FD&C Red 3 and norbixin were not 

significant. The adsorption mechanism of sulfate-containing dyes appears to rely on the 

chemisorption between amine groups of spent coffee grounds and sulfate ions of the dyes based 

on the adsorption isotherms and FTIR. The adsorption of Blue 1 and Green 3 are shown to be 

homogeneous, while the adsorption of Red 40 is heterogeneous, suggesting that the structure of 

dyes also the modes of adsorption. 
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CHAPTER 1: LITERATURE REVIEW OF COFFEE – PHYSICS, CHEMISTRY AND 
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1.1. Introduction: History of Coffee 

Coffee has been a quintessential commodity in human history. It was once thought that 

coffee originated in Arabian Peninsula (abbreviated here as Arabia), partly because the first record 

of coffee was by an Arabian physician (Smith, 1985) and that the Persian invasion of Ethiopia in 

A.D. 575 helped to propagate coffee in that region (Ukers 2010).  However, modern botanists 

agree that coffee, specifically Coffea arabica L. originated from Ethiopia (Demel, 1999) Coffee 

was primarily traded within the Arabia until 16th century, when Indian pilgrims smuggled it out.  

Coffee was subsequently cultivated by the English in India, starting around 1840.  Botanists form 

other European countries, including Italy, Germany, and the Netherlands were aware of the 

existence of coffee by the late 16th century.  Coffee beans were introduced to Europe in different 

forms such as beans, cuttings of trees or as entire coffee plants.  Beans from Arabia, hence the 

species name Coffea arabica, were grown in Amsterdam botanical gardens.  These would be 

precursors of future plants that were cherished in many prestigious botanical conservatories in 

Europe. Meanwhile, France schemed to have their colonies grow coffee, but such efforts were 

fruitless until France and the Amsterdam municipality negotiated an agreement to introduce a 

coffee plant in Jardin des Plantes at Paris, which would help spread plants not just in French 

colonies but also South America, Central America and Mexico. Throughout the 18th and 19th 

century, coffee plants were propagated in various colonies such as Surinam and a number of Latin 

American countries including Haiti, Santo Domingo, Cuba, Costa Rica and Puerto Rico, and 

British Central Africa. Currently, Hawaii and California are the only two states in the U.S. that 

cultivate coffee trees for commercial production, although some efforts have also been made in 

Florida (Helmer, 2018). Another important variant, Coffea Robusta (C. canephora), was 
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discovered by Emil Laurent in 1898 in Congo, who delivered it to a horticultural firm that gave its 

name despite the fact it had already been named as Coffea Laurentii.  

The etymology of the word coffee is debatable (Smith, 1985). Dufour claims that it 

originated from a Turkish caouche, but Chevalier d’Arvieux claims that the Arabic words 

cahoueh or quaweh are the origin because the drink is supposed to be invigorating (cahoueh or 

quaweh mean “gives vigor and strength”). Other proposed origins include caffé, kaffa, or kahwa. 

Regardless of the origin, Jardin wrote that the coffee’s ultimate etymology must have had Arabic 

origin, and that others were adapted to fit the pronunciation of the importing countries’ 

languages (Uker, 2010). 

1.2. Physical properties of Coffee beans 

Coffee beans are elliptical with longitudinal furrows on the place surface. It is surrounded 

by pulp and two skins. These skins are called, “parchment” and “silver skin” (Eira et al, 2006).  

Two most common coffee beans are Coffea arabica and Coffea robusta, and they possess 

distinct physical characteristic: Unroasted arabica beans are pale and oval, while unroasted 

robusta beans are rounder and brownish (Smith, 1985). Robusta beans are also harder than 

arabica beans throughout its ripening process and moister. While robusta is more resistant to 

disease, arabica is favored by consumers due to its sweet caramel note, in contrast to robusta’s 

harsh, earthy and spicy flavor (Sunarharum  et al, 2014). Robusta beans also possess higher 

moisture content and porosity. Qualities of coffee beans are also determinable with sizes, shape 

and color (Severa et al, 2012). As coffee beans are roasted, the porosity can increase 10 to 15 

folds (Pitta et al, 2011). 
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1.3.Valuable compounds in Coffee 

1.3.1. Chlorogenic Acids.  

Chlorogenic acids (CGA) are bitter compounds that comprise 18 types esters of trans-cinnamic 

acids, namely caffeic acid and quinic acid. It is slightly bitter. The esterification occurs at 

positions of 3rd, 4th or 5th -OH group of (-)-quinic acid (Bekedam et al, 2008 ; Clifford et al, 

2003), but most scientists are interested in the CQAs, which can be then categorized into 3-O-

caffeoylquinic acid (3-CQA), 4-O-caffeoylquinic acid (4-CQA), and5-O-caffeoylquinic acid (5-

CQA),  

It is important to note that there has been a persistent confusion between the 

nomenclature of 3-CQA and 5-CQA for many years, even after clarification from IUPAC 

(International Union of Pure and Applied Chemistry) (Kremr et al, 2016). 3-CQA was referred to 

as ‘chlorogenic acid’, while 5-CQA was called ‘neochlorogenic acid’ prior the introduction of 

numbering system by IUPAC that addressed optical isomers.  Scientists that are not familiar with 

this unique naming conundrum may confuse one with another, even within research papers and 

supplier websites. it is correct to refer to 5-CQA as ‘chlorogenic acid,’ or simply, CQA, and 3-

CQA as ‘neochlorogenic acid’ based on IUPAC guidelines.  

 

  

Figure 1.1. Structures of 5-CQA (chlorogenic acid) and 3-CQA (neochlorogenic acid). 

 

5- CQA comprise 76-84% of green coffee beans’ CGA and brews of both Arabica and Robusta coffee 

beans are reported to have 5-CQA as a major form of CGA, although the percentages in brewed coffee 
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vary based on the ratio of water to coffee, brew water temperature, brewing time, degree of roast and 

coffee origins. Roasted coffee beans may contain 7.3 – 27.1 mg 5-CQA / g of coffee, while green coffee 

beans may contain 97.17 – 144.3 mg 5-CQA / g (Jeszka-Skowron et al¸2016). The typical method of 

CQA determination is high performance liquid chromatography (HPLC) with photodiode array detector 

(Pedrosa et al 2000).  Stand-alone Ultraviolet/Visible (UV/Vis) spectroscopy using cuvettes has been 

reported to be as accurate as HPLC and less expensive (Grujić-Letić et al, 2015; Belay and Gholap, 2009; 

Wang et al, 2019). Thin layer chromatography has also been evaluated as an accurate and rapid quantitative 

method measurement for measurement of CGA and antioxidants or polyphenols (Choma et al, 2018) 

Chlorogenic acids have been reported to have many potential health benefits and in d (Farah and Lima, 

2019; Park et al, 2017; Freedman et al, 2012; Toyokuni et al, 2016; Ding et al, 2015; Kozuma et al 2005; 

Watanabe et al, 2006) 

1.3.2. Caffeine         

 Caffeine is one of bitter compounds in coffee, that, like other alkaloids, such as 

morphine, nicotine and quinine, include nitrogenous groups and effect significant physiological 

effects  (Kukek, 2019; (Poole and Tordoff, 2017). It is also used as a bitter standard for sensory 

studies in food (Gramling, Kapoulea and Murphy, 2018).  It is a central-nervous system stimulant 

that reversibly blocks the adenosine receptor in the neural membrane, which prevents drowsiness 

of a consumer, hence the reason that people drink coffee to stay awake for a prolonged period of 

time (Nehling et al, 1992; Prescott, 1935; McGill). Interestingly, contrary to the belief of a 

general public, no comprehensive studies of caffeine’s effect in sleep have been done.  The 

possible effects in sleep are multifaceted due to gender, age, individual caffeine sensitivity, and 

genes (Clark and Landolt, 2017). 
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Figure 1.2. 1,3,7-Trimethylxanthine (Caffeine) 

Kole et al (1997) measured the arousal effect of caffeine at different times of a day and 

concluded that the stimulating effect is stronger in the morning than it is in the evening, and that 

the odor of coffee can bolster such stimulating effects.  Depending on the method of extraction, 

the content of caffeine may range from 60-115 mg per 5oz (148.86 mL) serving, with exception 

of espresso, which may contain up to 100 mg of caffeine in a 1.5 - 2 oz (44.7- 59.5 mL) serving 

(Lundsberg, 1998). It is noteworthy that there is no standardized serving size of coffee (Poole et 

al, 2017). Other common sources of caffeine include cacao, tea, and yerba mate (Kurek, 2019). 

One common method of caffeine measurement in modern analysis is HPLC (Fuller and Rao, 

2017; Belay et al, 2007; Ashoor et al, 1983). Older methods such as the one that Ashoor et al 

employs extraction of caffeine with hot water and a second  extracted  by CHCl3 (chloroform) to 

avoid confounding results from chlorogenic acid and tannins (Hurst et al, 1999 ). Another 

proposed method of caffeine that is less expensive and faster than HPLC is UV/Vis-

spectrophotometry, done exactly same as CQA (Belay et al, 2007)  

The percentages of caffeine (% mass) were very similar to their HPLC results. On the 

other hand, another report from 2010 (Wanyika et al, 2010) reported that UV/Vis 
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spectrophotometric yielded more than double of the caffeine contents than HPLC in three 

different coffee brands. However, it is notable that they did not explicitly refer to the Belay et al. 

data or method, and that they used instant coffee powders and their water extracts, which may 

have contributed to starkly different results from those of HPLC methods. 

1.3.2.1 Physiological Effects of Caffeine      

 Caffeine has several neurophysiological impacts due to its interaction with adenosine 

receptors, which can be both positive and negative. Out of four adenosine receptors, - A1, A2A,
 

A2B, A3 - caffeine mainly interacts with A2A, which is spread throughout striatum, nucleus 

accumbens and olfactory bulb of brain and involved in sleep induction and wakefulness (Böttger 

et al, 2019; Yang et al, 2010) as an antagonist. Such biochemical reaction can explain A 

systematic review based on 46 studies with athletes stated that high consumption of caffeine, as 

much as 400 mg, increased cerebral blood flow and mental energy, lowered reaction time and 

improved verbal memory (Southward et al, 2018; Glade, 2010; Adan and Serra-Grabulosa, 

2010). On the other hands, such beneficial effects eventually plateau due to increases in 

adenosine receptor and serotonin secretion (Spiller, 1999). More recent study from 2017 revealed 

that consistent low-dosage consumption of caffeine (1.5-3.0 mg/body kg-day) for habitual 

caffeine consumers (< 75 mg/day) also seemed to reduce the ergogenic effects of caffeine when 

compared before and after caffeine consumption (Beaumont et al, 2017.) 

The caffeine/adenosine receptor A2A and A3 can also have a long-term effect, such as 

reduced production of amyloid-β, a main biomarker of Alzheimer’s disease diagnosis (Arendash 

and Cao, 2010, Li et al, 2015). Two rat studies observed that rats administered with caffeine 

showed blockage A3 receptor, consequently lowering low-density cholesterol level and beta-

amyloid (Shanshan et al, 2015) as well as in A2A receptor (Dall’lgna et al 2007).  A multivariate 
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analysis from a decade long survey on 50,739 women with depression demonstrated an inverse 

dose-response relationship between caffeine consumption by 300 mL or more of coffee and 

depression risk (Lucas, Okereke and Koenen, 2011), and it has been proposed that caffeine be 

used for therapeutics as A1/A2A antagonist to modulated mood problems since these two 

receptors are present in amygdala, hippocampus or prefrontal cortex which all oversee cognition, 

motivation and emotion. (Lopez-Cruz et al, 2018).   

While vasodilation, hypertension and lowered glucose tolerance are cited as general 

impacts of caffeine (Riksen et al, 2009; Mejia and Ramires-Mares, 2014), more serious impacts of 

caffein consumption are often attributed to genetic factors; for example,  people who possess *1F 

genotype of CYP1A2, a gene that encodes the caffeine-metabolizing enzyme Cytochrome P450 

1A2(CYP1A2), metabolizes caffeine slower than those that possess genotype*1A and have 

increased risk of nonfatal myocardial infarction (Cornelis et al, 2006). Older males between the 

ages of 42-60 who possess lower activity genotype for catechol-O-methyltransferase gene were 

reported to have higher incidences of coronary heart disease with increasing coffee intake 

(Happonen et al, 2006). Anxiety can also be due to polymorphisms of  A2A receptors that can 

exacerbate  acute anxiety, panic disorder and sleep disturbance after caffeine administration in 

certain populations (Alsene et al, 2003; Retey et al 2006).   Interestingly, scientists observed that 

such negative effects are more pronounced when test subjects consume pure caffeine versus 

caffeine as part of a food or beverage.  It was, therefore, theorized that antioxidants present in 

coffee could mitigate negative cardiovascular effects (Grosso et al, 2017; Karatzis et al, 2005; 

Buscemi et al, 2010). Genetic factors also affect acute caffeine responses (Yang et al, 2010). 
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1.3.3. Carbohydrates          

  Between 40-60% of green coffee bean mass comes from carbohydrates (Wolfrom et al, 

1960; Trugo, 1985), most of which are present as fibers with small amount of sugar and sugar 

alcohol. Most coffee carbohydrates exist as in fiber: cellulose and hemicellulose, which include 

galactan, manna, araban.  The reported, exact values of each hemicellulose and cellulose can be 

vague and vary among the studies due to tendency to report the monosaccharide constituents of 

hemicellulose and cellulose instead and sometimes separately categorizing a specific compound 

on its own even if it can be included as hemicellulose, which can lead to confusion. One such 

instance is a study published by Oestreich-Janzenb (2013). Oestreich-Janzen separately reported 

the wt% of galactomannan and arabinogalactan, which totaled 36-39% while reporting wt % of 

hemicellulose as “traces”, even though hemicellulose is defined as a heterogeneous 

polysaccharide with β-(1→4) linkages that is an integral part of cell walls (Scheller and Ulvskov, 

2010), and galactomannan and arabinogalactan are indeed categorized as hemicellulose (The 

University of Georgia; Zhou et al 2017). Cellulose content is consistently reported as 8-9% (Lee 

et al, 2019; Oestreich-Janzen 2010). Monosaccharide and oligosaccharides constitute 5.3 – 9 % 

for Arabica strain, and 2.7 - .3% for Robusta. The most naturally abundant simple sugar in green 

coffee is sucrose, but mannose is more abundant as a component of non-starch polysaccharides, 

followed by galactose (Murkovic and Derler, 2006; Trugo, 1985).  Sucrose exists at less than 

<1% by weight in roasted coffee due to thermal degradation.   

Another integral constituent of coffee bean is lignin. Lignin is a cross-linked, 

heterogeneous polymer of phenolic compounds, mainly p-coumaryl alcohol, coniferyl alcohol 

and sinapyl alcohol. Lignin is considered a non-carbohydrate fiber responsible for the strength of 

plan cell walls (Martone et al, 2009).  Lignin is more hydrophobic than other constituents due to 
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the presence of phenolic rings and constitutes 20-33% of green coffee bean mass by weight.  

Most lignin in coffee is insoluble.  This insoluble material is known as Klason lignin (Lee et al, 

2009; Pujol et al, 2013; Caetano et al, 2012)    

1.3.4. Melanoidins          

 Melanoidins are large, heterogeneous molecular polymer comprising various molecules 

such as amino acid, sugars, chlorogenic acids due to Maillard reaction (Coehlo et al, 2014; 

Hofmann et al, 1999). The macromolecular makeup of melanoidins varies with types of food 

(Cruz et al, 2019); for example, melanoidin that forms from coffee roasting is higher in 

carbohydrate, while those found in bread contains more amino acid (Melsias and Delgado-

Andrade, 2017). Coffee melanoidins can be considered unique in that they contain chlorogenic 

acid or their degradation products through covalent bonds or ester formation (Bekedam et al, 

2014; Moreira et al, 2012), which may complicate the calculation of total phenolic content (TPC) 

by Folin-Ciocalteu method and antioxidant activity by 2,2-diphenyl-1-picryl-hydrazyl-hydrate 

(DPPH) methods. Melanoidins are of importance in coffee chemistry because up to 25% of dry 

coffee mass comprises melanoidins (Bekedam et al, 2008), and due to content of soluble dietary 

fiber in coffee melanoidins, it may be defined as, “maillardized fiber.” (Silvan et al, 2010). 

Moreira et al (2012) noted that arabinogalactans (AGP) are depolymerized during the roasting 

due to arabinose’s thermal sensitivity while galactomannans (GAM) undergo polymerization, 

and that AGP may constituted up to 50% of coffee melanoidins. Proteins also undergo 

interesting changes where their charges become negative and can vary in mass percentage 

between 3.2 – 20 %, but all are high in glutamine, glycine, alanine, asparagine, isoleucine, 

leucine and proline (Nunes and Coimbra, 2007).  

https://pubs.acs.org/doi/full/10.1021/jf073157k
https://pubs.acs.org/doi/full/10.1021/jf073157k
https://pubs.acs.org/doi/full/10.1021/jf073157k
https://pubs.acs.org/doi/full/10.1021/jf073157k
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Coffee melanoidins contribute to flavor, antioxidant activity, dietary fiber and metal 

chelation due to condensation of phenolic compounds with polysaccharides .(Moreira et al., 

2012; Bartel et al, 2015) Although melanoidins used to be treated as diminished nutritive food 

stuff due to reduced protein content and digestibility and possibly harmful to cells, numerous 

studies revealed that melanoidins have various positive effects in health such as secondary 

antioxidants, mitigation of cytotoxicity by an antibiotic Adriamycin, inhibition of bacterial 

growth and cancer cell proliferation (Langner and Rzeski, 2014; Wang et al, 2011). Overall, 

melanoidins show many positive promises for human health improvements.   

