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This study examined whether polyphenols contribute a harsh bitterness 

to beer, and how polyphenols may otherwise modify beer bitterness in the 

presence of iso-a-acids. The experimental portions of this project were 

divided into effectively two segments. The first section of the study 

encompassed groundwork polyphenol extraction development, and the 

examination of the extract in beer in a series of sensory studies. The 

polyphenol extract was produced from spent Galena hop material and added 

to a low bitterness base-beer at three levels (+0, +100, +200ppm) along with 

iso-a-acids from a pre-isomerized Galena hop extract at two levels (+0, 

+10ppm) in order to examine the impact on bitterness character by time- 

intensity (Tl) and free-choice profiling (FCP) methods, using eleven trained 

panelists. Principal Components Analysis of the Tl results showed that the 

panelists separated the samples with the higher levels of polyphenols and iso- 

a-acids from those with lower levels of both based on bitterness duration, 

maximum intensity, and area under the curve.   Samples 10-100 and 10-200 



(+10ppm iso-a-acids and +100 and +200ppm total polyphenols) were 

significantly more bitter and had longer duration than the others. A significant 

effect was found for both iso-a-acids and polyphenols as well as an interaction 

in terms of peak intensity and area under the curve (p<0.001). Similarly, the 

results from the FCP easily separated the treatments by bitterness, lingering 

bitterness, and astringency. Panelists divided each of the treatments into six 

distinct groups based on bitterness intensity, 5 groups based on duration, and 

into 2-3 groups based on the remaining consensus descriptors (mouthfeel, 

astringency, and bitterness come-up time). Samples high in polyphenols were 

frequently given higher intensities for "harsh," "medicinal," and "metallic" 

descriptors. 

The second portion of the experiment involved scaling up the extraction 

volumes and solving issues regarding the quality of the extract, which was 

then followed by some experimental brews using spent hop material. The 

main issues regarding the quality of the extract were the production of haze 

and the presence of humulinones (oxidized a-acids), which were present in 

the raw materials and have the potential to confound bitterness sensory data. 

Attempts to solve the haze problem included boiling the extract with an 

addition of wheat gliadin in an attempt to remove many of the polyphenols that 

have a tendency to promote haze formation. While there were promising 

results, the issue has not been effectively solved. A number of attempts were 

executed to remove humulinones from the extract, including some 

chromatographic techniques aimed at using a particular solvent polarity to 



affect the rates at which the polyphenols and humulinones moved through the 

chromatographic resins. Isocratic elutions at ethanol concentrations ranging 

from 20%-90% showed little effectiveness in separating these compounds, 

and gradient elutions, which showed minor efficacies, are difficult to adapt to 

large preparative Solid-Phase Extraction columns. The conclusion of the 

research saw the production of experimental beer, which was produced to 

examine potential varietal differences in the quality of bitterness produced 

from hop polyphenols. Two beers were brewed with very high dosings of 

spent hops using two hop varieties, Millennium and Australian Topaz. In 

future research, these beers will be blended to an appropriate polyphenol level 

using an unhopped lager of the same recipe. These treatments will be 

presented to a trained sensory panel for descriptive profiling. 

Overall, it was found that samples high in polyphenols had intense and 

long-lasting bitterness, and that many of the trained panelists found these 

samples to have metallic, harsh, and medicinal characters. Astringency was 

also affected by the level of hop polyphenols, as samples which were higher in 

polyphenols elicited higher astringent sensations for the panelists. There was 

little, if any, effect on the time-to-maximum bitterness intensity. 
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Bitterness Modifying Properties of Hop Polyphenols 

1. Introduction 

1.1. Polyphenols in Beer 

Polyphenols are a mixed blessing to brewers as they have both positive 

and negative effects on beer quality. Many of the interactions they have in the 

beer matrix are unknown or uncertain. Much of this uncertainty arises from 

their reactivity and tendency to complex into high-molecular weight tannins, 

which are very difficult to resolve with modern separation techniques. It has 

been established that polyphenols are susceptible to oxidation by molecular 

oxygen and metal ions in the package, and that this protects other beer 

constituents from being oxidized early in the shelf-life of the product. 

However, some of these oxidized polyphenols can actually perpetuate the 

oxidation of other compounds such as amino acids and fatty acids, leading to 

a variety of flavor-active compounds that result in stale flavors (28). Brewers 

also find polyphenols troublesome because of their tendency to throw haze in 

the bottle when they associate with proteins such as barley hordeins. Despite 

these issues, polyphenols are not entirely detrimental. It seems evident that 

some may provide beer with bitterness in addition to that which is imparted by 

the iso-or-acids, and that they may act as flavor potentiators and carriers (6). 

Polyphenols are an extraordinarily diverse group of compounds, and 

the majority of those found in brewing raw materials are of the flavonoid type. 



Figure 1 shows the structures of some simple polyphenols found in malted 

barley and hops. 

FIGURE 1. Flavanols commonly found in hops and brewing. A: (+)-catechin; 
B: (-)-epicatechin; C: (-)-gallocatechin; D: procyanidin C2; E: procyanidin B3; 
F: prodelphinidin B3. 