1.3.5. Lipids          

 A number of studies have analyzed coffee lipid composition, methods of extraction and 

optimization of such methods. Many studies regarding coffee lipid is based on using spent coffee 

ground, and several trends have been observed repeatedly: coffee lipid largely comprise 

triglyceride up to 75 – 80% extraction methods affects the extraction ranges anywhere between 7 

– 28%; linoleic acid, palmitic acid, oleic acid and stearic acid dominate the fatty acid profiles; 

arabica beans yield more oil than Robusta beans. (Nikolova-Damyanova et al, 1998; Speer and 

Kölling-Speer, 2006; Kanhal, 1997; Somnuk et al, 2017; Efthymiopoulous et al, 2019).  Other 

important classes of lipid include fatty acid ester of diterpene alcohols, free sterols –cafestol and 

kahweol, 16-I-methyl cafestol, 16-O-methyl kawehol, campesterol, stigmasterol and sitosterol, - 

free fatty acids, mono- and diglycerides, phosphatides, and tryptamines.  (Folstar, 1985; Azevedo 

et al, 2008; Akgün et al, 2014; Cuoto et al, 2009; Ribeiro et al, 2013).   

 Nikolova-Damyanova et al (1998) were one of the first groups of researchers that 

conducted a thorough elucidation of coffee oil composition.  They extracted lipids from Coffea 

arabica by simple extraction with isopropanol, then analyzed the resultant lipid with TLC (Thin-
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Layer Chromatography). About 75.5% of lipid was triglyceride, 15.1% was terpene ester of fatty 

acid, 5.5% were mono- and di-glyceride. The high yield of triglyceride makes coffee oil 

favorable for various applications due to low content of unsaponifiable lipids, such as sterol, 

diterpene and tocopherols.  Other minor constituents included free sterol, sterol ester, free fatty 

acid and polar lipid. The important sterols included campesterol, stigmasterol, and sitosterol.  

The four predominant fatty acids present were palmitic acid (C16:0), stearic acid (C18:0), oleic 

acid (C18:1) and linoleic acid (C18:2).  Another study a year earlier illustrated a very similar 

result in that palmitic acid and oleic acid were the two most abundant fatty acid and that 

triglyceride amounted for 80.6% of total lipid by mass.  

 It is also important to dissect the species of triglyceride for the evaluation and 

revalorization of coffee oil, especially those from spent coffee. Azevedo et al (2008) delineated 

that the most common triglyceride were 1-palmitoyl-2,3-dilinoleoyl-glycerol or PLL (32.39%),  

1,3-dipalmitoyl-2-linoeloyl-glycerol or PPL (31.08%), and mix of 1-palmitoyl-2-linoleoyl-3-

oleoyl-glycerol (PLO) and 1-stearyl-2,3,-dilinoleoyl-glycerol (SLL) (19.82%). This distribution 

of triglyceride asserts the need for utilization of coffee oil due to the fact that the most abundant 

triglyceride, PLL, costs approximately $615 per 100mg from Cayman Chem. Nikolova-

Damyanova's group (1998) also published the distribution of triglyceride in  Appendix A, hence 

making coffee oil very valuable.  
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Table 1.1. A compilation of triglyceride standards offered from Sigma-Aldrich and Cayman 

Chem 

Supplier Triglyceride Standard Price per 100mg 

Sigma-Aldrich 1-Palmitoyl-2-Oleoyl-3-

linoleoyl-rac-glycerol(POL) 

$982 

1-Palmitoyl-2,3,-dilinoelyl-

rac-glycerol(PLL) 

$615 

Trilinoleate glycerol(LLL) $15.7 

Cayman Chem 1,2-Palmitoyl-3-Linoeloyl-

rac-glycerol(PPL) 

$1,876 

1,2-Palmigoyl-3-Oleoyl-rac-

glycerol (PPO) 

$343 

 

Although many triglycerides in coffee oil are not available from chemical suppliers, the 

enumerated four species – POL, PLL, PPL and PPO – are very costly when purchased as pure 

standards and, at the same time, are abundant in the coffee oil. PPL, which amounts for 24% of 

coffee lipid, costs $1,876 for 100mg of >99% standard of the same lipid from Cayman Chem, 

This is equal to 172.8 million kg of PPL, or 3 quadrillion dollars of potential profit lost, 

considering that there is 6 million tons of spent coffee ground is generated worldwide 

(Efthymiopoulous et al, 2019) Other significant lipid include POL, PLL and PPO, which all cost 

between $340 and $1,000 on a per 100 mg basis.  

One well-researched application of coffee oil is biofuel. Biofuel is defined as a fuel 

generated from waste biomass, which can be either ethanol, fatty acid, fatty acid methyl ester, 

alkane, or alkene. Coffee - or more specifically, SCG - has been discussed a number of times as a 

viable source of fuel because it does not breach the balance of food versus biofuel. one common 

criticism of biofuel is the use of edible sources, which brings sustainability into question 

(Karmee et al, 2017). SCG or low-quality coffee that are going to be disposed of do not carry 

inherent value, which makes them good candidates for biofuel. Transesterification with ethanol 
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and methanol were successfully carried out with the yield of 97.5% by Korean scientists (Kwon, 

et al, 2013) with a tubular reactor, while Haile (2014) successfully converted 82% of SCG oil to 

Fatty Acid Methyl Ester from Soxhlet-extracted SCG oil that was trans-esterified in acidic or 

alkaline condition. A better approach was done by Karmee's lab (2017) in which the group used 

bacterial lipase as a means of transesterification to address the problem of high-energy 

requirement, toxic catalysts that are difficult to recover. Catalytic hydrogenation with  

NiMo/γ-Al2O3 and Pd/C catalyst has also been suggested to convert fatty acid to alkane and 

terminal alkene molecules (Phimsen et al, 2016) 

1.3.6. Protein 

Proteins are very important for coffee because the amino acids serve as precursors of 

aroma-active compounds that well exceed 800 (Montavon et al, 2003). In green coffee beans, 

there are even fraction of hydrophilic and hydrophobic protein, which add to 10 – 12.5% of bean 

weights and can be lost up to 50% during roasting and consequent maillard reactions (Lago et al, 

2001; McCrae, 1985). Crude method such as Kjeldahl method, however, tends to overestimate 

the protein fraction to 14.5-17.7% due to the non-protein compounds.  Some of these proteins 

form complexes with polysaccharides, such as arabinogalactan-protein, (Redgwell et al, 2005; 

Redgwell et al., 2002; Capek et al 2009). Arabinogalactan is a hemicellulose with bonds of poly-

B-(3-1->3))-galactose with numerous 1,6 arabinose and galactose side chains and can be used as 

gum arabic replacement (Bajpai. 2018). Coffee arabinogalactan-protein comprise 9: 1 mole ratio 

of D-galactose and L-arabinose with 1.6b% of protein in Coffea arabica, 6-8% of glucuronic 

acid (Capek et al., 2009), while Redgwell et al (2001) reported that arabinogalactan-protein 

complexes contained 12% of protein. Redgwell et al (2005) determined that arabinogalactan-

protein complexes account for - 15% of dry coffee beans. Experiments on coffee 
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arabinogalactan-protein complexes’ dispersion and foaming properties as emulsifying 

hydrocolloids at 5% revealed that while capacity of foam is higher for coffee AGP, the surface 

tension is stronger with arabica gum. 

Amino acids in green coffee beans consistently show that glutamic acid and aspartic acid 

are the most abundant amino acid present (McCrae, 1985; Lago et al, 2001; Arnold and Ludwig, 

1996). During roasting, free glutamic acid, valine, phenylalanine, leucine and isoleucine 

concentrations increase, while asparagine and aspartic acid decrease (Arnold and Ludwig, 1996). 

On the other hand, Mazzafera (1998) reports the abundance of serine, arginine, methionine and 

phenylalanine in defective coffee.  Significant difference of amino acid concentration is also 

observed between Robusta beans and arabica green coffee beans except aspartic acid, glutamic 

acid, serine and glutamine; Robusta beans contained more asparagine, glycine, threonine, 

asparagine, alanine, tyrosine, valine, methionine, isoleucine, leucin, lysine. The only amino acid 

that arabica beans contained more were histidine and proline (Murkovic and Durler, 2006).   

1.3.7. Minerals 

Complete chemical analysis of spent coffee ground was done in 2013; about 58.5% was 

carbon, hydrogen 7.4% and nitrogen 1.3% based on spent coffee grounds that were obtained in 

spring and fall, which was denoted as EC1 and EC2, respectively (Pujol et al, 2013). Pujol’s 

group assessed the content of eight minerals by ashing at 500◦C for 24 h and atomic absorption 

spectroscopy: Ca, Mg, K, Na, Fe, Cu, Zn and Mn. The following chart shows the elemental 

composition of used coffee wastes in two different populations. 
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Table 1.2. Mineral Analysis of Spent Coffee Grounds. 

Note. Reprinted from The Chemical Composition of Exhausted Coffee Waste (2013) by Pujol, 

Cominho, Olivella, Fiol, Villaescusa, Pereira 

Elements Ca Mg K Na Fe Cu Zn Mn 

EC1 (g/kg) 0.771 0.178 0.253 0.329 0.326 0.046 0.012 0.033 

EC2(g/kg) 0.498 0.073 0.215 0.627 0.147 0.039 0.01 0.029 

  

The ash % by weight was less than 1%. Other studies showed the ash content as high as 

1.6% and as low as 0.4%. Another study that compared atomic absorption spectroscopy and 

inductively coupled plasma mass spectrometry performance in detecting minerals in coffee 

compared Ca, Mg, Fe, Cu, Zn, Cd, Cr, Mn, Ni and Pb content in coffee beans from five different 

regions: India, Kenya, Colombia, Honduras and Ethiopia. The amounts of minerals differed in 

each region, but there was a consistent trend of Ca and Mg being the most abundant (Jarošová, et 

al, 2014).  Heavy metals such as Fe, Zn, and Mn were present in much higher content than 

Pujol’s report, which is not surprising considering that Pujol’s data are based on exhausted 

coffee (referred to here as spent coffee or SCG).  Similarly, Oestreich-Janzen (2013) and Trigg 

(1922) reports 3.9 – 4.4% of mineral by weight in green coffee beans, compared to less than 1% 

by Pujol et al. Yemeni Green coffee (Coffea arabica L) particularly suffer from higher content of 

heavy metals due to environmental contamination (Nogaim et al, 2014). Due to a number of 

heavy metals being important cofactor of enzymes, unintentional overdose of these heavy metals 

from contaminated coffee beans must be reduced by environmental regulations. 
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1.4. Estimated cost of coffee waste from coffee industry and cafes. 

Among the contemporary efforts to salvage food waste, spent coffee ground has been on a 

rise as one of such materials. The most recent data available from the Food and Agriculture 

Organization (2020) reported that 10.3 million metric tons of coffee beans were produced in 

2018, and 164.5 million bags of 60 kg coffee beans have been consumed worldwide according to 

International Coffee Organization (2020) data between 2019-2020. The consumption has been 

increasing since 2016 but slightly decreased in the latest consumption data. The application of 

the spent coffee ground (SCG) or other coffee-derived waste is however not prevalent as of yet 

despite numerous proposed applications of SCG. Most spent coffee grounds go to waste, 

contributing to a significant amount of landfill. Mussatto et al (2011) estimates that about 6 

million tons of SCG and 2 kg of wet SCG is produced for every 1 kg of soluble coffee products. 

Cameron and O’Malley (2016) reported that 3,000 metric tons of coffee in waste was produced 

based on 921 coffee shops in Sydney, Australia, and 93% of the waste became landfill. 

According to the EPA municipal solid waste report (2012), which includes industrial wastes, 

average national landfill cost per ton is $45. Based on ICO reports, the United States imported 

27.7 million bags of 60 kg coffee. Assuming that most coffee waste makes its way to landfills, 

this represents a cost of $70.2 million to dispose of coffee waste. 

1.5. Environmental impacts of coffee waste  

Spent coffee grounds have mixed effects as fertilizers. For example, inhibition of onion 

seedlings’ growths by SCG extracts were observed (Siqueira et al, 2018). SCG extracts are rich 

in phytotoxic substances such as caffeine, tannin, and polyphenols, and they may deter 

germination and root elongation of certain plants such as Garden Cress (Lepidium sativum L.) 

(Cielsielzcuk et al, 2017; Cielsielzcuk et al, 2018; Kopec et al, 2018). Even though SCG can 
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remove heavy metal contents in soil, phytotoxicity can be still present, hence pre-treatment to 

remove organic leachate is necessary (Kim et al, 2014). Direct use of SCG in agriculture also can 

incur nitrate immobilization (Hardgrove and Livesley, 2016). However, a few reports in favor of 

SCG as soil amendment exist as well: basil and tomatoes showed higher germination rate and 

growth rate with SCG-peat soil (Ronga et al, 2016), and the most recent report concluded that 

SCG still could be used as a soil amendment to suppress harmful fungi such as S. sclerotiorum, 

P. nicotianae, and support growth of Trichoderma (Chilosi et al, 2020).  

1.6. Whey  

Whey is a by-product of cheese production from bovine milk after casein precipitates as 

cheese and contains half the milk solids, 75% of which is lactose and the 13% is protein. It used 

to be regarded as a waste product that was either utilized to be fermented drink or animal feed, 

but the large production of cheese urged the new way to dispose of raw whey (Pierce, 2019). In 

the 1960s in the United States, the large amount of direct disposal of whey into rivers became an 

environmental pollution, so much that the state authorities established the biochemical oxygen 

demand (BOD) of 20ppm on dairy wastewater. The attempts to revalorize whey started meager 

as “popcorn whey,” a dry raw whey that was largely inefficient, but technological advances in 

chronological order of reverse-osmosis (RO) membrane filtration, evaporators and spray dryers , 

ultr1afiltration (UF), nanofiltration (NF), and microfiltration (MF), and engineering of instant 

whey protein powders by notable engineers such as David Jenkins, a British chemical engineer 

who was also a three-time UK Olympic Silver medalist at Munich 1972, and Dr. Gene Sanders, a 

food engineering professor at the University of Minnesota,  led to feasible production of whey 

protein products. The healthy aspects of whey protein came to light around 1980s, which 

popularized its demands amongst avid bodybuilders and weightlifters. With gradual 

understanding of whey protein components in regards to its great recovery function after 
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exercise, it garnered much attention and popularity from the market. There exist 10 kinds of 

whey protein products depending the applications, but whey protein concentrate 80 and whey 

protein isolate are the most popular for WPC 80 and WPI are the most popular pick for 

bodybuilders and athletes, while whey protein hydrolysate are more suitable for consuming 

bioactive peptides such as antioxidant, antidiabetic and antimicrobial peptides (Mann et al, 

2019). 

1.6.1 Cheddar Whey Conundrum 

Cheddar whey faces one particular problem before being spray- dried: norbixin. It is also 

called annatto, a dicarboxylic acid orange dye that is extracted from the seeds of Bixa orellana 

(CAB International). It is frequently used in cheddar cheese production, and 10% of the dye is 

left in cheddar whey (Smith et al, 2014).  Norbixin is added to meet the customers’ expectations 

of “natural” orange color from cheddar cheese, though annatto is not naturally present in the 

cheese (Speight et al, 2019 ) Norbixin dissolves in water, and there is no reported toxicity for 

rats at 0.1% (Hagiwara et al, 2003).  While norbixin is exempt from food additive certification 

under federal regulation (FDA), European Union prohibits the use of any color in whey for infant 

formula (Smith, 2014). Although it has no taste or harm, chemical bleaching is done to achieve 

milky white whey powder. Hydrogen peroxide and benzoyl peroxides are used for bleaching 

(Smith, 2014) at maximum dosage of 500 ppm and 20 ppm. However, benzoyl peroxide is 

corrosive, requires a separate catalase, and is banned in many countries (Jervis et al, 2012). 

Even when treated by hydrogen peroxide at appropriate level, oxidation of lipids, 

especially linoleic and oleic acid containing tryglycerides, produce peroxides that gives off-

flavors, which deters its marketability (Campbell et al, 2014; Zhang et al 2015; Smith, 2014; 

Carter and Drake, 2018).  Bleached whey contains higher amount of hexanal, heptanal, octanal 
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and nonanal in volatile analysis compared to non-treated whey and benzoyl peroxide treatments 

(Croissant et al, 2009). Another study also presented that hydrogen peroxide resulted in more 

off-flavor volatile compounds such as pentanal, hexanal, heptanal, octanal, nonanal, 1-octen-3-

one, 2-pentylfuran, and (EE)-2,4-nonadienal (Fox et al, 2013) which are lipid oxidation by-

products by hydrogen peroxide treatments on whey retentates. It is noteworthy that the chemical 

mechanisms of hydrogen peroxide and norbixin are not fully understood yet. However, 

Scheppingen et al (2012) reported the decomposition by-products of norbixin via UPLC-UV and 

mass spectroscopy and proposed mechanism of norbixin destruction based on Hock Cleavage.  .  

 

 

 

 

 

Figure 1.3. Cis – norbixin 

 

 

 

 

 

 

 

 

Figure 1.4. Trans - norbixin 
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1.6.1.1 Alternative Bleach Method 

A number of alternatives to peroxide bleach methods have been tested and proven to be 

effective regardless of their prospects of economic practicality. Multiwalled carbon nanotubes 

and two types of activated carbons were employed to remove annatto from cheese whey by 

adsorption in different pH, different adsorbent mass, duration and ionic strength (Zhang et al, 

2013). All three materials proved to be effective in removing norbixin, but the adsorption 

efficiency drastically decreased around pH 4. They also adsorbed maximum 40% of whey 

protein, and the norbixin concentration in their whey was at 500ppm, which is 500 times higher 

than that of norbixin present in cheddar cheese whey. Aside from the conundrum of highest 

efficacy at very acidic pH (2-3) and significant loss of protein, activated carbon is very costly to 

make, and these design flaws render these exact procedures undesirable for realistic application. 