Flavanols are a type of flavonoid and are based on a three-ringed Ce- 

Ca-Ce skeleton with two aromatic rings, where the three-carbon ring in the 

middle (C-ring) is cyclised with oxygen. They are classified based on the 

degree of unsaturation in the rings, as well as the number and location of 

hydroxyl groups (35). Flavonols are another subset of flavonoids and differ 

from the flavanols in the C-ring by having a ketone group at the number four 

carbon, and a double bond that completes the conjugation between the A and 

B rings.  Flavonols often have a substitution of at least one sugar and/or acyl 



moiety on the C-ring. Generally, flavanols are the more influential polyphenol 

in brewing, and McMurrough (25) states that "to date, no substantive evidence 

to suggest that flavonols and their glycosides have any effect on the stability, 

flavour or colour of beer." Figure 2 shows an interesting correlation between 

flavanoids and total polyphenols (as measured by their respective analyses in 

EBC Analytica (14, 15)). Sixteen beers of various brands and styles (imports, 

domestic macro-brews, craft brews, pilsners, lagers, IPA's, stouts, etc.) were 

measured and the polyphenol and flavanoid results were found to be highly 

correlated. In all the beers tested only one beer did not fit the model, and that 

was a craft beer that had been aged in oak barrels. Apparently, this extended 

contact with oak had infused the beer with additional polyphenols which were 

not flavanoid in nature. The effect of beer aging can also be seen in these 

analyses: the same brand of beer was measured fresh and aged (held for 

months at 100oF), and the results show a loss of 35% and 28% in total 

polyphenols and flavanoids, respectively. 

There are two sources of polyphenols in brewing: malt and hops. 

Malted barley contains the monomer (+)-catechin at about 50mg/kg, while the 

dimers prodelphinidin and procyanidin B3 can range from 130-360mg/kg. 

Trimeric forms can also be present at levels well over 300mg/kg (25). Hops 

can contribute 20-30% to the total polyphenols in beer. The female flower 

cones of the Humulus lupulus plant contain 4-14% polyphenols (47), which 

consist of both (+)-catechin and (-)-epicatechin, as well as the dimers 
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FIGURE 2. Total Polyphenois and Flavanoids in 16 commercial beers of 
varying brands and styles. The triangle denotes an oak-barrel aged pale ale. 
A domestic beer brand was also measured both fresh (o) and aged (x). 

procyanidin B1, B2, B3, and B4, and the trimer C2 (25). Some studies have 

found that monomers, dimers, and trimers make up less than 4% of total 

polyphenois in hops, the rest consisting of higher molecular weight polymers 

(33). The flavonols quercetin and kaempferol are also found in hops, and are 

usually in a glycosylated form (27). The lupulin glands of the hop flowers also 

produce the chalcone xanthohumol, which differs in structure with no 

cyclisation of the C-ring, a ketone group on the 4 carbon, and prenyl and 

methyl-ester substitutions on the A-ring.   (38).   Xanthohumol is a yellowish 



flavonoid that has been detected in beer (39) and recently it and other 

prenylflavonoids have received attention due to their bioactivity as cancer 

inhibitors and their oestrogenic capabilities. In fact, six related flavonoids were 

tested for their chemopreventative capabilities, and it was found that 

xanthohumol and isoxanthohumol displayed dose-dependent growth inhibition 

effects on human breast cancer cells (38). It has also been demonstrated that 

xanthohumol inhibits the copper-mediated oxidization of low-density 

lipoproteins (LDL), and even performs this task better than a-tocopherol, which 

would seem to indicate that it is very beneficial in preventing atherosclerosis 

(30). 

Throughout the scientific literature polyphenolic polymers have been 

referred to as both "anthocyanogens" and "proanthocyanidins," since they 

yield anthocyanidins upon cleavage of the inter-flavanoid bond. In an effort to 

maintain consistency the latter term is now used almost exclusively. Similarly, 

the term "tanninogens" is no longer used much, and was intended to designate 

the lower molecular weight flavanols such as catechin or procyanidin B3. 

1.2. The Fates of Polyphenols During Brewing 

Despite the general lack of information regarding many of the chemical 

reactions of polyphenols, one thing is for certain: polyphenols in the raw 

materials do not pass through the mashing and boiling unaffected. Catechin is 

rapidly extracted from grain during mashing relative to dimeric or trimeric 



forms, but catechin levels also increase to levels beyond those found in the 

malt. This is due to depolymerization reactions which break interflavanoid 

bonds (represented by dashed lines in Figure 1) and lead to the freeing of the 

terminal catechin or epicatechin units (25). These reactions would also lead 

to the production of a carbenium ion (similar in structure to the monomer, but 

the carbon atom where the interflavanoid bond used to be is ionized), which at 

low pH could initiate repolymerization by electrophilic attack with other 

flavanoids, but at wort pH (around 5.2) the exact fate is unknown (25). Such 

an ion could possibly interact with denatured proteins in the mash and might 

fall out of solution. Most losses to polymeric species during mashing and 

boiling result from a different kind of protein interaction, mostly hydrophobic in 

nature. The predominant proteins in malt are barley hordeins, which contain a 

high frequency of praline residues [the only amino acid whose side chain is 

bonded to the protein backbone in two locations, forming a 5-membered 

aliphatic-like ring structure which also interrupts the ability to form a-helices, 

leaving these proteins in relatively open and distended conformations (18)]. 

When these proteins denature from the application of heat, the aromatic rings 

of large polyphenols can associate with the hydrophobic praline residues. The 

larger or more polymerized the polyphenols, the better the bridging effect 

between proteins, and eventually the size of these structures would increase 

to the point of insolubility (24, 36, 37). 
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It is generally accepted that the highly polymerized polyphenols, 

regardless of their source, are removed extensively by precipitation with 

proteins during wort boiling, although there is some evidence that polyphenols 

are not necessary for the production of trub. Some studies have found that 

there is actually more protein precipitation during the boil when using hops and 

malt with no proanthocyanidins relative to worts produced with regular 

materials (11). This implies that polyphenol precipitation during the boil is a 

passive or incidental process. McMurrough (27) found that a boiling removed 

about 30% of the malt flavanols in unhopped wort, while boiling hopped wort 

removed 80% of the hop flavanols in the trub. More procyanidin and 

prodelphinidin B3 were present in boiled sweet wort relative to hopped wort, 

which showed decreases in simple and polymeric flavanols and an increase in 

complexed forms. Boiling of the unhopped wort showed no changes in the 

levels of complexed polyphenols (25). The prenylchalcones (such as 

xanthohumol) are mostly isomerized and precipitated during brewing and 

overall, about 22-30% of the xanthohumol in hops was determined to be in 

beer. The losses of these compounds were determined to be due to 

incomplete extraction from the raw materials and adsorption to proteins and 

yeast cells (39). 

A brewing study by the author found that polyphenols are removed from 

the green beer during fermentation, and it seems possible that this could occur 

in much the same way as it does with the iso-a-acids: by adsorption to yeast 
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cells and settling during flocculation. It could also be possible that these 

losses could be caused by a further precipitation of protein-polyphenol 

complexes that had made their way into the fermentor, or as a chill haze which 

formed due to the decreasing temperatures of lagering.. 

1.3. Polyphenols and Colloidal Stability 

Polyphenols can cause problems for the brewer when they associate 

with proteins after the beer has been packaged to form haze, since most 

consumers consider the presence of haze in beer an unacceptable defect. It 

has been thoroughly established that haze originates from hydrophobic 

interactions and hydrogen bonding between polyphenols and barley hordeins, 

which are rich in proline residues (5, 7, 24, 36, 37). Haze is also more likely to 

form when the pH is near the iso-electric point of the proteins, resulting in 

decreased electrostatic repulsion between protein molecules (17). However, 

it is not so simple that any polyphenol can form haze with any proline-rich 

molecule; there is some specificity between the polyphenols and proteins that 

can form haze. Studies out of Cornell University found that some polyphenols 

form haze with only certain proteins, and vice-versa. Catechin and tannic acid 

both form haze with gliadin and polyproline, but gliadin formed more haze with 

tannic acid than catechin and polyproline formed more haze with catechin than 

tannic acid. Hydroxyproline formed no haze with either polyphenol. Similarly, 

gelatin in low concentrations showed the most haze with tannic acid, but none 



with catechin (37). The differences in behaviors were ascribed to the sizes of 

the polyphenols, as well as the different number and locations of hydroxyl 

groups present. Additionally, they found that by fixing the amount of either 

haze active protein or polyphenols and increasing the other, the amount of 

haze increases, reaches a maximum, then decreases. A model was proposed 

for protein-polyphenol interaction which is based on the idea that proteins 

have a fixed number of binding sites while polyphenols have two or more ends 

for which to bind to proteins. When the concentrations are at the optimum, 

binding sites on the proteins are in equal numbers to the available polyphenol 

ends and a large network is formed. When the protein concentrations exceed 

the optimum, all of the haze-active polyphenols would be associated with 

proteins, but there would not be enough available polyphenols remaining with 

which to connect the "protein dimers." When polyphenols are in excess, then 

all available binding sites on the proteins are used, and the other ends of the 

polyphenols are unable to find free binding sites. These instances would 

result in limited light scattering, and therefore little haze (36). 

1.4. Influences on Beer Flavor 

When beer ages it develops characteristic "stale" flavors. These flavors 

that develop in aging beer are caused by the oxidation of a variety of beer 

constituents, such as unsaturated fatty acids and amino acids, which 

ultimately leads to the production of volatile carbonyl compounds. While trans- 
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2-nonenal has long been regarded as the "poster-child" of stale flavors in beer 

and even used as a marker for measuring the staling process, there is recent 

evidence to call this dogma into question. In a study by Vanderhaegen (42), 

there was no significant increase in this linear aldehyde over the variety of 

aging conditions in the study. Beer held at 40oC for six months with air in the 

headspace did not develop trans-2-nonenal to above-threshold levels. 

Another study points out that the levels of 2-nonen-1-ol (the primary alcohol 

precursor to trans-2-nonenal) are at levels that are too low to produce 

significant levels of the aldehyde (21). At any rate, flavor active carbonyls 

result from the presence of molecular oxygen in the package headspace 

which, with the help of transition metal ions such as copper, forms reactive 

oxygen radicals. Most polyphenols have the ability to behave as antioxidants 

by neutralizing these radicals, sequestering metal ions by chelation, or by 

inhibiting lipoxygenases (29). However, the trihydroxyflavans such as 

prodelphinidin B3 can actually perpetuate the oxidation reactions by acting as 

pro-oxidants. This occurs by assisting in the electron transfer that recycles 

metal ions to a lower oxidation state where they can catalyze additional 

oxygen molecules into reactive oxygen species (28, 21). 