While Zhang et al (2015) reported that activated carbon also successfully removed norbixin from 

the virgin cheddar cheese whey with unaltered acidity, whose norbixin concentration is 

approximately 120 ppb, and had no significant impacts on whey protein content, the cost still 

remains as a major impediment for an industrial application. The color change was quantified by 

the lowered Hunter b* values, and norbixin content was determined spectrophotometrically at 

460nm. Kang compared the bleaching results of cheddar cheese whey between conventional 

methods of HP (250 mg/kg; 50 °C, 1 hour), control (no bleaching), Ultraviolet radiation (1 

minute exposure, 50 °C) and acid-activated bentonite (0.5% w/w, 50 °C, 1 hour). The resultant 

whey concentrate 80% (WPC 80) showed that hydrogen peroxide destroyed 29% of present 

norbixin, UV 53% and Bentonite 79%. However, bentonite-treated WPC80 had higher fatty 

flavor compared to the control, while UV-treated WPC 80 had off flavor that resembled animal 

and mushroom. The same study also assessed the lactoperoxidase (LP), which accounts for 
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0.03% of whey protein, efficacy in bleaching norbixin at low hydrogen peroxide concentration 

(10-20 mg/kg) and reported that LP, along with 25 mg/kg HP, destroyed 90% of norbixin. 

The most current and simplest alternative method to be proposed is a recovery of 

norbixin by high performance liquid chromatography (Campbell et al, 2014). 1g of colored milk 

(15 mL of annatto, 3% norbixin w/w in 454 kg of milk), 2g of fluid whey and bleached fluid 

whey, and 2ml of 1 gram of reconstituted whey protein concentration (WPC 80) were mixed 

with a dilution solution comprising 80% acetonitrile and 20% water with 0.1% (wt/vol) formic 

acid. The samples were spiked into HPLC, and norbixin recovery rate from all samples were as 

low as 90% and as high as 105%. This method in small scale is very appealing since the 

proposed method is very cheap compared to other published methods and as quick as 15 minutes 

with little waste. However, this method still faces a challenge in mass application due to the high 

capital cost of industrial HPLC.  

1.6.2. Other Source of Colors in Whey 

The color of regular whey - that is, not added any color - can be accounted to carotenoids, 

riboflavin, and Maillard reaction by-products. Carotenoids, also called tetraperoids, are a group 

of natural colorants that contain 40 carbon atoms and occur in algae, plants, fungi and bacteria 

(Smith, 2014), and around 1,100 carotenoids have been identified with 617 organism origins 

(Junko, 2017). Carotenoids are important molecules for their significant biological roles such as 

pathways and regulations carotenoid biosynthesis, absorption, and metabolism into vitamin A 

(Britton, 1996). Carotenoids have two major classifications: carotenes and xanthophylls.  

1.6.2.1. Carotenes 

Carotenes are unsaturated hydrocarbons with formulae of C40Hx, and all plants and no 

animals except aphids and spider mites can synthesize them (Altincick et al, 2017) Two 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3297373/
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prevalent carotenes that contribute to human diets are -carotene and -carotene. They are also 

called provitamin A carotenoids because they can be converted to vitamin A in human bodies. 

While −carotene can be obtained from algae, carrots and palm oil, the synthesis production is 

far more cost effective, hence much -carotene is synthesized to be used as a food colorant and 

dietary supply in food and pharmaceutical industries. It is also a predominant carotenoid in cow 

milk, with a minority comprising lutein, violaxanthin; antheraxanthin, zeaxanthin, neoxanthin 

and several forms of carotene (Calderón et al, 2007). Below is a molecular diagram of a -

carotene.  

 

Figure 1.5. -carotene. 

 

1.6.2.2. Lutein 

Lutein is another important carotenoid in bovine milk that belongs to a subcategory of 

xanthophylls. Xanthophylls, also called oxycartenoids, are very similar to carotenes, but they 

contain oxygen functions such as alcohol groups, ketone carbonyls, epoxy, methoxy or 

carboxylic acid group (Britton, 1996; Zaripheh and Erdman Jr., 2002). Lutein cannot be 

synthesized in animals, so they should obtain it by ingestion of plants. It cannot be converted to 

Vitamin A, so it is called a non-provitamin A carotenoid. It is used for animal feeds and 

supplements (Ulrich, 2008). 
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Figure 1.6. Lutein. 

Figure 1.6. Lutein 

1.6.2.3 Riboflavin  

 Riboflavin, also called vitamin B2, is a soluble colorant that contributes greenish color to whey. 

As the name suggests, the molecule contains a ribose (a pentose monosaccharide)  

Figure 1.7. Riboflavin 

 and a flavin ring structure that gives the yellow color (Michaelis, Schubert and Smythe, 

1936). Its absorption spectra have maxima at 475, 446, 359-375, 268 and 223 nm, and the 

spectra is used to quantify the riboflavin content spectrophotometrically. Not only that, but there 

have also been no reports of riboflavin’s harmful effects, even in excess doses due to its 

tendency to be excreted at high intakes (Unna and Greslin, 1942), which renders riboflavin 



25 

 

essentially nontoxic. It occurs in milk, eggs and vegetables. Riboflavin is a major component of a 

coenzyme flavin mononucleotide (FMN; also known as riboflavin-5’-phosphate) (Powers, 2003) 

and flavin adenine dinucleotide (FAD), which are parts of ATP productions (National Institute of 

Health, 2020; National Academy Press, 1998) cellular growth, and fat metabolism. Humans 

consume riboflavin as a complex of food protein with FMN and FAD, which are acid-

hydrolyzed into riboflavin by nonspeci pyrophosphatases and phosphatases in an upper gut, 

absorbed into the small intestine.  

1.7. Composition of Whey Protein  

1.7.1. α−lactalbumin   

α−lactalbumin  comprises 20-25% of bovine whey protein, or 3.5% of total milk (Swaisgood, 

2003; Kinsella and Whitehead, 1989) at the mass concentration of 1.2-1.5 g/L, though the 

concentration of α-LG decreases with prolonged lactation (Caffin et al, 1985) Out of three 

genetic variants A, B and C, A and B are the most predominant in cows, and they differ in 10th 

amino acid; variant A has glutamine, and variant B has arginine substitution (Farrel Jr et al, 

2004) .  It is also present in human milk, and has a measured weight of 14,177DA (Léonil, et al 

1995). α-LG has well defined biological functions such as being a part of lactose synthetase that 

catalyzes UDP-D-Galactose and D-glucose to lactose and UDP (Brew and Hill, 1975; Brew 

2003) by enhancing the binding of glucose to galactosyltransferase and reduce Michaelis 

Constant (KM) to 1/1000th. Simultaneously, the lack of α-LB in mice caused increased viscosity 

and total lack of lactose in their milk (Stinnakre et al,1994).  

1.7.2. β-lactoglobulin (LG)  

β-LG comprises the largest fraction of whey protein. It exists in cow, horse, pig, cat, dog 

and marsupials, but not in humans, rodents and lagomorphs. It comprises 162 amino acids from 

all twenty different amino acids, totaling the molecular weight of 18,277 and measured weight of 



26 

 

18,278.35 ± 2.2 Da (Leonil et al. 1995; Shafaei et al, 2017) It contains α−helix, β-strand and 

helical regions, which constitute a calyx that can various small hydrophobic ligands such as fatty 

acid and retinol (Cho et al, 1994). Cysteines at site 66, 106, 119, 121 and 160 form two disulfide 

bonds, while the last cysteine forms a free thiol group that affects aggregation and denaturation 

of the protein based on the ambient acidity. Despite its abundance in whey, its biological 

functions have not been clearly recognized, although there have been a few studies that suggest 

potential applications of β-LG such as a modulator of a lymphatic response (Marshall, 2004).  

1.7.3. Bovine Serum Albumin (BSA) 

Serum albumin are present in the circulatory system, especially in every tissue and bodily 

secretion (Carter and Ho, 1994) and was identified in 1839 by Henry Ancell. Bovine serum 

albumin, or BSA is reported to have the same functions as blood SA and makes up 8% of whey 

protein or 1.5% of total milk protein. Hirayama et al (1990) elucidated that Bovine serum 

albumin has 66430.3 DA. Farrell. Jr et al (2004) reported that it contains: Ala47, Arg23, Asn14, 

Asp40, Cys35, Gln20, Glu59, Gly16, His17, Ile14, Leu61, Lys59, Met4, Phe27, Pro28, Ser28, 

Thr33, Trp2, Tyr20, Val36. 

1.7.4. Immunoglobulin (Ig) 

Immunoglobulins (Ig), also called antibodies, are any kinds of proteins that originate 

white blood cells and neutralize antigens such as a virus or bacteria (National Cancer Institute). 

They consist of a single unit or polymer of y-shaped 4 polypeptides. Bovine milk contains a 

small amount – as much as 0.5 – 1.8 g/kg milk- of four of five categories of immunoglobulins: 

IgG1 and IgG2, IgA, IgM, IgE (Kinsella and Whitehead, 1989; Bylund, 1995), and IgG makes 

up 80% of immunoglobulins in bovine milk (Butler et al, 1972; Whitney et al,1976). Monomers 

consists of two same units of 20,000DA lighter polypeptides and two same units of 50,000 to 
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70,000 DA heavier polypeptides- hence, bivalent -  and they are covalently bonded by disulfide 

bonds.(Schroeder Jr and Cavacini, 2010; Kinsella and Whitehead 1989), and they have constant 

domain of C-terminal(C) and variable domains N-terminal (V) based on functionalities. Same 

structures occur in mice and humans as well (Pandey, 1984.) Schroeder Jr and Cavacini also 

reports that the H chain may be three or four C domain, and three-chain H chain weighs 

approximately 55kDa. 

1.7.5. Lactoferrin 

Lactoferrin, or lactotransferrin, is a globular glycoprotein that binds iron and accounts for 

1-2% of whey protein composition, and has antibacterial property by depriving irons ions from 

gram positive or negative, aerobes, anaerobes and yeasts, whereas the lack of lactoferrin can 

cause relapse of bacterial infection (Farrell Jr et al, 2004; Butler et al ,2015;  Weinberg, 1984; 

Breton-Gorius et al, 1980). Lactoferrin exists in many mammals but vary in compositions and 

structures (Schanbacher et al, 1993) They also occur in various tissues such as tears, nasal 

exudate, saliva, bronchial mucus, gastrointestinal fluid, hepatic bile, cervical mucus, and seminal 

fluid. The baseline concentration ranges between 20 - 200ug/L but is shown to increased due to 

infection or inflammation. Average cow milk's lactoferrin concentration is 150 ppm, and highest 

lactoferrin concentration recorded is human colostrum at 7g/L, second highest being human milk 

at 1 g/L (Sanchez et al 1992). 

1.7. Synthetic Food Dyes 

 

Synthetic dyes in general have two components: Chromophore and Auxochrome. 

Chromophore are usually unsaturated functional groups such as double carbon bonds, cyanides, 

carbonyl and double nitrogen bonds that emit its unique color. Auxochrome is a supplementary 
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group that determines dyes’ solubilities and enhances color intensity. Such groups are: - OH, -

NH2, -NHR,  NR2, -NO2, -NR, -COOH, -CHO, -SO3 and -SH (Roy et al, 2018).  

While there are more than 3,000 synthetic dyes available for textile industries, only seven 

synthetic dyes are approved with Food, Drug and Cosmetics Act designation (FD & C): FD & C 

Blue 1, FD& C Blue 2, FD & C Green No.3, FD & C Red No.3, FD & C Red No.40, FD &C 

Yellow No. 5, and FD&C Yellow No. 6. These dyes – except Red No. 3 - are very stable and 

hard to be degraded due to their aromatic rings. For example, FD & C Red 40, FD & C Yellow 5 

and 6 are azo dyes, which possess general formula of R–N=N-R’, R and R’ being different aryl 

groups, and they are extensively used in textile, drug and food industries (Michaelis et al, 1986, 

Saratale et al, 2011). The colors of the azo dyes are due to double bonded nitrogen atoms and the 

substituted groups in the dye, and it loses color when the double bond degrades (Chang et al, 

2000). FD & C Blue 1 and Green 3 are categorized as triarylmethane dyes – dyes with 

triphenylmethane backbone (Scwartz et al, 2017). They are very similar except for one sulfonate 

group being replaced by one hydroxyl group.  FD & C Red 3 is the only approved xanthine food 

dye, insoluble in acid. FD & C Blue 2 is an indigo dye that comes from natural indigo plants and 

are sulfonated.  

1.8.1. FD&C Blue 1         

 FD & C Blue 1 , also known as Acid Blue 9 or Brilliant Blue FCF, has a formula of 

C37H36N2O9S3 with a rather lengthy IUPAC name of Disodium 3-[N-ethyl-N-[4-[[4-[N-ethyl-N-

(3- sulfobenzyl) amino]phenyl](2-sulfophenyl)methylene]-2,5- cyclohexadiene-1-

ylidene]ammoniomethyl]- benzenesulfonate (FAO, 2017). It is is water soluble, and has 

maximum absorption at 630 nm. The other identifications include E133, Food Blue No.1, ad CI 

No. 42090. The production starts with reaction of 2-chlorobenzaldehyde and sodium sulfie to 

https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
https://pubchem.ncbi.nlm.nih.gov/#query=C37H36N2O9S3
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form 2-formylbenzenesulfonate, which is condensed with twice amount of 2 -

[(ethylphenylamino)methyl] benzenesulfonic acid (CFR). The resultant product is a colorless 

amine, which is then oxidized to acquire the desired product with acid and any of three following 

materials: lead dioxide, dichromate, or manganese oxide. Brilliant Blue FCF is also used for 

drugs and cosmetic for eyes (FDA). 

 

Figure 1.8. FD & C Blue 1  

The usage of Blue 1 has a wide variety of usages. It is used in beverages, cereals, 

confectioneries, frozen dairy products, etc (IACM). The allowed maximum concentration ranges 

from 50 mg/kg for infant formula to 500 mg/kg for frozen meat or fish products or highly 

processed composite food (FAO). The average daily intake by JECFA and European Union 

Scientific Committee for Food is 12.5 mg/kg-bw-day, which were later reduced to 10mg/kg-bw-

day, then again to 6mg/kg-bw-day based on chronic toxicity study in rats (EFSA, 2010) 

Blue 1 is considered to lack toxicity or genotoxicity in food compared to other studies 

(Chau et al, 2010; Flury and Fluhler 1994), and the Federal Register reports that dogs and mice 



30 

 

showed no adverse effects from Brilliant Blue FCF up to 200 mg/kg-bw-day and 2g/kg-bw-day 

respectively. The dye did not result in any observable health adversity of behavior, morbidity, 

mortality, hematology or tumorigenesis in mice that were part of a lifetime long experiment, 

where they were administered 7,534mg/kg-bw-day for males and 8,966mg/kg-bw-day for female 

(EPA, 2013). However, a few reports claimed that FD&C Blue 1 had adverse effect for critically 

ill patients under certain conditions. Lucarelli et al (2002) juxtaposed two case studies. The first 

case featured a patient whose skin turned blue and later died after being administering an 

enternal formula with Blue 1 of 100 mg/L. The second case illustrated a 78-year-old patient with 

heart conditions who was also given an enternal formula with Blue 1 – added enteral formula, 

and her dialysate turned blue due to Blue 1. The patient died after having a lactic acidosis and 

refractory shock in 24 hours, with no apparent infections either.  

1.8.2. FD&C Green 3        

 FD&C Green No.3, also known as Fast Green FCF (FG) or E143 (IACM; FDA), is a 

synthetic triarylmethane dye whose structure is almost identical to Brilliant Blue FCF except that 

it has an additional hydroxyl group in one of the five aromatic rings, and it has a maximum 

wavelength of 624 nm. The IUPAC name is a disodium salt of N -ethyl-N- [4-<4-[ethyl[(3-

sulfophenyl)methyl]amino]phenyl](4-hydroxy-2-sulfophenyl)methylene]-2,5-cyclohexadien-1-

ylidene]-3-sulfobenzenemethanaminium hydroxide (FDA). Its usage is uniform in 100 mg/kg in 

all products that uses Green 3 (FAO). Its usage is prohibited in European Union (Lehto et al, 

2017) Its none-food application includes histone staining at alkaline pH (Alfert and Geschwind, 

1953). The food items that use Green 3 include but are not limited to fermented milk, fruit 

candies or fruit-based desserts, bakery decoration, dry pasts, egg-based products and 

mayonnaise. 
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Figure 1.9. FD & C Green 3 

Green 3 can cause following negative health reactions: eye irritation, skin irritation and 

respiratory tract irritation. Most importantly, Green 3 has been reported to cause tumorigenic 

effects but not carcinogenic effect (Fischer Scientific, 2007).  Early studies in 1960s regarding 

chronic toxicity of FG discussed induced fibrosarcoma by FG in female rats (Hesselbach and 

O’Gara, 1960; Hansen et al, 1966), and Joint FAO/WHO Expert Committee on Food Additives 

established the average daily intake of 0.25 mg/kg-bw, which has been maintained the same as of 

2017 (Inchem, 2003; FAO, 2017). It can also serve as an inhibitor of a neurotransmitter release 

by reducing synaptic frequency (Hooft, 2002).  
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1.8.3. FD & C Red 40        

 FD & C Red 40, is an azo dye with intense red color, also called Allura Red AC or E129. 

It is an approved synthetic red color dye among Food, Drug and Cosmetic colors (FD&C) with a 

molecular name of disodium 6-hydroxy-5-[(2-methoxy-5-methyl-4-sulfophenyl)azo]-2-

naphthalenesulfonic acid (FDA). The molecular weights are 496.42 g/mol. Like many strong 

FD&C colors, it is only to be used sparsely whenever applied in food, drugs or cosmetic 

products. As the name suggests, the dye exhibits strong red color and (Merch Index, 2013), 

shows mild water solubility of 22.5 g/L at 25 °C but little solubility in other more non-polar 

solvents such as ethanol, glycerol and propylene glycol. Example of Red 40 in food include but 

are not limited to beverages, sauces, sweets, dairy products and preservatives.  The maximum 

absorbance is at 504 nm (Zabicky, 2003). 

Red 40 synthesis follows the standard azo coupling method, an electrophilic substitution 

reaction. 5-amino-4-methoxy-2-toluenesulphonic acid is diazotized by nitrite and a mineral acid, 

then added 6-hydroxy-2-naphthalene sulphonic acid and then neutralized with sodium base 

(Rovina et al, 2016). It degrades to produce dangerous nitrogen and sulfur oxide gases with 

strong thermal treatment. The maximum allowance in food varies among products, but the limits 

range from 50mg/kg (fermented milk) to 2,197 mg/kg for confectioneries like cookies, cakes and 

pies (FAO). 
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Figure 1.10. FD&C Red 40  

Toxicity of Red 40 has been extensively studied, and most data suggest that Red 40 is 

most likely harmless. Borzelleca, Olson and Reno (1991) and Chung (1983) concluded that Red 

40 did not incur any significant toxic effects in mice and bacteria, and Collins el al (1989) 

concluded that Red 40 has no significant effect in rat embryo development. Average estimated 

Acceptable Daily Intake (ADI) for humans is 7 mg/body weight kg (FAO, 2016 ; Kobylewski 

and Jacboson 2010). Several unpublished studies submitted to Joint FAO/WHO Expert 

Committee on Food Additives (JECFA) between 1970 and 1979 analyzed the metabolism of Red 

40 to determine ADI based on experiments conducted on rats, pigs, dogs, rabbits, fruit flies. 

While there was no clear teratogenicity or mutagenicity correlation, one long-term study on mice 

postulated that Red 40 may have accelerated tumorigenesis in their lymphatic system, which was 

failed to be shown in second long-term mice study (InChem). Regardless, the data was used to 

establish estimate of ADI for man.  Two more recent studies with mice bolster the viewpoint that 

Allura red is not genotoxic, at least at the current ADI. Even high dosage of Red 40 solutions 

(2000 mg/kg-bw) did now result in any significant genotoxic activities in bone marrow 
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micronucleus assay and Comet assay in liver, stomach, and colon. (Abraomsson-Zetterberg, 

Ilbäck 2013; Bastaki et al, 2017) 

European Food Safety Authority released statement in 2015 that the current ADI of 7 

mg/kg will remain unchanged, and that Red 40 has no genotoxicity, mutagenicity and 

teratogenicity (EFSA, 2015). McCann et al (2007) reported hyperactivity among 8-9-year-old 

children due to food containing Red 40, but EFSA Scientific Panel criticized the finding for 

potential confounding factors from other untested dyes and sodium benzoate – which is known to 

have a small but significant effect in behavior of children -, therefore the finding does not 

warrantee revision to the policies regarding Red 40. 

1.8.4. FD &C Red 3         

 FD & C Red 3, also known as erythrosine, is the only FD&C dye that does not have 

sulfonates but iodine atoms and carboxylate. Its IUPAC name is: 9-(o-carboxyphenyl)-6-hydroxy 

- 2,4,5,7-tetraiodo-3H-xanthen-3-one, disodium salt (FDA), and its maximum wavelength is 525. 

Unlike the other three dyes, it is less stable to light exposure and can precipitate at lower acidity 

due to protonation of its carboxylate group (Herculano et al¸2015; Scotter, 2003). Its toxic 

effects have been consistently reported to exist. 
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Figure 1.11. Molecular Structure of FD & C Red 3 . 

  Red 3 effects different results depending the type of cells being studied. One early study 

on mutagenicity and genotoxicity of Erythrosine tested its chronic toxicity in bacteria and 

various cells of mouse, and while neither mutagenicity nor genotoxicity was observed, the 

authors did not rule out other possible unknown mechanisms (Lin and Brusick, 1986). 

Lakdawalla and Netrawawli (1987) corroborated the lack of mutagenicity but suggests possible 

interaction with DNA and DNA-repair enzymes of Ames/Salmonella assays and photoinduced 

toxic reactions. On the other hand, Erythrosine caused a clear dose-dependent behavior, as the 

death of yeast cells increased with increasing erythrosine concentration (Matula and Downie, 

1984). Also, Erythrosine increased the instances of thyroid tumors of mice whose thyroid was 

removed by partial thyroidectomy (Hiasa  et al, 1988). 

More recent studies with human cells in 2010s showed clear negative effects of 

Erythrosine; it strongly binds with protein-pumps and shows cytotoxic effects (Gasean et al, 

2010). HepG2 cells showed higher counts of binucleated cells by possible aneugenic 

mechanisms (Chequer et al, 2012). A study with blood samples from 9 healthy individuals also 
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showed that ER possesses cytotoxicity and cytostaticity via adsorption onto DNA (Mpountoukas 

et al, 2010).  

1.9. Adsorption - economical, efficient, and easy way to remove polluting dyes 

Traditional chemical methodsare often expensive, harsh on equipment’s, and produce 

secondary wastes, hence creating one environmental problem by eliminating another.  Typical 

municipal system is effective for insoluble dyes but cannot filter water soluble dyes, which then 

become toxic amines in aquatic system (Banat et al, 1996). It is particularly important, in 

general, for synthetic dyes to be removed because they are known for their genotoxicity, 

carcinogenicity, and mutagenicity to human beings (Roy et al, 2018). Also, their intense color in 

general can cause light transmission interference, which interfere with biological metabolism 

process in aquatic ecosystem (Gupta and Suhas, 2009) 

Two existing methods can be classified as one, chemical and two, physical. Chemical 

methods include coagulation-flocculation - which utilizes electrostatic interaction and flocs – and 

oxidation, which involves reactions with specific gas. While both are effective, the former 

creates secondary wastes, and the latter is very expensive. Physical methods include adsorption, 

membraned based separation. Although membrane filtration can filter and recover all kinds of 

dyes, it suffers the same setback as coagulation – flocculation method. Adsorption is very 

simple, efficient, and effective, but the capacity is completely dependent adsorbent material. Yet, 

its freedom from secondary waste makes itself a very attractive method for wastewater treatment 

(Gupta et al, 2000; Monda et al, 2018). Despite its simple application, the mechanisms behind 

adsorption is multifaceted. The term “adsorption” was invented by a German Physicist Heinrich 

Kayser. Adsorption can be physical or chemical. Physical forces include van der Waals force, 

hydrophobicity, π - π interaction, polarity and electrostatic dipole-dipole moments. Chemical 
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adsorptions include chemical reactions involving ionic or covalent bonds, hence known as 

chemisorption (Rattee and Breuer, 1974).  Surface functional groups of adsorbents determine 

affinity to adsorbates because they serve as “anchor”, or adsorption sites (Morin-Crini et 

al,2018). 

When adsorption uses adsorbents that are of biological source, i.e. agricultural waste, it is 

also called ‘biosorption’ (Sharma et al, 2018), and such adsorbents are referred as ‘biosorbents.’ 

Biosorbents possess various functional groups such as carboxylic, phenolic, amino, amido, 

alcohols and esters. Oxygen-containing groups are particularly important in that it increases 

hydrophilicity and decreases π - π interaction (Monda et al, 2018). 

This study will focus on four common synthetic food dyes and one natural dye : FD &C Blue 1 

(Blue 1), FD & C Red 40 (Red 40), FD &C Green 3 (Green 3), FD & C Red 3 (Red3) and 

annatto 

1.9.1. FD &C Blue 1 Adsorption  

There have been several successful attempts to adsorb FD & C Blue with inexpensive 

waste materials. In fact, Blue 1 is the most studied synthetic food dye for adsorption most likely 

because blue dyes in general are more expensive than other colors (Oszoy and Leeuwen, 2010). 

Examples include chitosan-derived materials, such as magnetized chitosan nanoparticles, shrimp 

waste-based chitosan, which showed good adsorption capacity of 475.61 mg/g and 210 mg/g, 

respectively (Zhou et al, 2013; Dotto and Pinto, 2010). Other examples include clay-mineral 

materials such as zeolite-treated FeCl3 or iron-modified bentonite, but their adsorption capacity 

were far less (1.02 mg/g; 14.22 mg/g) than the aforementioned values from chitosan materials 

(Pinedo-Herández et al, 2011, Hernández-Hernández et al, 2013). Several agricultural waste 
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materials from agricultural industries such as de-oiled soya with 90% removal rate (Mittal, 

Krishman and Mittal, 2006), okra powders with 92. 8% (Rehman et al, 2013) and hen feather, 

(Mittal, 2006) all of which showed good dye removal rate of 70 – 100%.   

The adsorption mechanism of Blue 1 is often due its sulfonate groups and the acidity of 

the liquid media. In case of chitosan-based adsorption, pH affects both the modes of adsorption 

and the adsorption efficiency. Low pH protonates the amino groups of chitosan and three 

sulfonic groups of Blue 1 (Stefanich et al,1994). Cestari et al (2004) observed that sulfonate 

group of Blue 1 and amino groups of chitosan contributes to adsorption, which Dotto and Pinto 

(2011) also found in their study. Dotto and Pinto (2011) also noted that increasing stirring rate up 

to 400rpm doubled the adsorption capacity.  

1.9.2. FD & C Green 3 Adsorption  

FD&C Green No.3, also known as Fast Green FCF or E143, is an triarylmethane dye 

whose structure is almost identical to BLUE 1 except that it has an additional hydroxyl group in 

one of the five aromatic ring. Its usage is uniform in 100 mg/kg in all products that uses Green 3 

(FAO). It is also banned in European Union. Its none-food application includes histone staining 

at alkaline pH, protein staining for electrophoresis. The food items that use Green 3 include but 

are not limited to fermented milk, fruit candies or fruit based desserts, bakery decoration, dry 

pasts, egg-based products and mayonnaise. 

Several prior studies using biosorbent exist such as flower gel, peanut hull and coffee 

husk. Flower gel is a polyacrylamide-based polymer that can absorb up to 80 times its volume of 

water (Abdi and Nasiri, 2018), and was shown to have 58.85 mg/g maximum adsorption 

capacity.  Ahalya et al (2014) used coffee husk, which can be found in overabundant amount in 

India and has no intrinsic value, at different sorbent concentration and different dye 
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concentration (10 - 100ppm) and achieved almost a total removal of Green 3 Gong et al (2005) 

employed surface esterification of peanut hull to completely remove Green 3.  

Adsorbents with more intense chemical modification have been tested as well. 

Montmorillonite with acid treatment (Tahir et al, 2010) and hydrogen peroxide treated red mud 

(Gupta et al, 2004) sequestered 97% and 94% of FG, respectively. Activated carbons from flame 

lily waste and fungal biomass were also able to remove 93 - 100 % of G3 (Ramalakshmi et al, 

2012). De-oiled soya and bottom ash were also able to remove Green 3 from 64.09 – 98.02% 

(Mittal et al, 2009). 

Despite its similar chemical structure to Blue 1, the mechanism of Green 3 adsorption is 

not the same. The pH affects the modes of adsorption of Green 3 as it does with Blue 1, but 

opposite phenomena are observed: for example, red mud’s adsorption of Green 3 favor basic 

condition because the basic conditions neutralizes the red mud’s surface, facilitating the 

adsorption negatively charged Green 3, (Gupta et al, 2004). On the other hand, Green 3 

adsorption study by Ramalakshmi et al (2012) theorized that excess hydroxide ions and Green 3 

compete for adsorption, lowering adsorption capacity. In similar vein, Mittal et al (2009) 

explained that basic condition deprotonated dye molecules, which decreased adsorption capacity.  

1.9.3. FD & C Red 40 Adsorption  

FD&C Red 40 contains two sulfonate ions, making it ideal for adsorptions onto nitrogen 

containing sites such as amine groups (Stefanichi et al, 1994). Possible adsorbents include 

activated carbon, (Ozsoy and Leeuwen, 2010; Alkhatani  et al, 2016), marine-life based chitosan 

(Wang et al, 2012; Sánchez-Duarte et al, 2012; Piccin et al, 2009), and agricultural waste such as 

vine waste and corncob (Sütcü, 2014; Jiménez et al, 2017). Oszoy and Leeuwen (2010) tested 

candy waste containing various colorants and achieved low adsorption capacity of 4.4 mg/g, 
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while Alkhatani et al observed 72.85 mg/g capacity. These are much lower than the adsorption 

efficiency of deacetylated chitosan (over 80%) by Piccin et al (2009), tripolyphosphate-

crosslinked chitosan (98%) by Sánchez-Duarte et al (2012), fermented chitin (100%) by Wang et 

al (2012), vine waste (97%), or corncob (94.92%). providing strongly favorable arguments for 

biosorbents. The mechanism of adsorption of R40 differ is similar to that of BLUE 1 in that in 

low pH, the protonated adsorbent surface and negatively charges sulfonate ions facilitate 

adsorption. 

1.9.4. FD & C Red 3 Adsorption         

 FD & C Red 3 has clear cytotoxic, cytostatic, mutagenic and genotoxic effects to human 

as aforementioned, hence it is wise to remove from waste stream as much as possible. Due to its 

poor light stability, Red 3 can be photodegraded with TiO2 (Baigiri and Ameta, 2016; Apostol et 

al  2015), but there are questions regarding its by-products. Adsorption of R3 with a few low-

cost adsorbents have been successful with great efficiency; the dye was able to be removed up to 

93.7% at 20 mg/L original concentration with garden cress (Mohebbi et al, 2014) and pumpkin 

seed hull with 85% efficiency from 10 – 400ppm Red 3 solution (Apostol et al, 2015). Graphene 

oxide, activated carbon from lemon peel and Zns:Ni nanoparticle-activated carbon also were 

effective, but the cost is a hindrance for practical application (Roosta et al, 2014: Sharifzade et 

al, 2017; Mousavi et al, 2018). 

1.9.5. Spent Coffee Grounds as Adsorbents                                                                           

Wastes from coffee such as spent coffee ground (SCG) has been tested to be moderately to 

highly efficient adsorbent for various pollutants, and its low-cost and abundancy make itself a 

great candidate for mass adsorption (Anastopoulous et al, 2017). One common pollutant is heavy 

metal ions (Kyzas, 2012 ; Lafi et al,  2014; Wu et al, 2016;). SCG FT-IR spectra shows 
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noticeable peaks of – OH, -CH and C=O (Ahayla et al  ̧2014; Utomo and Hunter, 2006). High 

amounts of oxygen-containing groups increase hydrophilicity, hence adsorption of strongly ionic 

adsorbates such as metal ions. Tested metal ions include: Cr, Ni, Cu, Pb, Zn, Cd, etc.  

Dyes are also shown to adsorb on to SCGs very well, but interestingly, there hasn’t been 

any study that tested FD & C dyes with SCG, aside Ahalya et al (2014), which used coffee husk. 

A number of textile, non-food grade dyes have been tested: Crystal Violet, Toluidine Blue, 

Remazol Red 3BS, Remazol Yellow 3RS, Remazol Blue, Acridine Orange, amido black, etc. 

Most of SCG-adsorbent studies show that adsorption capacity increases with increasing dosage 

and maximizes around pH 5 – 6. Some studies go beyond by modifying SCG, i.e. magnetization, 

alkaline treatment, activation into activated carbon and combination with chitosan (Safarik et al, 

2012; Dai et al, 2012, Lim et al, 2016; Lessa et al, 2018). 

Other types of adsorbates include gas such as H2S gas, pesticide monuron and paraquat, 

NO2 gas, tetracycline, metal oxides from mining wastes, and pharmaceutical contaminants 

(Nowicki et al, 2014; Marincas et al, 2016; Pavlović et al, 2016; Nowicki, Skibiszewska and 

PIetrzak, 2013; Dai et al, 2019; Ayala and Fernández, 2018; Lessa, Nunes and Fajardo, 2018) 
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CHAPTER 2: ADSORPTION OF FOUR SYNTHETIC FOOD DYES BY SPENT 
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2.1. Abstract 

Synthetic dyes are a common contaminant in food manufacturing waste streams.  

Contemporary methods of removing synthetic dyes include chemical coagulation, oxidation, 

membrane separation, and adsorption.  Adsorption is favored over the other methods due to its 

simplicity.  Its main drawbacks are that the efficiency of adsorbents and their reusability may 

vary. Common industrial adsorbents include coal ash, wood sawdust, silica gels and activated 

carbons, but they all have shortcomings such as cost, low surface area, side reactions or variable 

retention time. This study aims to investigate an adsorbent that is abundant in quantity, easily 

accessible, low-cost, efficient, and environmentally friendly.  

Spent coffee grounds (SCGs) were assessed as an inexpensive, environmentally friendly, 

and effective alternative adsorbent for four common synthetic food dyes: FD&C Blue 1, Green 

3 , Red 3, and Red 40. The dyes have mixed reports regarding their toxic effects on human 

health, and their harmful environmental effects may be significant due to their chemical stability, 

hence causing disruption to aquatic ecosystems.  Under acidic conditions (pH = 2) SCG, at 2 g/L, 

removed 41-100% of Blue 1, 42 -96% of Green 3, and 25 – 99% Red 40, based on 

spectrophotometric data, supported by colorimetric analysis.  FTIR-spectroscopic analysis 

suggests possible interactions between sulfonate ions of Blue 1, Green 3, and Red 40 dyes and 

amine groups of SCGs. Isotherm analysis suggests that Blue 1 and Green 3 adsorptions are 

homogeneous, while Red 40 adsorption is heterogenous. We demonstrated that SCGs are 

effective at adsorbing these three synthetic food days. 

Keywords: Dyes, Adsorption, Biosorbent, isotherm  

 

 



77 

 

2.2. Introduction 

Wastewater treatment is an important task for minimizing water pollution and preventing 

soil pollution by residual chemicals. In the food industry, synthetic dyes are widely used, due to 

their chemical stability and the intensity of their colors under many chemical conditions. The 

Food and Drug Administration allowed usage of seven synthetic dyes called Food & Drug and 

Cosmetic (FD&C) drugs under strict regulation by Title 21, parts 70 and 82 of the Code of 

Federal Regulations (CFR). About 10% of the dyes are lost to wastewater (Deveci, Unyayar and 

Mazmanci, 2004). Ordinary municipal wastewater systems do a poor job of filtering out water-

soluble dyes (Mandal, Purkait and De, 2018) When dyes are deposited in aquatic systems, toxic 

amines may be formed (Banat et al, 1996).  Most synthetic dyes, whether food grade or not, tend 

to include azo-functional groups and aromatic rings, which make them strongly resistant to 

degradation.  This property is known as, “color fastness” and indicates a resistance to sweat, 

water, light, oxidizing agents and even to microbial degradation (Michaels and Lewis, 1985; 

Saretale et al, 2011). While some azo dyes can pose toxicity risks when introduced to human 

bodies (Roy et al, 2018), the reports on FD&C azo dyes are mixed in terms of safety concerns. 