The influence of polyphenols on beer flavor is not only characterized by 

the staling of beer, but also on the quality of bitterness. While there seems to 

be some conflicting reports on exactly what polyphenols do to beer bitterness, 

there have been some enlightening studies that have given some ideas about 
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the flavor impact of polyphenolic substances. Dadic and Belleau (6) have 

shown that isolated polyphenols such as catechin, quercetin and kaempferol 

and their oxidized products all have bitter and astringent flavors when added 

to a 5% aqueous ethanol matrix as well as to beer. In this study, a variety of 

purified phenolic compounds were obtained and oxidized by refluxing in 

butanol, and both forms were added to a Canadian ale, both individually and 

in small combinations. A ten-member flavor panel (half of whom were trained) 

used an Arthur D. Little descriptive profiling technique to identify flavors in 

order of appearance. The most common descriptors were "bitter, harsh, 

astringent, bitter-sweet, and sour," (6). A variety of techniques were used to 

determine the quantities of oxidized products formed during the 72 hr. reflux, 

since each compound would oxidize to different a degree. This is important 

because if a compound oxidizes to a lesser degree, then it follows that less of 

the complexed forms might develop, and this can cast some doubt in the 

validity of some of the data. Also, the response of polyphenols to the forced 

oxidation in butanol must be different than during the gradual oxidation in the 

package, and without the ability to quantify the variety of complexed products 

that are introduced into the testing matrix, it is impossible to know if such 

compounds might be found in beer normally. This study did give an idea of 

what some of these native polyphenolic substances taste like, but 

unfortunately only one flavanol was chosen, that being catechin. Most of the 

compounds chosen were phenolic acids and flavonols, and according to 
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McMurrough (25) there is no evidence that flavonols have an affect on the 

flavor of beer and that "the most important polyphenols of consequence to 

beer quality are the monomeric and oligomeric flavanols." 

Van Gheluwe (43) used Nylon 66 to remove malt polyphenols from 

wort, and used a hop phenolic extract in an attempt to restore the original 

polyphenol levels, as well as the levels normally introduced by a hop addition. 

While the restoration was incomplete (attributed to the higher degree of 

polymerization of hop polyphenols, which were removed more efficiently 

during the boil), some interesting results were obtained. Even though the 

proanthocyanidin and catechin levels of the experimental brew were 30% and 

63% of the control beer respectively, the control beer had half the Bitterness 

Units of the experimental beer which was given twice the bitterness and hop 

intensity ratings by a flavor panel. Basically, the control beer with iso-a-acids 

and higher levels of polyphenols was less bitter than the beer produced with 

no iso-a-acids and with hop polyphenols added after malt polyphenols were 

removed. 

A set of studies out of Belgium (8, 9, 10) sought to explain the flavor 

and flavor-stability properties supplied by proanthocyanidins from both hops 

and malt by brewing batches of beer with various tannin-free ingredients. In 

one study (8) they compared beers brewed with normal malt and 

proanthocyanidin-free malt, which were either hopped with a tannin-free hop 

extract or not hopped.   In the case of the unhopped beer, the taste panel 
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determined the beer produced with proanthocyan id in-free malt to be more 

bitter, with no differences in astringency detected. In the hopped beer, no 

differences were found in the bitterness between the two malt sources. No 

differences were found between the hopped and unhopped proanthocyanidin- 

free and regular-malt beers in triangle tests, either. A follow-up experiment (9) 

examined the effects from hops. Three beers were brewed with 

proanthocyanidin-free malt, and hopped with either an n-hexane hop extract, 

with whole leaf hops, or with both the n-hexane hop extract and an extracted 

hop residue. Triangle tests could not find significant differences between the 

beers, while the paired-comparison tests showed that "beer brewed with 

tannin-free hop extract was slightly more bitter than beer brewed with whole 

leaf hops." Again, no differences in astringency were found (10). These 

results seem confusing and contradictory from other studies, and it is difficult 

to take these results at face value because there was no quantification of iso- 

a-acids in the final beers, other than the use of Lead Conductometric Values 

to determine the quantity of hops to add to the boils. 

Another recent study explored the bitterness and astringency of flavanol 

monomers, dimers, and trimers of catechin and epicatechin, which were 

formed by condensation with dihydroquercetin (34). Epicatechin was found to 

be more bitter than its stereoisomer catechin, and it had a longer persistence 

of bitterness and astringency. As the degree of polymerization was increased, 

both   maximum   bitterness   and   duration   decreased,   while   astringency 
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increased. The linkage between monomer units was found to influence 

bitterness, as the catechin-catechin dimer linked by a 4-6 bond was more 

bitter than that with a 4-8 bond, as well as a catechin-epicatechin dimer of the 

same 4-8 linkage. Astringency was also affected by the bond-type, as well as 

the identities of the monomer units (34). This study, which was performed in a 

1 % aqueous ethanol matrix, was useful to describe the flavor characteristics of 

some of the most important polyphenolic entities in beer, but because a 

constant addition of 0.9g/L was used, it did not account for the possibility of 

different flavor thresholds of the compounds (assuming phenolic bitterness is a 

receptor-based sensation). Not only this, but the level of polyphenols added to 

the testing matrix was 8-10 times higher than the levels found in a typical beer, 

so the applicability to brewing is questionable. 