Adsorption is attractive due to its simplicity and preclusion of possible secondary waste 

(Gupta et al, 2000; Monda et al, 2018). This simple method bases on two modes of mechanism: 

physical adsorption (physisorption) or chemical adsorption (chemisorption). Physisorption 

includes weak intermolecular forces such as van der Waals force, hydrophobicity, π - π 

interaction, polarity and electrostatic dipole-dipole moments, while chemisorption include 

chemical reactions with ionic or covalent bonds, hence known as chemisorption (Rattee and 

Breuer, 1974).  Surface functional groups of adsorbents determine affinity to adsorbates because 

they serve as “anchor”, or adsorption sites (Morin-Crini et al,2018). 
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When adsorption uses adsorbents that are of biological source, i.e. agricultural waste, it is 

also called ‘biosorption’ (Sharma et al, 2018), and such adsorbents are referred as ‘biosorbents.’ 

Biosorbents possess various functional groups such as carboxylic, phenolic, amino, amido, 

alcohols and esters. Oxygen-containing groups are particularly important in that it increases 

hydrophilicity and decreases π - π interaction (Monda et al, 2018). 

Several inexpensive, widely available agricultural wastes have been tested for adsorbing 

FD&C dyes. Examples include using soya waste and ash (Gupta et al, 2006), hen feather (Mittal, 

2006), iron-bentonite (Hernández-Hernández et al, 2013), zeolite derivativs (Hernández-

Hernández et al, 2012; Pinedo-Hernández  et al, 2012), okra stem powder (Rehman et al, 2013), 

and magnetic crosslinked chitosan (Yilmaz et al, 2012, Wang et al, 2012).  Here, we focus on 

FD&C Blue 1, Red 40, Red 3 and Green 3. This study aimed to achieve two objectives: first, to 

compare the adsorption capacity of SCGs for FD&C dyes at three different coffee roast levels – 

dark, medium and light, and second, to compare its efficiencies to those of two charcoal-based 

activated carbons. 

2.3. Materials 

Four FD &C dyes were provided as samples by Sensient (Hoffman Estates, IL): BLUE 1 

(89%), R40 (87%), G3 (91%), and R3 (87%). SCGs were provided by the Harris lab and the 

Drake lab, sorted by its reported roast level.  

2.3.1. Design of Experiments 

The testable concentration of each dye was based on the lowest and the highest reported 

values of maximum allowed usage concentration published by the Food and Agricultural 

Organization of the United Nations (FAO). The intervals of concentrations were determined by 

taking 10% of the reported values and dividing the intervals into four intervals – except G3 
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whose usage is uniform in all products at 100 ppm, therefore its tested concentration was 10 

ppm. Two different activated carbons, CAL 12 X 40 and SGL 8 X 30 (Calgon Carbon, 

Pittsburgh, PA) were employed to compare the adsorption capacity with the SCGs at 50 ppm. 

The activated carbons were also ground to 250 microns.  Stock solutions of each dye were 

diluted to specific concentrations with deionized water.  

The dosage of SCG was 2 g/L, or 0.1 g per 50 mL of solution. The experiments lasted for 

3 hours with magnetic stirring at 120 rpm.  Sample positions were randomized on multi-position 

magnetic stir plates. Samples were run in triplicate across three independent experiments for a 

total of nine samples.  

2.3.2. Preparation of SCGs 

SCGs were first dried in a convection oven at 60 °C for 24 hours, ground down to 250 microns 

sieve (Gilson Company, Inc, Lewis Center, OH). The SCGs were then defatted by hexane and 

ethanol extraction at 750 rpm and 22 solvent g/g SCG based on the method by Somnuk et al 

(2017).  The defatted SCGs were washed by hot, deionized water at 80 °C for 1 hour at 10g 

SCG/L ratio, then dried a second time in a convection oven at 60 °C for 24 hours. Whatman 

Filter paper #1 (Maidstone, United Kingdom) was used for vacuum filtration. 

2.3.3 Preparation of FD & C dye solutions 

Deionized water was used as a solvent. The pH values were adjusted by 1M of HCl to pH = 2, 

except Red 3 whose pH was adjusted to 5 due to its insolubility below pH = 5.  
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Table 2.1. Molecular weights, pKa values, reported allowed usage ranges by FAO, and 

maximum wavelengths of four FD&C dyes 

 

2.3.4.  Spectrophotometry 

Standard curves of each dye, ranging from 0 – 10 ppm were established based on the 

maximum wavelength values as shown in Table 2.1 were used to construct standard curves for 

each dye. Concentrations higher than 10 ppm were observed to violate the linearity of the curves. 

Samples were diluted with DI water to fit within the standard curve concentration ranges, and 

correct concentration was calculated by multiplying the dilution factor. All samples including 

controls were filtered through Whatman Filter #1 (Maidstone, United Kingdom) using a vacuum 

pump.  

Name MW (g/mol) pKa Usage Limit (mg/kg) Λmax (nm) 

FD &C Blue 1 792.85 5.83 ; 6.58 (Flury 

and Wai, 2002) 

50 – 500 630 

FD & C Red 40 496.4  11.4 (Dotto et al 

2013) 

25 – 2197 504 

FD & C Red 3 835.9 2.35 ; 3.79 

(Batistela et al 

2011) 

27 - 300 525 

FD &C Green 3 808.9 1.6 ; 7.5  

(Ramazanova, 

Tikhomirova and 

Apyrai 2013) 

100 624 
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No significant differences were observed in dye concentrations between filtered and 

unfiltered control samples, eliminating the potential confounding factor of dye adsorbing onto 

the filter paper. Concentrations were determined using linear regression, based on a standard 

curve regression lines with XLS UV-Vis Spectrophotometer (Perkin Elmer, Waltam, MA).   

2.3.5. Adsorption Isotherm Analysis  

Adsorption isotherms are important for prediction of reliable adsorption behaviors for 

various systems and optimization of adsorption (Foo and Hamed, 2009). Two common types of 

isotherms in adsorption studies are: Langmuir isotherms and Freundlich isotherms. The 

Langmuir isotherm equation is as followed: 

Qe= bQ0Ce/(1+ bCe)      (1) 

Ce/Qe = Ce/Q0 + 1/bQo     (2) 

Qe = (Co-Ce)V/m      (3) 

where b is a constant for a specific system of adsorption, Q0 is a maximum adsorption capacity of 

this adsorbent for a specific adsorbate (mg/g), Co is an initial concentration (mg/L), Ce is an 

equilibrium concentration (mg/L), and Qe is an adsorption capacity. Q0 indicates an adsorbent’s 

efficiency in adsorbing a selected adsorbate. Although Langmuir system was originally intended 

for gas - solid phase adsorption (Langmuir, 1918), it is also well applicable for solid-liquid 

phase. The main assumption of this theory is that the adsorption happens in a single layer – that 

is, there is no cluster of adsorbates over another – and that each adsorbate only interact with one 

specific binding sites on the surface of the adsorbent and not with others. Equation 2) is a 

linearized model of the equation 1), and equation 3) derives the adsorption capacity based on the 

given initial concentration Co, volume of sample V (L), and mass of adsorbent, m (g).  
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Another model, the Freundlich isotherm, is based on empirical data and assumes that the 

adsorption is heterogenous, meaning that more than one functional group of an adsorbent 

interacts with an adsorbate, and that there are multiple layers of adsorption (Piccin et al, 2009). It 

is defined in equation 4) with the following equation 5) in a linear model:  

Q0 = KFCe
1/n                     (4) 

Log Q0 = logKF + logCe/n            (5)  

Where Kf is Freundlich constant that indicates the adsorption capacity, and 1/n is a measure of 

surface heterogenicity. The value of 1/n ranges between 0 and 1, whereas a value closer to zero 

indicates heterogenous adsorption system (Haghseresht and Lu, 1998). It is common to transform 

the data to fit into linear versions of isotherms to determine which model works better for a 

particular adsorption based on the coefficient of determination (R2).  

2.3.6. Colorimetry Analysis  

As a second quantitative comparison to the UV-Vis Spectrophotometry data, colorimetry 

data were evaluated to more closely approximate human perception. The color of the samples 

were measured by Colorflex EZ (Hunterlab, Reston, VA).  The instrument scans samples three 

times each to returns an average value.  L*, A* and B* were measured, and each indicates, 

respectively: brightness (+) and darkness (-); red (+) and green (-); yellow (+) and blue (-). dE  

value was calculated by the following equation to calculate a perceived color difference:  

                                             dE = √(𝐿2 − 𝐿1)2+(𝐴2 − 𝐴1)2 + (𝐵2 − 𝐵1)2      (6) 

2.3.7. Fourier-Transform Infrared Spectroscopy (FTIR) analysis 

Surface chemistry of SCG before and after the adsorption was analyzed by FTIR-Model 

Nicolet iS5 with a diamond crystal (Thermo-Fisher Scientific, Waltham, MA) and the 

accompanying software OMNIC Spectra. Since adsorption happens on the surface of adsorbents, 
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it is critical to observe the interactions between functional groups of adsorbents and adsorbates 

when possible. Spectra of SCG was read before and after adsorption to observe changes in peak 

absorbance and peak shifts. All the samples were dried overnight at 60°C to limit the influence 

of water on the FTIR absorbance spectra.  

2.3.8. Statistical Analysis  

All samples were run in triplicate within each experiment.  Experiments were repeated three 

times, resulting in nine total data points for each treatment combination.  JMP Pro 14 was 

utilized for statistical analysis. Wilkes-Shapiro Test was first done to assess normality and 

distribution of the samples. Unless the data is skewed drastically, they were treated as normally 

distributed. Normally distributed samples were analyzed with Welch’s T-test and Tukey’s 

Honest Significant Difference. Non-normal samples were analyzed by Kruskal-Wallis followed 

by Steel-Dwass. All the statistical tests were done at =0.05.  

2.4. Results  

2.4.1. Spectrophotometry  

Significant (p < 0.05) adsorption of Blue  1, Red 40, and Green 3, but not Red 3 was 

observed at all four concentrations of each dye and at all SCGs roast levels.  Increasing dye 

concentration led to decreased adsorption efficiency.  The trend of adsorption efficiency between 

the roasts was not consistent except R40, where dark roast consistently performed better than 

other roast levels.   

2.4.1.1 Blue 1 

Dark roast SCGs adsorbed significantly (p < 0.05) higher amounts of Blue 1 at 5 ppm and 

20 ppm than other roasts, while light SCGs adsorbed highest adsorption at 35 ppm and 50 ppm. 

Medium SCGs performance was between that of light SCGs and dark SCGs. The SCGs’ dye 

percent dye adsorption ranged between 40.71±7.12 – 100.5± 3.18, 44.32% ± 5.22 – 85.85 ± 7.88, 
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and 66.46% ± 4.63 – 96.88 ± 1.71 for dark SCGs, medium SCGs and light SCGs, respectively. 

Percent adsorption decreased with increasing concentration at all roast levels.  The adsorption by 

roast and concentration is shown in Figure 2.1. Adsorption efficiency decreased with increasing 

initial concentrations, but the degree of such decrease was more obvious in dark SCG and 

medium SCG.   

 

 
Figure 2.1. Change of Percent Adsorption of Blue 1 by Different SCG Roast Over the Increasing 

Initial Concentrations 

 

Table 2.2: Percent Adsorption of Blue 1 by Different SCG Roasts and Dye Concentrations 
  

 

 

 

 

 

2.4.1.2. Green 3 

Light roast SCGs adsorbed significantly (p < 0.05) higher amounts of Green 3 at 20 ppm 

and 35 ppm than other roasts, while medium SCGs adsorbed highest adsorption at 10 ppm. Dark 

SCGs and Light SCGs achieved similar adsorption capacities at 50 ppm, and medium SCGs 
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 5 ppm 20 ppm 35 ppm 50 ppm 

Dark 100.52%±3.18a 94.87%±1a 58.51%±8.31b 40.71% ±7.12b 

Med 85.82%±7.88b 76.37%±2.68b 60.34%±3.74b 44.32%±5.22b 

Light 96.88%±1.71a 81.63%±7.23b 76.08%±3.89a 66.46a±4.63a 
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performance was lower that of the other two. The SCGs’ dye adsorption ranged between 

49.62 % ± 3.99 – 90.42 % ± 1.75, 42.44% ± 4.41 – 95.88 % ± 0.76, and 89.58% ± 4.17 – 46.15% 

± 6.11 for dark SCGs, medium SCGs and light SCGs, respectively. Adsorption % decreased with 

increasing concentration at all roast levels.  The adsorption by roast and concentration is shown 

at Figure 2.2. Like Blue 1, adsorption efficiency of Green 3 decreased as the initial concentration 

increased.  

 

    Figure 2.2. Comparison of Percent Adsorption of Blue 1 and Green 3 at 20, 35 and 50 ppm.  

The percent adsorption of Blue 1 and Green 3, as seen in the figure 2.2, also show that 

the presence of -OH group in Green 3 may affect the adsorption capacity as well. Light SCG, as 

the concentration increases, adsorbs more Blue 1 than Green 3, while dark SCG shows the 

opposite trend. Medium spent coffee ground adsorbs more Green 3 at 20 ppm but more Blue 1 a 

35 ppm. Green 3 and Blue 1 are structurally very similar except that Green 3 contains one more 

-OH group, which is protonated in an acidic condition and can affect ionic interaction 

between the dyes and the adsorbent surface. This is explained further in section 2.4.4. 
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Figure 2.3. Change of Percent Adsorption of Green 3 by Different SCG Roast Over the 

Increasing Initial Concentration 

Table 2.3: Percent Adsorption of Green 3 by Different SCG Roasts and Dye Concentrations 
Roast Levels Percent Dye Adsorption Relative to (ppm) Dye Concentrations 

 10ppm 20 ppm 35 ppm 50 ppm 

Dark 90.42%± 1.75b 75.91%±1.62b 53.76%±4.35b 49.62%±3.99a 

Med 95.88%± 0.76a 79.26%±2.37b 50.51%±9.12b 42.44%±4.41b 

Light 89.58%± 4.17b 85.23%±4.05a 67.34%±3.91a 46.15%±6.11ab 

 

2.4.1.3. Red 3 

The trend of adsorption was very inconsistent throughout the testable concentrations and 

the roast levels. Although spectrophotometric data indicates that medium SCGs may possibly the 

“best” at adsorption (-2.17%±2.72 - 21.89%±3.88) of R3, the presence of negative values with high 

standard deviations cast doubts on these numbers. The discrepancy will be discussed further in 

Colorimetry section. 
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Figure 2.4. Change of Percent Adsorption of Red 3 by Different SCG Roast Over the                   

Increasing Initial Concentration 

Table 2.4: Percent Adsorption of Red 3 by Different SCG Roasts and Dye Concentrations 

Roast Levels Percent Dye Adsorption Relative to (ppm) Dye Concentrations 

 3ppm 12ppm 21ppm 30ppm 

Dark 18.69%±2.83a 11.84%±17.61a 14.51%±11.23ab 12.74%±11.34a 

Med 6.13%±5.7b 14.83%±3.90a 21.89%±3.88a -2.17%±2.72b 

Light -18.63%±3.89c -9.92%±7.28b 5.67%±7.60b -4.46%±3.61b 

 

2.4.1.4. Red 40 

Dark SCG (32.52%±8.87 - 99.22%±4.12) was the most effective in removing Red 40 

throughout all the concentration ranges, while medium SCG has been the lowest adsorption 

efficiency (24.73%±13.56 -79.41%±13.87). Light SCG (30.10%±3.65 - 87.24%±2.8) also 

proved to be capable between medium SCG and dark SCG.  Above 75 ppm, there were no 
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significant difference of adsorption capacity between the roast levels.  Just like Blue 1 and Green 

3, the adsorption efficiency decreased with increasing initial concentrations. 

 

Figure 2.5. Change of Percent Adsorption of Red 40 by Different SCG Roast Over the Increasing 

Initial Concentration. 

 

Table 2.5: Percent Adsorption of Red 40 by SCG at Different SCG Roasts and Dye 

Concentrations 

Roast Levels Percent Dye Adsorption Relative to (ppm) Dye Concentrations 

 2.5ppm 75ppm 147.5ppm 220ppm 

Dark 99.22%±4.12a 51.30%±7.96a 32.58%±1.79a 32.52%±8.87a 

Med 79.41%±13.87b 44.83%±2.57ab 26.57%±9.35a 24.73%±13.56a 

Light 87.24%±2.8b 41.14%±6.55b 28.92%±7.17a 30.10%±3.65a 

 

2.4.2 Isotherm Analysis         

 The spectrophotometric data from Blue 1, Red 40, and Green 3 s were applied to linear 

models of both Langmuir and Freundlich model to one, calculate maximum adsorption capacity 

of each roast of SCG to each dye, and two, the phenomena of adsorption. Figure 2.6 – 11 shows 

the linear isotherm models for the dye adsorption with linear regression lines and corresponding 

R2 values. The compatibility of models was assessed by the correlation coefficient (R2), where a 

model with higher R2 was deemed as an appropriate model. For Blue 1 and Green 3, Langmuir 

isotherms showed much fitting patterns at all roast level with R2
 of 0.961 – 0.997 and 0.979 - 
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0.992, respectively, where Freundlich model yielded the R2 of 0.906 - 0.998 and 0.837 - 0.973, 

respectively.  While modeling of Blue 1 and light SCG showed that R2 was slightly higher in 

Freundlich (0.9984) than Langmuir (0.9794), the lack of stark chemical difference between the 

coffee roasts makes it reasonable that Langmuir model is suitable as well.  

However, Red 40 adsorption was better characterized by Freundlich model, indicating 

that the adsorption may be multi-layered, and that more than one functional group may 

participate in adsorption at the same time. Given that the adsorption of Blue 1 and Green 3 are 

better explained by Langmuir isotherm, the fit of Red 40 to Freundlich model may indicate that 

the structures of dyes affect the modes of adsorption. Red 40 is smaller than Blue 1 or Green 3 in 

size and molecular mass, and its almost symmetrical structure with two sulfonates in each side  

and the planar shape may enable two phenomena: simultaneous electrostatic interaction of 

sulfonates onto SCGs and flat stacking of the dye molecules, which violate the assumption of 

Langmuir Isotherm’s monolayer, one-to-one bond. It also bolsters the possibility of 

chemisorption between Red 40 and SCGs (Ávila-Martínez et al, 2020).  

Table 2.6. enumerates adsorption isotherm parameters of each SCG for each dye. For 

Green 3, the maximum adsorption capacity is 12.99 mg/g, 10.57 mg/g, and 12.21 mg/g for dark 

SCG, medium SCG and light SCG, respectively, showing that dark SCG is a little more effective 

than light SCG. Same trend is observed much more strongly in Red 40, where the KF is 4.54, 

1.69 and 1.99 for dark SCG, medium SCG, and light SCG, respectively.  However, the trend 

changes for Blue 1, where the maximum adsorption capacity is the highest for light SCG (17.89 

mg/g), followed by medium SCG (11.40 mg/g) and dark SCG (11.82 mg/g). Although Green 3 

and Blue 1 are structurally similar, the presence of -OH in Green 3 may play a role in reduced 

maximum adsorption capacity, as shown in Figure 2.5..  
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Figure 2.6.  FD&C Dyes Used in the Experiments. Imaged produced by ChemDraw 

Professional. 
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Figure 2.7. Linear Langmuir modeling of Green 3 - SCGs (Ce = equilibrium concentration; Qe = adsorption capacity)  

 
Figure 2.8. Linear Freundlich modeling of Green 3 - SCGs (C = equilibrium concentration; Qe = adsorption capacity) 

y = 0.077x + 0.2438

R² = 0.9609

y = 0.0946x + 0.1272

R² = 0.985

y = 0.0819x + 0.1058

R² = 0.9973

0.000

0.500

1.000

1.500

2.000

2.500

3.000

3.500

0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000

C
e/

Q
e

Ce

Dark SCG

Medum SCG

Light SCG

Linear (Dark SCG)

Linear (Medum SCG)

Linear (Light SCG)

y = 0.2873x + 0.6645

R² = 0.9747 (MSCG)

y = 0.1735x + 0.7597

R² = 0.9603 (DSCG)

y = 0.2871x + 0.7138

R² = 0.837 (LSCG)

0.600

0.700

0.800

0.900

1.000

1.100

1.200

-0.500 0.000 0.500 1.000 1.500

L
o

g
 Q

e 
(a

d
so

rp
ti

o
n
 c

ap
ac

it
y
)

Log Ce

Dark SCG

Medium

SCG

Light SCG

Linear

(Dark

SCG)
Linear

(Medium

SCG)
Linear

(Light

SCG)



92 

 

 
Figure 2.9. Linear Langmuir Modeling of Red 40 - SCGs (Ce = equilibrium concentration; Qe = adsorption capacity) 

 
Figure 2.10. Linear Freundlich Modeling of Red 40 - SCGs (Ce = equilibrium concentration; Qe = adsorption capacity) 
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Figure 2.11. Linear Langmuir Modeling of Blue 1 - SCGs (Ce = equilibrium concentration; Qe = adsorption capacity) 

 
 

Figure 2.12. Linear Freundlich modeling of Blue 1 - SCGs (Ce = equilibrium concentration; Qe = adsorption capacity) 

Table 2.6: Parameter Values of Langmuir and Freundlich Adsorption Isotherms by SCGs and dyes. (Ce = equilibrium; Qe = adsorption 

capacity ; Q0 = maximum adsorption capacity; Kf = Freundlich factor; n = heterogeneity factor ; b = Langmuir constant) 
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Dyes Adsorbent  Langmuir  Freundlich  

FD & C Green 3  Dark SCG Q0 (mg/g)                  12.987 n                                                        5.764 

b (L/mg)                    0.316 Kf(mg/g) (L/g) n                                5.750 

R2                                                0.96 R2                                                       0.960 

Medium SCG Q0 (mg/g)                  10.571 n                                                        3.481 

b (L/mg)                    0.744 Kf (mg/g) (L/g)n                                4.618 

R2                                  0.985 R2                                                      0.975 

Light SCG Q0 (mg/g)                   12.210 n                                                        3.483 

b (L/mg)                     0.744 Kf (mg/g) (L/g)n 
 
                               5.174 

R2                                 0.9973 R2                                                      0.837 

FD & C Red 40 Dark SCG Q0 (mg/g)                   33.333 n                                                        2.554 

b (L/mg)                     0.057 Kf (mg/g) (L/g)n                                    4.543 

R2                                               0.912 R2                                                      0.996 

Medium SCG Q0 (mg/g)                   24.096 n                                                        1.873 

b (L/mg)                     0.042 Kf (mg/g)(L/g)n                                 1.693 

R2                               0.697 R2                                                      0.959 

Light SCG Q0 (mg/g)                  31.746 n                                                        1.903 

b (L/mg)                     0.029 Kf (mg/g)(L/g)n                                 1.990 

R2                                0.783 R2                                                      0.992 

FD & C Blue 1 Dark SCG Q0 (mg/g)                   11.403 n                                                        4.153 

b (L/mg)                     1.520 Kf (mg/g)(L/g)n                                 5.914 

R2                                0.992 R2                                                                                 0.906 

Medium SCG Q0 (mg/g)                   11.820 n                                                        2.347 

b (L/mg)                      0.421 Kf (mg/g)(L/g)n                                 3.187 

R2                                0.999 R2                                                      0.951 

Light SCG Q0                              17.890 n                                                        2.451 

b(L/mg)                       0.473   Kf (mg/g)(L/g)n                                 5.474 

R2                                0.979 R2
                                                       0.998 
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2.4.3. Colorimetry         

 Significant difference at all three scales of color axis were observed for all FD&C Dyes 

except Red 3. The samples at all concentration and roast levels showed significantly higher L* 

values, which is a quick, easy indicator of successful adsorption. For each dye with successful 

adsorption, two lower concentration experiments showed clear trend of reduction of A* and B* 

as well. For example, reduction of A* magnitude in Green 3 and Blue 1 clearly helps indicates 

the reduction of greenness, and reduction of B* magnitude indicates the loss of blueness- since 

these two dyes have negative A* and B* values.  However, the trend of these two axes became 

unclear at two higher concentrations. Hence, delta E was calculated to evaluate overall color 

changes and match to the UV-Vis results.  

2.4.3.1.FD&C Blue 1.  

L* values increased significantly in all concentrations and all roasts, as seen in Figure 

2.12.  A* values exhibited an unexpected trend in that the negative amplitude value increased at 

35 ppm, 50 ppm and 20 ppm (except dark SCG), while the opposite was observed at 5 ppm, 

where the A* value magnitude greatly reduced. B* value also exhibited odd pattern of increasing 

negative magnitude at 50 ppm. However, they decreased in magnitudes in other three lower 

concentrations. dE values consistently shows that dark SCG caused the greatest change in color 

perception at all concentrations, even though spectrophotometry data shows that light SCG 

performed better than dark SCG at higher concentration (35 pp and 50 ppm).  
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Figure 2.13. Change of Colorimetric Values of Blue 1 – SCGs Adsorption. Different suffix alphabets indicate significantly 

different mean values among the roasts within the same concentration (p <0.05). 
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Table 2.7. Colorimetric Values of Blue 1 – SCGs Adsorption. Different alphabet suffixes 

indicate significantly difference mean values along the columns within the same concentration (p 

<0.05) 

 

 

2.4.3.2. Red 3  

Figure 2.13 shows that L* values decreased at 3 ppm by all the roasts. Medium SCG 

lowered L* value at all concentrations (P < 0.05). Increase of B* value and minor reduction of 

L* value indicate the lack of dye adsorption and/or leaching of brown compounds from coffee 

over the course of adsorption. Slight decrease of A* value by medium and dark SCGs at 12, 21, 

30 ppm. The small number of dE also indicates the lack of significant overall changes of color.  

5 PPM  L* A* B* dE 

 

Control 48.89±0.1b 

-

29.41±0.07b -15.34±0.02c N/A 

Dark SCGs 65.03±4.5a -3.92±1.50a 1.79±0.53b 27.18±1.79a 

Medium SCGs 57.99±1.23a -9.22±3.10a -0.93±2.01a 26.43±3.85b 

Light SCGs 58.90±0.65a -7.79±1.63a -2.27±0.68a 15.45±3.65b 

 

20 PPM  L* A* B* dE 

 

Control 32.67±0.36c 36.24±0.16c -23.63±0.05d N/A 

Dark SCGs 59.05±4.07a 21.79±2.91a -7.30±1.54a 52.43±3.47a 

Medium SCGs 48.47±0.58b 29.19±0.89b -13.11±0.67b 20.26±1.10b 

Light SCGs 48.12±1.42b 29.95±1.93b -15.27±1.57c 18.71±2.5b 

 

35 PPM  L* A* B* dE 

 

Control 26.00±0.37c 35.30±0.47b -21.25±0.05c N/A 

Dark SCGs 45.04±4.65a 39.47±4.65a -17.69±0.68a 18.35±4.06a 

Medium SCGs 39.68±0.44ab 36.33±0.44a -20.52±0.46bc 13.75±0.49b 

Light SCGs 40.98±1.86ab 35.78±1.86a -19.95±1.19b 15.10±1.97b 

 

50 PPM ` L* A* B* dE 

 

Control 20.26±0.1c -32.51±0.1a -19.64±0.04a N/A 

Dark SCGs 35.80±1.51a 39.29±0.27d -21.98±0.16b 17.14±3.61a 

Medium SCGs 31.72±0.9b 

-

34.93±0.38b -24.10±0.24c 12.54±0.9b 

Light SCGs 34.31±3.5a 36.50±1.18c -22.12±0.77b 14.82±1.52ab 
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Figure 2.14. Change of Colorimetric Values of Red 3– SCGs Adsorption. Different suffix alphabets indicate significantly different 

mean values among the roasts within the same concentration (p <0.05). 
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Table 2.8. Change of Colorimetric Values of Red 3 – SCGs Adsorption 
 

 

2.4.3.3. FD&C Red 40 

 

Owing to the smaller size and molecular weight of RED 40, the change of color was 

apparent even for the fairly high concentration (147.5 ppm and 220 ppm) amongst the FD & C 

dyes. Across all coffee roast and concentration level, the increase of L* value was observed. A* 

values at 2.5 ppm and 5ppm decreased, while B values increased – which is owed to the 

reduction of redness and slight contribution of yellowness due to leaching of SCG. The dE value 

was largest for the dark roast overall – which is in accordance of the spectrophotometric results 

where dark SCGs consistently showed the greatest reduction in dye concentration. 

3PPM  L* A* B* dE 

 

Control 59.23±1.44a 25.71±1.27a -7.64±0.24b N/A 

Dark SCGs 51.86±0.17c 24.13±0.29a -1.21±0.41a 10.03±1.04a 

Medium SCGs 51.85±0.39c 25.07±0.74a -2.23±0.81a 9.36±1.23a 

Light SCGs 56.90±2.25b 23.82±2.98a -8.18±1.89b 4.8±3.08b 

 

12PPM  L* A* B* dE 

 

Control 50.03±2.49a 42.90±0.30a -4.62±1.82b N/A 

Dark SCGs 50.97±2.97a 40.90±0.80b -4.36±1.38b 4.52±1.34b 

Medium SCGs 45.78±0.46b 39.49±0.43c 1.56±0.80a 8.44±2.93a 

Light SCGs 49.85±2.55a 43.22±0.45a -3.95±1.71b 3.87±1.43b 

 

21PPM  L* A* B* dE 

 

Control 48.19±2.02a 44.73±0.47a -0.47±2.35b N/A 

Dark SCGs 47.34±2.73ab 45.14±1.50a 3.01±1.93a 5.244±3.35a 

Medium SCGs 44.39±0.25b 42.34±0.19b 4.93±0.38a 7.09±2.97a 

Light SCGs 48.18±3.48b 44.91±1.53a -0.28±2.54b 4.34±3.58a 

 

30PPM  L* A* B* dE 

 

Control 47.38±2.60a 47.25±1.84a 6.43±3.53b N/A 

Dark SCGs 46.10±2.55a 46.16±1.75b 8.31±2.17b 5.66±3.98b 

Medium SCGs 42.11±0.13b 43.07±0.29b 14.69±1.24a 10.83±4.54a 

Light SCGs 46.20±1.93a 47.00±1.41a 7.76±2.46b 6.01±2.74b 
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Figure 2.15. Change of Colorimetric Values of Red 40 – SCGs Adsorption. Different suffix alphabets indicate significantly different  

 mean values within each concentration and colorimetric axis.
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Table 2.9. Colorimetric Values in Red 40 – SCGs Adsorptions. Different alphabets suffixes 

along the columns indicate significantly difference mean values within the same concentrations 

(p <0.05) 

 
 

 

2.4.3.2.  Green 3 

   

A reduction of magnitude A* and  B* value, and moderate increase of L* values have 

been observed (p<0.05) – a strong indicator of reduction in greenness and blueness, indicating 

G3 adsorption. Medium SCG showed the largest change of all three-color axes. dE value was the 

largest for medium spent coffee ground – which is consistent with the spectrophotometric results

 

2.5ppm  L* A* B* dE 

 Control 54.51±0.06c 14.01±0.23a 0.98±0.13c N/A 

 Dark SCGs 77.10±5.88a -0.13±0.51b 2.07±0.43b 26.82±5.11a 

 Medium SCGs 60.73±1.86b 0.17±3.16b 3.69±0.46a 15.44±3.69b 

 Light SCGs 79.13±3.13a 0.33±0.30b 1.98±0.11b 28.20±2.92a 

      

75ppm  L* A* B* dE 

 Control 27.61±0.05c 49.18±0.1b 47.61±0.10c N/A  

 Dark SCGs 32.10±1.04b 48.58b±0.67bc 52.62±0.57b 15.31±4.79a 

 Medium SCGs 31.61±0.38b 48.23±0.19c 51.66±0.32b 16.20±4.73a 

 Light SCGs 40.97±2.09a 56.17±0.69a 61.78±2.01a 7.02±2.99b 

      

147.5ppm  L* A* B*  dE 

 Control 23.94±0.04b 49.82±0.04b 41.27±0.07c  N/A 

 Dark SCGs 29.70±9.65b 48.78±5.48b 49.19±11.06b 20.71±6.47a 

 Medium SCGs 26.53±0.35b 50.14±0.21b 44.65±0.62bc 20.38±3.83a 

 Light SCGs 37.49±1.40a 60.60±0.99a 61.87±1.90a 5.15±1.88b 

      

220ppm  L* A* B* dE 

 Control 21.29±0.05c 49.04±0.05b 36.7±0.08c N/A 

 Dark SCGs 23.45±0.27b 50.28±0.11b 40.40±0.48b 20.31±2.20a 

 Medium SCGs 22.78±0.17bc 49.72±0.23b 38.97±0.3bc 21.95±2.21a 

 Light SCGs 33.44±2.56a 60.66±2.53a 56.41±4.38a 5.76±3.51b 
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Figure 2.16. Change of Colorimetric Values of Green 3 – SCGs Adsorption at 10 ppm.  

Different suffix alphabets indicate significantly different mean values amongst different roasts within the  

same colorimetric axis. 

Table 2.10. Change of Colorimetric Values of Green 3– SCGs Adsorption at 10 ppm. Different 

suffix alphabets along the columns indicate significantly different means 

 

2.4.4. FTIR Analysis  

 Surface functional group analysis can show a clear distinction of the two different spectra 

in terms of IR absorbance values.  The spectra of our SCG shares similar characteristic to other 

references – wide hydroxyl group band at 3400 cm-1 regions for alcohol, lignin, cellulose. The 

peaks between 2800-2900 region are due to C-H vibrations.  There are amine groups and 

carboxylic acid moiety in 1640 – 1645 cm-1.  A few peaks including one at 1,728 cm-1 is not 
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present in our SCG spectra due to its carbonyl linkage deriving from xanthene such as caffeine 

(Lafi et al, 2014). There is a significant asymmetrical decrease in absorption spectra between the 

1200 – 1800 cm-1 regions, where hydroxides of carboxylic acid and amine group moieties are 

observed. Similar phenomena were observed with Red 40 and Green 3. However, no significant 

shift or change of FTIR absorbance was seen for R3, hence not reported here. The possible 

quenching of the absorbance between 1200 – 1800cm-1 can be contributed to sulfate ions of the 

dyes in acidic (pH = 2) conditions. The pKa values of Blue 1, Green 3 and Red 40 are listed in 

Table 2.1.  

At acidic conditions, the hydroxyl groups and sulfate groups of these anion dyes are 

protonated. It is possible that sulfonate groups of the Red 40, Blue 1 and Green 3 are the main 

adsorption facilitator since Red 3, which has no sulfonate, showed poor adsorption efficiency, 

and that several studies that tested sulfonate dyes – including non-food grade dyes - claim that 

sulfonates and nitrogen-containing groups such as amide or amines are typically involved in 

various adsorbents (Dotto and Pinto, 2011; Cestari et al, 2004). It is unclear whether ionic states 

or molecular states favor adsorption in all situations, but all three sulfonate dyes are protonated, 

hence neutral, which is said to be helpful for adsorption (Mittal, 2006) due to increased diffusion 

of neutral dye molecules onto the adsorbent active sites. Another study suggests that the 

interaction of protonated amine groups in adsorbents (-NH3
+) facilitate electrostatic interaction 

between anionic sulfate groups (-SO3
- ) of the dyes (Zhou et al, 2014). In either scenario, this 

may explain why the adsorption was lower for Green 3 in some cases compared to Blue 1; the 

protonation of -OH group in Green 3 may either decreases the diffusion of neutral Green 3 

molecules or create electrostatic repulsion with positively charged adsorbent surface. Also, the 

presence of amine groups between the 1200 -1700cm-1 means that more acidic the solution is, 
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more protonation can happen at -NH2 groups, which increase adsorption sites (Dotto and Pinto 

2011). Such possibility is strongly implied by the quenching of absorbance between 1200 – 1700 

cm-1 in dark SCG spectra (Figure 2.16 - 18), and medium SCG – Green 3 spectra (Figure 2.20). 