In 2002, Mikyska and co-workers performed a study in which the 

polyphenols from the raw materials were varied to examine the effect of 

polyphenols on beer quality, and flavor and haze stability (29). Hop 

polyphenols were controlled by additions of pelletized hops or CO2 extract. 

Malt polyphenols were controlled by dosing the sweet wort with PVPP 

(polyvinyl-polyprolidine), which removed 50% of total malt polyphenols and 

60% of the proanthocyanidins. The four possible combinations of polyphenol 

contribution were developed: all malt, no hops; polyphenol-reduced malt, all 

hops; all malt, all hops; and polyphenol-reduced malt, no hops. Another 

treatment level was added by treating the half of the resulting beers with PVPP 
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for colloidal stabilization. The flavor panel found that the beer with the most 

polyphenols was the bitterest, followed by the beer with no hop polyphenols, 

then the beer with reduced malt polyphenols, and the beer with the least 

polyphenols was the least bitter. The beers with reduced polyphenolic levels 

were also rated as having a lower harshness in the bitter character. Flavor 

stability was tested by forced aging and extended aging of the beers (six days 

at 450C, and 9 months at 20oC, respectively). The beers that were hopped 

with pellets were judged to have the most stale-like characteristics after forced 

aging, with a difference in staleness intensity of about 40%. From the 

extended aging study, it was found that the beers with the lowest polyphenolic 

levels were faster to stale relative to the beers with higher levels, which 

showed gradual staling (29). These results seem very consistent with most of 

the literature: polyphenols do indeed contribute to the bitterness of beer, and 

can help prolong the shelf-life of beer. 

1.5. Measuring the Bitterness of Beer 

During the brewing process, the bitterness of the beer results from the 

addition of hops during the kettle boil. The hop cones contain three 

structurally similar weak organic acids called a-acids, or humulones, at levels 

anywhere from about 5% to almost 20% of the weight of the flower. These 

humulones are themselves not bitter, but during wort boiling they gradually 

isomerize into compounds known as iso-a-acids, which are the predominant 
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sources of bitterness in beer. Beers typically contain anywhere from 3-50ppm 

iso-a-acids, depending on the style. The most common way of quantifying 

these hop acids is by using the International Bittering Units assay, which 

measures the ultraviolet absorbance of compounds which are extracted into 

an organic solvent. While this assay may not be the most accurate way of 

measuring the bitterness of beer, it can certainly be more reproducible than 

many sensory methods. 

Bitterness may be the most difficult of the basic tastes to characterize. 

The complexity arises from a number of sources: the multitude and diversity 

of compounds that taste bitter, genetic factors that govern the presence and 

amount of certain receptors, and the lack of vocabulary to describe the 

variations in bitter sensations. This complexity is further enhanced by the 

modification of bitterness by other compounds in the product, such as 

sweeteners, ethanol, pH, and other bitter substances. Fischer and Noble (19) 

have explored the effect of ethanol, pH, and catechin concentration on wine 

bitterness and sourness, and found that increasing ethanol or pH would 

increase bitterness intensity. Ethanol had the biggest effect of those tested, 

roughly doubling the perceived bitterness when increased from 8 to 14% 

alcohol. 

It is known that bitterness and sweetness are often closely related, as 

minor modifications to the structure of a compound can change it from bitter to 

sweet, or vice versa.   Furthermore, combinations of certain bitter and sweet 
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substances can produce a synergistic or agonistic effect, where the taste of 

one of the compounds is modified by amplification or suppression due to the 

presence of the other, beyond mere additive or subtractive effects (46). Also, 

some artificial sweeteners such as saccharin can have a bitter aftertaste at 

high concentrations (13). 

Since there is such diversity in the structure of compounds that taste 

bitter, it seems reasonable that there must be multiple receptors that control 

bitterness, and since bitterness and sweetness can be so closely related then 

some of these receptors must be common to both sensations or at least 

similar in their ligand binding sites. Currently, there are at least three 

pathways that are understood to be involved with bitter and sweet perception, 

and indeed most (if not all) receptor-based systems. They all involve the 

stimulation and activation of a membrane-bound G-protein coupled receptor 

(GPCR), which are an ancient family of proteins found even in single celled 

organisms. In one pathway the GPCR stimulates a "messenger molecule", 

(phospholipase C, for example) which produces inositol triphosphate (IPS) and 

causes the release of cellular calcium supplies. Another pathway involves the 

GPCR activating phosphodiesterase leading to an increase in intracellular 

cyclic adenosine monophosphate and cyclic guanosine monophosphate 

(cAMP and cGMP). The third pathway involves stimulation of adenylyl 

cyclase, which also raises the levels of intracellular cAMP. Ultimately, all of 

these pathways lead to a temporary disruption of the various ion channels that 
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control the polarization across the cell membrane, causing either 

depolarization or hyperpolarization. The appropriate signal is then sent to the 

brain via the attached neuron (46). The complexity can reach a higher level 

because a single ligand binding site can stimulate more than one GPCR, 

which can activate more than one cascade of reactions, all of which can 

interrupt different ion channels. When the big picture is examined (and the 

picture is not even known in its entirety), it becomes apparent that bitter 

perception can be activated on numerous levels: either at the binding site, the 

G-protein receptor, the messenger, or the ion channel levels (46). Since there 

are so many points in the pathway that could be stimulated to lead to the 

depolarization of the cell, this could explain the differences in sensory 

characteristics of bitter substances. Of course, genetic diversity among 

tasters holds the potential for huge differences in the way bitterness is 

perceived. 