Other FTIR spectra do not show as clear changes in adsorption. 

 

Figure 2.17. FTIR Absorption Spectra Dark SCG (red) and Blue 1-adsorbed Dark SCG (purple) 
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Figure 2.18.  FTIR Absorption spectra dark SCG (green) and Green 3-adsorbed dark SCG (Red) 

 

Figure 2.19. FTIR Absorption spectra dark SCG (red) and Red 40 - adsorbed dark SCG (purple) 
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Figure 2.20. FTIR Absorption spectra medium SCG (green) and Blue 1 - adsorbed medium SCG 

(red) 

 

 

 

 

 

 

 

Figure 2.21. FTIR Absorption spectra medium SCG (green) and Green 3 - adsorbed medium 

SCG (red) 
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Figure 2.22. FTIR Absorption spectra medium SCG (green) and Red 40 - adsorbed medium SCG 

(red) 

Figure 2.23. FTIR Absorption spectra light SCG (red) and Blue 1 - adsorbed light SCG (pink) 
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Figure 2.24. FTIR Absorption spectra light SCG (red) and Green 3 - adsorbed light SCG(orange) 

 

Figure 2.25. FTIR Absorption spectra light SCG (red) and Red 40 - adsorbed light SCG (blue) 
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2.4.5. Comparison with Activated Carbon       

 Both activated carbons showed superior adsorption capacity to those of the SCGs when 

conducted at 50 ppm of FD &C dyes. Note that the Red 3 samples were not done for SCGs due 

to the aforementioned indication of inefficiency.  All four dyes solutions treated by SGL and 

CAL were almost completely removed with following adsorption efficiency:  Blue 1 (99.96% ± 

0.11 - 99.96% ± 0.06), R3 (99.47% ± 1.37 - 99.99%±0.02), Red 40 (99.96% ± 0.01 – 100.054 ± 

0.11%), G3 (99.99% ± 0.02 - 99.99 ± 0.01 %). On the other hand, SCGs removed at significantly 

lower but still meaningful amounts of dyes: Blue 1 (40.71 % ± 7.12 - 66.458% ± 4.63), REd 40 

(81.149% ± 1.66 – 82.382% ± 1.45), G3 (42.55% ± 4.41 - 49.622% ± 3.99). Dark SCG 

performed significantly better than medium SCG for G3 (49.622 % vs 42. 44%, respectively), 

while light SCG performed the best in for Blue 1. No difference was observed in Red 40 

adsorption efficiency. A* and B* scales were completely quenched in all samples of dyes that 

were treated by the activated carbons. There was small but notable reduction in FTIR absorbance 

in the activated carbons except the signature “pinch” peaks at 2345 and 2086 cm-1 as seen in 

Figure 2.26 and 2.27 at. The peak at 2083-2086cm-1 is most likely attributed to alkynyl stretch. C

C or C O or phenol groups. (Kendrick et al 2020; Khali, 2004; Kowalski et al 2018). No 

particular difference between the two activated carbons were observed. 
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Figure 2.26. Adsorption Comparison of Activated Carbons and SCGs at 50 ppm of dyes. 

 

 

Table 2.11: Adsorption Comparison of Activated Carbons and SCGs at 50 ppm of Dyes. 

Different suffix alphabets along the columns indicate significantly different means (p<0.05) 

 
Adsorbents FD &C Dyes Percent Adsorption  

Red 40 Blue 1 Green 3 Red 3 

CAL 12 X 40 100.05%±0.01a 99.96%±0.11a 99.987%±0.02a 99.47%±1.368a 

SGL 8 X 30 99.96%±0.11a 99.97%±0.06a 99.992%±0.01a 99.99%±0.02a 

Dark SCG 82.38%±1.45b 40.71%±7.12c 49.62%±3.99b N/A 

Medium SCG 81.81%±1.05b 44.32%±5.22c 42.44%±4.41c N/A 

Light SCG 81.15%±1.66b 66.46%±4.63b 46.15%±6.11bc N/A 
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Figure 2.27. FTIR Spectra of CAL 12 X 40 activated carbon before and after the FD&C 

Dye Adsorption 

 
 

Figure 2.28. FTIR Spectra of SGL 8 X 30 activated carbon before and after the FD&C  

Dye Adsorption 
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         Figure 2.29. Comparison of CAL 12 X 40 and SGL 8 X 30
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Figure 2.30. Changes of Colorimetric Values by Activated Carbons and SCGs at 50 ppm Dye Solutions 
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Table 2.12: Colorimetric Values of Adsorption of dyes at 50 ppm by Activated Carbons 

and SCGs. Different suffix alphabets along the columns indicate significantly different means 

(p<0.05) 

 

 L* A* B* dE* 

Red 40 Control 31.66±0.05d 48.91±0.04a 52.86±0.07a N/A 

 

CAL 61.74±0.35a -0.10±0.02d 0.32±0.03d 77.90±0.13a 

SGL 61.51±0.54a -0.10±0.02d 0.31±0.02d 77.82±0.22a 

Dark SCG 44.37±1.40b 34.48±2.43c 15.70±2.40c 41.86±3.40b 

Medium SCG 42.66±0.78c 37.22±1.50b 19.17±2.0b 37.33±2.52c 

Light SCG 42.88±1.19c 37.75±1.54b 18.20±2.64b 38.11±3.19c 

 

Blue 1 Control 20.26±0.10d -32.51±0.10b -19.64±0.04b N/A 

 

CAL 61.65±0.12a -0.17±0.15a 0.32±0.05a 56.19±0.19a 

SGL 61.27±0.36a -0.39±0.71a 0.19±0.26a 55.73±0.71a 

Dark SCG 35.80±3.50b -39.29±1.18e -21.98±0.77c 17.14±3.64b 

Medium SCG 31.72±0.90c -34.93±0.38c -24.10±0.24d 12.54±0.79c 

Light SCG 34.31±1.51b -36.50±0.27d -22.12±0.16c 14.82±1.47bc 

 

Green 3 Control 15.79±0.14d -40.56±0.61b -0.96±0.07e N/A 

 

CAL 61.51±0.20a -0.14±0.04a 0.34±0.02d 61.03±0.17a 

SGL 61.31±0.71a -0.13±0.02a 0.32±0.01d 60.89±0.52a 

Dark SCG 30.95±1.47b -42.78±0.44c 6.36±0.96b 17.04±0.88b 

Medium SCG 27.96±0.88c -43.01±0.49c 7.71±0.84a 15.18±0.44c 

Light SCG 28.23±1.87c -45.79±1.02d 5.50±0.67c 15.08±0.94c 

 

Red 3 Control 40.76±0.14b 43.34±0.43a 19.86±0.40a N/A 

 

SGL 59.88±1.28a 2.78±0.05b -0.44±0.20b 49.60±0.58a 

CAL 61.75±2.61a -0.03±7.69b 0.32±2.23b 52.00±5.39a 

 

2.5. Conclusion  

 

SCGs are good candidates for cost-effective, efficient biosorbents for various pollutants 

such as synthetic dyes and metal ions.  To the author’s knowledge, this is the first study to report 

on the ability of SCG to adsorb FD&C food dyes.  SCG, at 2 g / L solution, were shown to be 

effective adsorbents for ranges of concentrations of FD&C Blue 1, FD & C Green 3, and FD & C 

Red 40 at acidic conditions. Colorimetric analysis effectively corroborated the 

spectrophotometric measurement of the concentration changes of the three dyes.  Adsorption of 

FD & C Red 3 onto SCGs was deemed ineffective due to contradiction of colorimetric data and 
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spectrophotometric data. Isotherms were built based on the spectrophotometric data, and 

Langmuir isotherm proved to fit better for FD &C Green 3 and FD & C Blue 1, implying 

monolayer adsorption. FD & C Red 40 showed better fit with Freundlich isotherms, indicating 

that the adsorption may be multi-layered and heterogenous. They also showed that dark SCGs 

have higher maximum adsorption capacity for FD & C Green 3 and FD & C Red 40, while light 

SCGs have higher adsorption capacity for FD & C Blue 1.  FTIR absorbance spectra based on 

this study and the other studies that gave foundation to this study’s methodology strongly suggest 

that the adsorptions are based on electrostatic interaction of the dyes’ sulfonate groups and amine 

groups of the SCGs. Two different activated carbons were used to compare their adsorption 

power to that of SCGs.  While activated carbon outperformed the SCGs, the very low cost and 

abundance of SCGs make them very attractive adsorbents regardless. Future studies to better 

understand SCGs of different roasts are recommended, such as reusability of SCGs, presence of 

acidic or basic groups by Boehm titration, point of zero charges, as well as surface area analysis. 
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CHAPTER 3: ADSORPTION OF NORBIXIN FROM CHEDDAR WHEY BY SPENT 

COFFEE GROUNDS 
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3.1. Abstract 

 Cheddar whey is an excellent source of essential amino acids that consists of the four 

following proteins: -lactalbumin, -lactoglobulin, bovine serum albumin, lactoferrin and 

immunoglobulins. It is bleached hydrogen peroxide or benzoyl peroxides to remove orange color 

to satisfy consumers’ preference for white color. However, peroxides produce undesirable odors, 

hence an alternative to the bleaching was proposed.  Adsorption is a favored method of residual 

dye adsorption for non-food grade applications.  To our knowledge, only three published studies 

have investigated the direct adsorption of norbixin from cheddar whey. This study aimed to 

evaluate the use of spent coffee grounds as an inexpensive biosorbent to remove norbixin from 

cheddar whey.  

 Cheddar whey was produced based on methods reported in literature and was treated with 

three different roast of spent coffee grounds and two species of activated carbons to compare the 

efficiency of norbixin adsorption at room temperature, 1 hour and 120 rpm. No changes to 

temperature or acidity were made to minimize potential workload increase in the scenario of 

industrial application. Activated carbon was more effective for the adsorption of norbixin than spent 

coffee grounds based on colorimetry.  Adsorption with spent coffee grounds significantly increased b* 

values, proving that it is not suitabe for norbixin adsorption.  Both activated carbons and coffee grounds 

leached into the cheddar whey. The reduction of norbixin was not high despite the sharp decline of 

b* axis. Compositional analysis showed that activated carbons also reduced protein and lactose 

content. SCGs did not have any meaningful changes to the compositions. No significant peaks or 

absorbance change was observed in SCGs, but overall absorbance decreased in both activated 

carbons after adsorption. As the fourth adsorption study of norbixin from virgin cheddar whey, 

this can perhaps oven different venues of adsorption mechanism in the future.  

3.2. Introduction 
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Whey protein products have been given much positive attention for their health benefits, 

food additive functionality, medicine delivery, and ease of bulking up for the bodybuilder and 

athletes (Marshall, 2004; Blažić et al, 2017; Gangurde et al, 2011; Mann et al, 2019; Fenlon et 

al, 2019) It wasn’t until the mid-20th century that whey, which had been regarded as a waste of a 

cheap feedstock, was seriously analyzed as nutritious dairy-by products. Whey protein refers to 

four main proteins: a-lactalbumin, b-lactoglobulin, bovine serum albumin, immunoglobulin and 

lactoferrin. (Tetrapak, 2014). a-lactalbumin, b-lactoglobulin are of the main interest for the 

consumers. Various forms of whey protein exist:  whey protein isolate (>92%), whey protein 

concentrate (20–80%), and whey protein hydrolysate (<43%) (Zhang and Zhong, 2013). They all 

undergo a spray-drying process to produce powder forms.  

In case of cheddar cheese production, about 10 % of norbixin partitions into cheddar whey. 

Norbixin is a saponified, dicarboxylic form of bixin, a natural dye from annatto (Smith et al, 

2013; Foxx, 2013; Carter and Drake, 2018; Smith, 2014). While norbixin is neither toxic nor of 

significant olfactory or gustatory properties, it yields orange color in whey powders if not 

treated. Hydrogen peroxide or benzoyl peroxide is employed to oxidize norbixin in whey. While 

this method is effective, it also inevitably causes lipid oxidation and hence off-flavor.  

3.2.1. Problems of Bleaching and Alternative Approaches  

 Hydrogen peroxides and benzoyl peroxides are used to bleach whey, but milk lipids can also be 

oxidized, whose by-products cause unpleasant off-flavor that resemble cardboard and cabbage. 

The former are attributed to a combination of pentanal, nonanal, 1-octen-3-one, dimethyl 

trisulfide (Whitson et al , 2010), and the latter is attributed to dimethyl trisulfide alone (Wright et 

al, 2006).  
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The first study that explored alternative bleaching methods was by Kang et al (2012) 

including following methods: ultraviolet treatment, ozone treatment and acid-activated bentonite 

treatment for whey, compared the bleaching results of cheddar cheese whey between 

conventional methods of HP (250 mg/kg; 50oC, 1 h) and control (no bleaching).  The resultant 

whey concentrates 80% (WPC 80) showed that hydrogen peroxide destroyed 28% of present 

norbixin, UV 39%, ozone 15%, and bentonite 79%.  Bentonite caused minimum sensory effects 

compared to the other methods that increased carboard and fatty odor. Another study assessed 

the effects of lactoperoxidase, a naturally present peroxidase, and exogenous commercial 

peroxidase (Campbell and Drake, 2013) were effective and faster than hydrogen peroxide, but 

the cardboard odor problem persisted and required activation by hydrogen peroxide (10 mg/kg in 

liquid whey), and the concentration of lactoperoxidase can be variable due to the lactation cycle, 

season and feeding regimen. In 2013, activated carbons and carbon nanotubes were used for the 

first time to remove norbixin by adsorption, but it doesn’t represent a realistic approach as the 

tested concentration of norbixin was 500 ppm, which is 500 times higher than that of annatto 

dosage in milk prior to cheddar cheese production (Zhang et al. 2013). Acidification of whey 

prior to spray drying (Park et al, 2014) and after hydrogen peroxide bleaching yielded mixed 

results of overall decrease in off-flavor but increase of soapy odor, whose identity remains 

unknown. The most recent study with the most promising result and the simplest method used 

two types of food-purpose charcoal-derived activated carbons, where the protein and sensory 

qualities were minimally affected while effectively removing norbixin (Zhang et al,2015).  

As demonstrated by Kang et al (2012), Zhang et al (2013), and Zhang et al (2015), 

adsorption remains as a valid, easy, and efficient possibility. In fact, because it requires 

minimum processes and is easy to apply at both industrial and benchtop scales, it is very 
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attractive method for any kind of pollution treatments.  It is, however, important to find the most 

suitable adsorbents that do not cost much. 

Biosorbents are attractive in that many come from waste materials, meaning it will cost 

very little to acquire them (Sharma et al, 2018),  one of which is a spent coffee grounds (SCG). 

With 6 million tons of SCGs being produced every year, many studied possible revalorization of 

SCG , mainly for oleic and linoleic acid-rich lipid extraction and biofuel production from such 

lipids  (Efthymiopoulous et al, 2019; Mussatto et al, 2011). The most relevant application for 

this study would be is adsorbent. SCGs have been proven many times that it is effective in 

removing various classes of pollutants such as dyes and metal ions at varying conditions of pH, 

temperature, rpm, particle size, surface area, and/or surface functional groups that may interact 

with specific functional groups of adsorbates (Anastoupoulos et al, 2017). Metal ions have been 

studied many times due to significant concerns of pollution from mining, electroplating, and 

SCGs significant removal rate anywhere between 50 – 90 % (Marincas et al, 2016; Kyzas, 2012; 

Utomo and Hunter; Wu et al, 2016; Ayala and Fernández, 2018). Dyes are also of concerns due to 

its very stable structures that let them remain in ecosystems while damaging aquatic lifeforms 

and pollute utilities and soils. Various azo dyes, acid dyes, Remazol dyes, basic dyes, and 

triarylmethane dyes have been tested for great removal efficiency, often achieving up to high 

90% (Safarik et al, 2012, Lafi et al, 2014; Kyzas, 2012; Shen and Condal, 201; Benmaamar et al, 

2015; Lim et al, 2016) . Other examples include gas (Nowicki, 2013), residual pharmaceuticals 

(Lessa; Dai et al,2019), pesticide (Pavlović et al, 2014; Marincas et al, 2016). The only study that 

uses part of coffee that tested a food dye at all prior is by Ahalya et al (2014), which used coffee 

husk on Fast Green FCF, one of seven approved food dyes. Many of the tested adsorbates 

contained ionic characters that affected adsorption efficiency due to liquid media’s pH and 



126 

 

functional groups of SCG, which lead to the postulation that the di-carboxylic state of norbixin 

may facilitate adsorption onto SCGs partially at least.   This study aimed to evaluate the use of 

spent coffee grounds as an inexpensive biosorbent to remove norbixin from cheddar whey. 

3.2.2. Annatto 

Annatto is one of the certified-exempt color, a naturally derived food colorant that does 

not need certification from Food and Drugs Administration. (FDA) It derives from a fruit body 

named Bixa Orellana, in mix of a lipophilic bixin and hydrophilic norbixin. Cheddar cheese 

production uses norbixin, a saponified form of bixin (Kang et al, 2010). After cheese curd is 

formed, whey is removed and up to 10 % of norbixin is left within the whey, eliciting yellow 

colors (Smith et al, 2014) Other source of yellow color includes carotenoids and xanthene, which 

originate from the cows’ grass feeds.  

3.3. Materials and Methods  

3.3.1. Cheddar Whey Production and Storage  

The whey was produced from cheddar cheese making based on the methods published by Park et 

al (2014). Raw whole milk was provided by NC State University Dairy Research and Education 

Unit (Raleigh), vat-pasteurized (model MPD1050, Micro Process Design, D&F Equipment Com 

McLeansville, NC) at 63 °C for 30 minutes, and transferred to a cheese vat (model 4MX, Kusel 

Equipment Co., Watertown WI).  Mesophilic starter culture containing Lactococcus Lactis ssp. 