Noble (31) notes that the salivary flow rate of the subject has a large 

impact on the sensation of bitterness and astringency, and that separating 

panelists into groups based on their flow rate can help distinguish differences 

in the performance of panelists in sensory studies. They point out that if a 

subject has a high salivary-flow rate, then the person will probably have higher 

amounts of proline-rich proteins (PRP) in the saliva, because they found that 

those with high flow-rates tend to perceive astringency less intensely, and with 

shorter durations.  It was hypothesized that the numerous PRPs in the saliva 
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would associate with the polyphenolic substances which would then be made 

unavailable for stimulation of mechanoreceptors, as opposed to dilution and 

the washing away of compounds by salivary fluid. This stands to reason for 

explaining lower bitterness intensities for high-flow subjects, however these 

astringents may not directly stimulate these mechanoreceptors as Noble 

hypothesized. Other studies (5, 7, 24) have found that the interaction of 

polyphenolic material with these proteins and the subsequent precipitation in 

the mouth is the source of astringent sensations, due to a loss of the oral 

lubricating effects of these proteins. A subject with high flow-rate (and 

therefore more PRPs present in the mouth) would have a larger amount of 

polyphenolic precipitation and a greater loss of lubricating proteins, which 

might lead to a higher sensation of astringency. Perhaps the source of the 

discrepancy in the results of these studies is a difference in the regular diets of 

the subjects: it has been found that a diet high in polyphenols would induce 

higher amounts of PRPs in a physiological effort to prevent polyphenolic 

material from damaging the digestive tract of the subject and having anti- 

nutritive effects in the gut (18, 24). This means that high-flow tasters who 

have diets low in polyphenols would have more diluted saliva, and astringent 

sensations would be less intense and shorter, as there would be less of a loss 

of oral lubrication due to lower amounts of protein-polyphenol complexes. 

Conversely, a subject with low flow-rates who normally consumes a lot of 
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phenolic material would perceive higher astringency and it would linger longer 

as well. 

1.5.1. Time-Intensity 

The methodology for characterizing the bitterness of a substance often 

includes the use of time-intensity systems (Tl), where the panelist assigns an 

intensity value to an attribute continuously or at regular intervals over a set 

period of time. From this curve parameters such as maximum intensity, time- 

to-maximum intensity, total duration, area under the curve as well as some 

others can be obtained. There are a number of ways to analyze Tl results, 

and averaging the data is often used as a preliminary examination method. If 

the intensity rating at each point in time is averaged over all replications and/or 

panelists an average curve is produced which can provide an overview of the 

temporal characteristics of the treatment. However, merely averaging each 

point in time can be problematic, especially if there is a lot of panelist variation. 

If a particular panelist has longer extinction times than the others, then the tails 

of the curves will be affected by this panelist and the data will be skewed to 

some extent. Multiple peaks, non-zero endpoints, and intensity plateaus can 

also misrepresent the data. A number of methods have been developed to 

address these issues, including geometric mean normalization of the ratings. 

Some of these issues can be particularly troublesome if the entire raw data set 

is used in the statistical analysis.  When the intensity of a treatment drops to 



21 

zero before other treatments do, the large amount of zeros at each 

subsequent measurement can alter the data significantly (especially if 

logarithmic or other data transformations are used), and for this reason, and 

others, statistical analysis should always be performed on the values of the Tl 

parameters rather than the raw data set. 

Principal Component Analysis (PCA) is a powerful way to analyze Tl 

data, and involves finding a number of linear combinations of the data points, 

where each combination describes as much of the variation as possible and 

successive combinations account for as much of the remaining variation as 

possible while being uncorrelated with the other combinations. Usually over 

90% of the data is explained by the first three components. The objective in 

using PCA is to reduce the dimensionality of numerous variables so that 

finding significant differences between treatments is easier. It also helps 

identify meaningful variables to describe the samples that may not be overtly 

apparent. Principal Components Analysis is only possible when the units of 

measurement are the same for all variables being analyzed. 

1.5.2. Descriptive Profiling 

Descriptive profiling is a sensory method in which various attributes of a 

sample are identified and measured by a trained flavor panel. This analysis 

could be measuring all the attributes of the sample, but often times it is 

focused on a particular set of attributes.    While there are many types of 
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descriptive profiling techniques the majority of them require panelist consent in 

the choice of descriptors used to rate the samples. Such unanimity is rare 

when studying bitterness, in fact sensory research performed by the Brewing 

Laboratory at Oregon State University has found that when examining 

bitterness, huge variations across the panelists are routine. The bitter 

compound in question also factors into the sources of variation. For example, 

one panelist may find quinine to be intensely bitter and caffeine hardly bitter at 

all, while another panelist may perceive just the opposite. This heterogeneity 

produces many tricky problems that must be addressed when designing and 

analyzing sensory projects that focus on bitterness. When such panelist 

variability is present, and if this cannot be corrected regardless of the amount 

of training, then there are few options that remain for the sensory scientist: 

either change the question of interest, or use a descriptive profiling technique 

called Free-Choice Profiling, which allows for the use of different descriptors 

among the panelists. 

1.6. Conclusion 

The presence of polyphenols in beer is inevitable because the raw 

materials have significant quantities and removal leads to stability 

consequences and a potential loss of sensorial characteristics. It is therefore 

necessary to understand their behavior in this complex medium in order to 

maximize the flavor quality or colloidal stability of the product. The oxidation of 
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these reactive compounds is considered beneficial as it protects the beer from 

premature aging, yet analysis is difficult because condensation reactions 

which result from this oxidation form large molecular weight complexed 

polyphenols that are indistinguishable from each other with modern 

chromatographic techniques. This makes characterization of the phenolic 

substances present in beer very difficult and potentially undermines many 

inferences that can be drawn from experimental data. Since the bitterness of 

polyphenolic entities in beer is a subject that still endures some conflicting 

results, it is necessary that it be explored in further detail. Considerable 

thought should be given to methods of extraction and preservation to ensure 

that the polyphenols do not undergo unwanted oxidation, as well as 

quantification and classification techniques so that an accurate concept of 

what is presented to the taste panel is known. The training of the flavor panel 

should be thorough, and if descriptive profiling is to be used then a lexicon of 

descriptors should be developed that accurately represents the terms that the 

panel is comfortable using. 

2. A study on the bitterness modifying properties of hop polyphenols 

2.1. Introduction 

As we have seen, polyphenols may be among the most influential 

constituents found in beer. Not only are they key players in colloidal instability 
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and haze formation, but they are also instrumental in preventing and 

promoting the staling of beer flavor. Furthermore, they can provide both 

bitterness and astringency, depending on their degree of polymerization (34). 

Of all the influences polyphenols have on beer flavor perhaps the least 

understood is bitterness, and this is due to a variety of reasons. The most 

paramount reason is the general lack of understanding of the physiochemical 

responses behind the perception of bitterness. The source of the bitterness 

sensation has many complexities that include multiple receptors, which control 

numerous pathways that can be stimulated at different levels, as well as the 

huge range of molecular structures that can elicit the responses (13, 46). 

Another reason is the reactivity of polyphenols: they are easily oxidized and 

once this occurs, they begin to form complex polymers that are very difficult to 

analyze with modern techniques. Astringency, on the other hand, is relatively 

easy to understand. It is a mouthfeel characterized by a drying, puckering, or 

rough sensation across the oral cavity, especially on the tongue. It probably 

does not involve the stimulation of taste receptors, but rather the association 

of large molecular weight polyphenols with proline-rich proteins found in saliva. 

When these interact they precipitate onto the surface of the mouth, which 

leads to the feeling of coating dryness (24). 

Published results on the bitterness quality of hop polyphenols, and 

indeed all bitter constituents in beer, are lacking. No common language exists 

for describing the subtle differences between the types of bitterness that each 
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compound can produce. There has been little work done to examine the ways 

in which bitterness quality is altered by carefully combining the various 

sources of beer bitterness, whether such an alteration was additive, inhibitive, 

or synergistic. Few studies have used spent hop material as the source of the 

polyphenols and added them back into a commercial base-beer for the 

purpose of examining the bitterness impact. The use of spent hop material to 

study the bitterness of polyphenols can be beneficial because it allows the 

researcher to control the amounts of hop acids and aromatic compounds in 

the final product, as the starting material has undergone supercritical CO2 or 

solvent extraction which has removed the vast majority of lipid soluble 

components such as a-acids and essential oils. Therefore, the objectives of 

this study were to examine the influence of hop polyphenols on the quality of 

beer bitterness and how they may interact with iso-or-acids to modify beer 

bitterness. 

2.2. Experimental 

2.2.1. Reagents and Materials 

Spent hop powder remaining from a liquid CO2 extraction of Galena 

hops and isomerized extract of the same variety were generously donated by 

S.S. Steiner, Inc. (Yakima, WA) (Table I). The iso-a-acid source was prepared 

from Galena hops and was preisomerized in the presence of magnesium 

courtesy of S.S. Steiner.   Ferric Ammonium citrate (green) was purchased 
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from Fisher Chemicals, p-dimethylamino-cinnamaldehyde, EDTA, and pectin 

were      obtained      from      Sigma      Chemical      Co. Low-viscosity 

carboxymethylcellulose was supplied by Hercules Inc. (Wilmington, DE). All 

solvents were HPLC grade, and all other reagents were of analytical reagent 

grade. 

TABLE 1. Chemical analysis of Galena spent 

hop powder, performed by S.S. Steiner, Inc. 

a-acids 0.36% 
Iso-a-acids 0.04% 
Humulinones 0.25% 
p-acids 0.01% 
Xanthohumol 0.56% 

2.2.2. Extraction Procedure of Polyphenols from Hops 

Prior to extraction, the hop powder was stored at -350C in vacuum- 

sealed packaging. The spent Galena hop powder was mixed with de-ionized 

water at 45 g/L. Water was used as an extraction solvent because the extract 

was ultimately intended for human consumption and it was decided that all 

organic solvents other than food-grade ethanol would be avoided. The 

mixture was stirred on a stir-plate at room temperature for 2 hours, then 

coarse-filtered through towel or cheesecloth to separate the large particulates. 