Lactis and Lactococcus lactis ssp. Cremosire (Danisco Choozit MA11 LYO, Dairy Connection 

INC., Madison, WI) were added at 50 dairy culture units/454 kg of milk. 50% calcium chloride 

solution (Dairy Connection, Inc) was added at 0.39 mL/kg of milk. Milk was set to ripen for 1n 

hour, and double strength annatto color (3 % wt/vol, Cheese Color DS Double Strength, Dairy 

Connection, Inc) was added at 15mL/ 454 kg-milk rate. The coagulant agent, double-strength 
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recombinant rennet (Dairy Connection INC.) for 30 minutes aat 0.09mL/kg of milk, diluted by 

80 times in de-ionized water. The curd was cut and rest for 5 min, stirred or 30 min while heating 

up to 39 °C. The resultant whey pH was 6.35 and filtered to remove cheese particles. Fat was 

removed from whey as well by a hot bowl centrifugal separator (model SI600E, Atri-lac, Miami, 

FL). The whey was pasteurized again at 63 °C for 30 minutes. Whey was stored in HDPE food-

grade containers (Grainger, Lake Forest, IL), wrapped around by aluminum foils to prevent light 

oxidation, and frozen until use. The whey was thoroughly thawed and stirred before usage so that 

the frozen fat was evenly mixed. 

3.3.2. Types of Adsorbents 

SCGs (SCG) were provided by Dr. Harris lab and Dr. Drake lab.  They were sorted  by 

their roast levels dried in a convection oven at 60 °C for 24 hours, ground and sieved by 250 

micron sieve. They were then defatted at 750 rpm and 22 g solvent / g SCG by hexane and 

ethanol based on methods by Somnuk et al (2017). Defatted SCGs were washed by hot deionized 

water at 80 °C for 1 hour at 10g SCG/L ratio. They were dried in a convection oven at 60 °C for 

24 hours. Whatman Filter paper #1 was used for vacuum filtration (Maidstone, UK).  

Two types of activated carbons that had been used by Zhang et al (2015) were obtained: 

CAL 12 X 40  and SGL 8 X 30 (Calgon Carbon, Pittsburgh, PA). They were ground down to 250 

microns before usage. The property of each activated carbons can be found in Zhang et al 

(2013).   

3.3.3. Experimental Design  

100 mL of cheddar whey were used in 250 mL beaker, and the adsorbents were dosed at 

20 g/L. All the beakers were covered by aluminum foils as a primary defense against light 

oxidation of fat and norbixin. The experiment undertook at 120 rpm and a room temperature for 
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an hour. The room in which experiments took place were turned off all the light sources as a 

secondary means to minimize the norbixin light degradation. 

3.3.4. Solid Phase Extraction and UV-Vis Spectrophotometry 

Cheddar whey underwent several steps for norbixin extraction through method described 

by Zhang et al (2014). 6 mL of whey was mixed with in order of 3 mL of 200 proof ethanol, 3 

mL of chloroform, and 1 mL of 1% (v/v) acetic acid. The sample was vortexed for 30 seconds 

after each addition of the organic solvent. The sample was centrifuged at 4,600 X G for 20 

minutes. The bottom chloroform layer was collected and measured the volume. The standard 

curve of norbixin was established from 0 ppm, 0.1 ppm, 0. 25 ppm, 0.5 ppm and 1ppm with 

methanol – acetic acid (7:3 v/v) solution as a blank.  

 Strata-NH2 solid phase column (Phenomenex, Torrence, CA), model 500 mg/3 mL, was 

initially conditioned by 7 mL of n-hexane. 1 mL of the chloroform layer was added to the 

column. The column was then washed by 5 mL of n-hexane/diethyl ether equi-volumetric binary 

solvent and 1 mL of acetone in order to remove fat and b-carotene. The column was then eluted 

by 3 mL of 7:3 (v/v) methanol - acetic acid solution. The eluent was then measured by XLS UV-

Vis Spectrophotometer (Perkin Elmer, Waltam, MA). 

3.3.5. Colorimetry Analysis  

For color measurement, cheddar whey was measure by Hunterlab ColorFlex EZ (Hunter 

Lab, Reston, Virginia) with the focus on b* value for yellowness. Each sample was read 3 times to 

produce one mean value.  

3.3.6. Fourier-Transform Infrared Spectroscopy  

Surface change of adsorbents before and after the adsorption was measured to observe 

any changes on the surface and surmise whether the phenomenon is due to physisorption or 



129 

 

chemisorption. The instrument that was used in this study was Fisher Scientific Nicolet iS5 

(Waltham, MA). 

3.3.7. Compositional Analysis  

 All treated samples were measure their lactose, fat and protein content by LactoScope 

FTIR Advanced (Perkin Elmer, Waltham, MA) with FTIR Scope Advanced version 1.6.0. Each 

sample was read three times to produce one mean value of each nutrient.  

3.3.8. Statistical Analysis  

All samples were run in triplicate within each experiment.  Experiments were repeated 

three times, resulting in nine total data points for each treatment combination.  JMP Pro 14 was 

utilized for statistical analysis. Wilkes-Shapiro Test was first done to assess normality and 

distribution of the samples. Unless the data is skewed drastically, they were treated as normally 

distributed. Normally distributed samples were analyzed with Welch’s T-test and Tukey’s 

Honest Significant Difference. Non-normal samples were analyzed by Kruskal-Wallis. All the 

statistical tests were done at =0.05.  
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3.4. Results 

3. 4. 1. Spectrophotometry 

 

Figure 3.1. Percent Norbixin Removal Comparison by Adsorbents. Different alphabet suffixes 

indicate significantly different means (p< 0.05) 

Table 3.1.  Norbixin Removal Comparison by Adsorbents. Different letters signify the 

statistically significantly different manes at p< 0.05 

 

Spectrophotometric analysis shows an unclear trend of adsorption effectiveness. CAL 12 

X 40 removed 49.3% of norbixin, a significantly lower adsorption performance than that of 

Zhang et al(2015). SGL 9 X30 showed apparently lower, but statistically insignificant, 

performance of 25.53% removal rate. Dark SCG and Medium SCG removed approximately 

quarter of norbixin content, while Light SCG showed lowest removal performance of 7.89%. It 

is possible that activated carbons may have removed other source of yellow pigments in whey 

such as xanthenes and b-carotenes, which were not measured in this study. It is also notable that 

unlike Zhang et al (2015), where white milky color was observed in whey samples after the 
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activated carbon treatments, the whey samples treated with activated carbons in this study show 

almost clear color with greyness that came from fine powders of activated carbons.   

 

3.4.2 Colorimetry 

 

Figure 3.2. Comparison of Colorimetric Changes of Cheddar Whey after each Adsorbent 

Treatment 
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Table 3.2: Comparison of each Colorimetric values due to different adsorbents. Different 

letters along the row indicates statistically significantly different means (p <0.05) 

* 

Both activated carbons significantly reduced b values (P< 0.05) compared to the SCG’s, 

whose b* values are significantly higher than that of the control. Visual Comparison of different 

adsorbent treatments by 20 g/L at room temperature, 120 rpm can be seen in Appendix F. 

Activated carbons have performed far superiorly to all roast of SCGs, which most likely 

imparted its brown colors due to melanoidins despite the vigorous rinsing process as part of the 

preparation stages. Despite the supposedly norbixin reduction power of SCG that is comparable 

to that of activated carbons, the brown leaching is undesirable due to the high possibility of 

rendering whey powders brown colors, which is opposite of the consumers’ demands of white, 

bland whey products.  

 3.4.3. FTIR Analysis  

No significant shifts, disappearance of pre-adsorption peaks or appearance of post-

adsorption peaks were found on SCGs. However, there was an overall reduction of absorbance 

throughout the spectra in SGL-AC. SGL-AC showed smooth curves with only two peaks before 

the adsorption at 2345 and 2086 cm-1 . The peak at 2345 is most likely carbon dioxide, however, 

many literatures that address carbon dioxide in FTIR often show a very sharp peak, which is not 

the case here, hence this may be due to passive adsorption of carbon dioxide on the activated 

Sample Control LSCG MSCG DSCG SGL - 8X30 CAL – 12X40 

L* 56.04±0.56a  50.44±0.77c 52.30±1.65bc 53.26±0.69b 51.07±2.78bc 45.39±0.49d 

A * 2.11±0.57d 2.06±0.43a 0.87±0.96b 0.16±0.30c 0.22±0.20c 0.09±0.28c 

B* 16.02±0.52d 29.21±0.53a 26.81±2.15b 24.40±0.93c 6.25±0.49e 5.33±0.77e 
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carbon instead of the ambience conditions. The peak at 2083-2086cm-1 is most likely attributed 

to alkynyl stretch. C C or C O or phenol groups. (Kendrick et al 2020; Khali, 2004; 

Kowalski et al 2018). Table 3.3 enumerates the FTIR peaks observed in SCG adsorbents in this 

study and other studies. It is difficult to know the modes of adsorption of lactose and protein onto 

the adsorbents due to low mass percentages, and no FTIR absorbance spectra shows any 

significant peaks that may illustrate the mechanism of adsorption 

Table 3.3. FTIR Frequency Table of SCGs of This Study And Others 

 

 

Adsorbent Wavenumber (cm -1) Possible Functional Groups Reference 

SCGs 3287– 3302                

2918 – 2921                

2852 – 2853               

2037 – 2109               

1630- 1645                  

1368 – 1370               

1241                            

1010 - 1025 

OH Stretch                                                        

NH Stretch, CH Stretch                                     

C- H Stretch                                                       

N=C=S Stretch, CH Bend                                     

C=N Stretch, C=C Stretch, N-H Bend                              

O-H Bending, S=O Stretch                                

C-F tretch, C-N Stretch                                            

C-N Stretching 

This work 

SCGs 3473                                    

2925                                  

2854                                  

1741                                  

1641                             

1543                             

1462                              

1377                              

1246                                  

1165                           

1088 

Bonded – OH groups, N-H                                 

Aliphatic -CH                                                    

Aliphatic -CH                                                          

C=O Stretching                                                        

C=O Stretching, N-H secondary amine                     

Secondary amine group                                     

Symmetric Banding of methyl group                            

N-H, -OH stretching                                          

Methyl symmetry bending                                             

C-O-C vibration                                                           

C-OH vibration 

Imessaoudene, Hanini 

and Bouzdi (2013) 

Coffee waste 3446                                    

2924                                   

2852                                   

1728                                   

1658                             

1535                                    

1454                                  

1382                           

1165                                          

1029 

Bonded -OH group                                                       

C-H group                                                                    

CH2 group                                                                   

C=O Stretching                                                        

COO group                                                              

NH group                                                                   

CO Group                                                               

COO- group                                                                 

C-O-C stretching                                                           

C-O Stretching 

Lafi et al, 2014 
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Figure 3.3. Dark SCG Before (red)and After the Adsorption (Purple) 
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Figure 3.4. Medium SCG Before (red) and After the Adsorption (purple) 
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Figure 3.5. Light SCG Before (red) and After the Whey Adsorption (purple) 
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Figure 3.6. CAL 12 X 40 Activated Carbon before (red) and After Whey Adsorption (blue) 
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Figure 3.7. SGL 8 X 30 Activated Carbon before (purple) and After Whey Adsorption (red) 

3.4.4. Compositional Analysis of Whey 

 CAL 12 X 40 and SGL 8 X 30 significantly reduced protein content by approximately 

10.11 % and 13.48%, respectively. Medium SCG treatment also led to minor reduction of protein 

by 7.87%. The apparent increase in fat content may be due to the uneven distribution of fats after 

the thawing of whey. Lactose content was unchanged by SCG treatment, but CAL 12 X 40 and 

SGL 8 X 30 activated carbons significantly 11.16% and 10.53%, respectively, although there is 
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no significant difference between the two values. Dark and light SCG did not significantly affect 

the whey composition.  

Table 3.4. Composition changes of whey after the adsorption. Different suffix alphabets indicate 

significantly different mean values along the rows. 

 Control Dark SCG Medium SCG Light SCG CAL 12 X 40 SGL 8 X 30 

Lactose 

(%m/m) 

4.75±0.10a 4.94±0.07a 4.75±0.20a 4.88±0.07a 4.22±0.12b 4.25±0.22b 

Fat (% m/m) 0.06b ± 0.01 0.07ab±0.02 0.08a±0.02 0.07ab±0.01 0.06ab±0.01 0.06ab±0.01 

Protein (% 

m/m) 

0.89±0.04a 0.85±0.011a

b 

0.82±0.035bc 0.86±0.02ab 0.80±0.05cd 0.77±0.02c 

 

3.5. Discussion 

 Due to the brown color leaching from SCGs in whey samples, it was difficult to 

determine whether norbixin really was adsorbed meaningfully. Hence, it’s worthwhile exploring 

other options of adsorbents. Zhu and Damodaran (2012) observed that 60% of norbixin is present 

in bilayer of milk fat globule membranes contrary to the expectation that it is associated with 

proteins. Also, considering that norbixin is ample in diene structure like -carotene, one could 

consider using adsorbents that can adsorb -carotene. In other words, adsorbents with higher 

hydrophobicity may be suitable for removal norbixin instead of SCGs, which contains significant 

amount of hydrophilic cellulose despite containing lignin, which is hydrophobic.  Several 

examples of -carotene adsorbents include acid-activated materials such as sepiolite for 

decolorizing vegetable oils, (Sabah et al, 2007), calcium bentonite (Silva et al, 2013) and rice 

hull ash (Liew et al, 1993).  Examples of oil adsorbents include fatty acid grafted sawdust 
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(Banerjee et al, 2006), stearic acid-esterified sago bark (Wahi et al, 2014), and organo-clays 

(Alther, 2001) 

 It is possible to conduct experiment with just norbixin solution, but there is no guarantee 

that the mechanisms of norbixin will be the same. The lack of notable peak or changes in 

absorbance may indicate that the FTIR might not be able to detect the surface changes due to too 

dilute nature of cheddar whey. Activated charcoals have very high surface areas and high 

numbers of pores. Several differences between this study and Zhang et al (2015) is that unlike 

the previous study, this study did not agitation rate, temperature, or pH to minimize the factors of 

supervision at hypothetical industrial scales. Also, this study relied on magnetic stir bar that 

directly agitated adsorbents within the samples, where the previous study relied on shaking bath, 

which may explain reduction in L* values due to fine particles of CAL 12 X 40 and SGL 8 X 30. 

In 2012, Zhu and Damodaran (2012) discovered the 60% of norbixin exist in bilayer of milk fat 

globule, membrane and the rest remains as free molecules. This may explain why some samples 

had “negative” adsorption values – higher norbixin amount than control samples: it is possible 

that even though the solidified fat, which most likely contains the majority of norbixin, was 

thoroughly mixed back into the whey after the frozen whey was thawed, some whey samples 

may have had unevenly high amount of norbixin.   

3.6. Conclusion             

  SCGs and two activated carbons were used to compare the efficiency of norbixin 

removal and possible mechanism behind the adsorption. Spectrophotometric analysis suggested 

that SCGs removed 7.98 – 29.17 % of norbixin, but the leaching of SCGs into whey was 

observed and confirmed by the increase in colorimetric b* scale. Small loss of protein (7.53%) 

was observed in medium SCG treatment, but not in total solids or lactose content. CAL – 12 X 
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40 significantly reduced (49.3%), supported by the significant reduction of b* scale. Both 

activated carbons significantly reduced lactose, protein content and total solids. No difference 

was observed in lactose reduction, while SGL 8 X 30 caused more loss of protein.   
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Appendix A. FD & C Red 3 Standard Curve 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

y = 0.1025x + 0.0189

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12

A
b

so
rb

an
ce

Concentration (ppm)



150 

 

Appendix B. FD & C Green 3 Standard Curve  
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Appendix C. FD&C Red 40 Standard Curve  
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Appendix D. FD&C Blue 1 Standard Curve 
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Appendix E. Norbixin Standard Curve 
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Appendix F. Visual Examples of whey adsorption (From left to the right: Control, SGL 8 X 

30, CAL 12 X 40, Dark SCG. Medium SCG. Light SCG)  
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Appendix G. Visual Examples of FD &C 40 Adsorption (bottom row control: 2.5 ppm . 75 

ppm, 147.5 ppm, 220 ppm from left to the right. Top row: Adsorption treated samepls 2.5 

ppm, 75 ppm. 147.5 ppm, 220 ppm from left to right) 

 

 

 

 

 



156 

 

Appendix H. Visual Examples of FD &C Blue 1 Adsorption (Right column: 5 ppm. 20 ppm. 

35 ppm. 50 ppm control solutions from left to the right ; Left column: adsorption treated 

samples 5ppm. 20 ppm. 35 ppm and 50 ppm, from left to the right) 
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Appendix I. Lipid Content of SCGs by roast level in two methods. Alphabet suffices under 

roast level indicates significantly different lipid yield under the same extraction method  

 
Petroleum Ether Soxhlet (n= 6) Hexane centrifugation extraction (750 rpm; 

22g solvent / g SCG) 

(n=9 for yield, n =3 for lipid analysis) 

Dark (%) Medium (%) Light(%) Dark (%) Medium (%) Light (%) 

15.5a±0.005 12.2b±0.001 20.0c±0.004 17.6a±5.09 18.8a±375 39.0b±2.73 

Most abundant Fatty Acids (%) 

C16:0 N/A 32.41±0.84a 31.95±0.88a 37.8±0.49a 37.1±0.59a 38.2± 

6.15a 

C18:0 N/A 7.07±0.13a 6.92±0.15b 6.5±0.08a 6.5±0.07a 6.21±0.06a 

C18:1 N/A 8.64±0.10a 9.13±0.14b 7.7±0.49a 8.5±0.69a 7.7±0.31a 

C18:2 N/A 44.5±0.63a 44.6±0.50a 43.5±0.47a 43.6±0.63a 40.5±0.31b 

 