Since the inevitable presence of small amounts of residual iso-a-acids and a- 
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acids in the spent hop material would be extracted and concentrated along 

with the polyphenols and create a confounding effect on the bitterness of the 

final extract, the selective removal of these organic acids was desired. By 

taking advantage of their higher surface-active properties the levels of these 

compounds were considerably reduced. It was found that bubbling nitrogen 

through the extract and removing the foam until about 75% of the crude 

extract remained reduced the iso-a-acids and a-acids by about 55-65%. The 

extract was then centrifuged at 10,000rpm for 15min at 30C and a light 

brownish-orange, relatively clear solution was obtained. About 200mL of this 

supernatant was passed through each of a number of activated high-capacity 

C-18 solid-phase extraction (SPE) cartridges, and then rinsed with at least 1 

column volume of de-ionized water. The majority of polyphenols remained 

adsorbed on the columns until eluted with 10mL of 100% ethanol, thereby 

producing a solution that contained roughly 6-8g/L total polyphenols. This 

ethanolic extract was centrifuged again at the same specifications as 

previously described, and the supernatant was filtered through 0.2/ym 

inorganic syringe filters. A brilliantly clear, dark copper-colored solution was 

obtained, which had fruity, fig-like aromas. Further concentration of this 

ethanolic extract was required so that the addition into the beer matrix was 

kept to 1-2% of the total volume or less. Ethanol was removed by vacuum 

evaporation until the concentration of polyphenols reached at least 15g/L. 

When roughly 50% of the volume had been removed the extract became 
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rather "muddy" which required further clarification by centrifugation and/or 

filtration (with a 0.2yt/m inorganic syringe filter) after the evaporation step was 

complete. Although the spectrophotometric method for analyzing the total 

polyphenols showed that the extract contained upwards of 15g/L, a 

chromatographic analysis of the extract showed a content of 3.9g/L of 

quantifiable monomers, dimers, and trimers (Figure 3). The remaining 

polyphenols were likely oxidized and complexed polyphenolic polymers, and 

indistinguishable from each other. Table 2 shows the chemical analysis of the 

ethanolic extract [analyzed according to the methods of Kennedy, 2001 (22)]. 
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FIGURE 3. Chromatogram of an ethanolic extract of Galena spent-hops. The 
peaks with retention time labels correspond to: epigallocatechin-phloroglucinol 
adduct, catechin-phloroglucinol adduct, epicatechin-phloroglucinol adduct, 
catechin, epicatechin gallate-phlo phloroglucinol adduct, and epicatechin, 
respectively. 
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2.2.3. Beer Sample Preparation 

This final extract, a concentrated ethanolic solution of hop polyphenols 

with no detectable iso-a-acids (Table 2), was added to about 6 liters of the 

base beer contained in 3 gallon Cornelius kegs at three levels: +0, +100, and 

+200ppm total polyphenols. These levels were chosen because they fall 

among the levels of polyphenols typically found in a variety of beer styles and 

production techniques, from all malt and high hopped northwest craft brewed 

ales (160-400ppm total polyphenols) to low hopped and high adjunct 

macrobrewed lagers (60-140ppm). 

The isomerized extract was added at two levels chosen for the same 

rationale as previously mentioned (+0 and +10ppm iso-a-acids) creating a 

total of six treatments. Throughout this paper treatments will be referred to by 

a two-number system: the first number being the amount of iso-a-acids added 

in parts per million, the second being the amount of polyphenols added (e.g. 

10-100: 10ppm added iso-a-acids, 100ppm added polyphenols). Michelob 

Ultra was chosen as the testing matrix because of its inherently low bitterness 

levels (3BU's, <2ppm iso-a-acids). Since the polyphenolic extract was mostly 

ethanol, the alcohol content of the samples to which no polyphenols were 

added required adjustment by addition of an appropriate amount of 95% 

ethanol. Table 3 shows the results from the chemical analyses for the sample 

treatments for both sensory studies. 
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TABLE 2. Results from chemical analysis of 

ethanolic Galena spent hop extract. Items 

marked with asterisk analyzed by S.S. Steiner, Inc. 

Density 
a-acids 
Iso-a-acids 
Total Polyphenols 
Humulinones* 
Xanthohumol* 
Isoxanthohumol* 

0.9667g/cmJ 

HOppm 
ND 

10450ppm 
310ppm 

ND 
ND 

TABLE 3.    Results from chemical analyses of beer sample treatments for 
Time-Intensity and Free-Choice Profiling studies 

Time-Intensity 

Sample Target Specs 
iso's-polyphenols (ppm) 

iso-a-acids 
(ppm) 

a-acids 
(ppm) 

Polyphenols 
(ppm) 

Flavanoids 
(PPm) 

EtOH 
%(w/w) 

BU's Haze 
(NTU) 

0-0 1.6 0 66 18 5.5 3 1.4 

0-100 1.9 0.8 149 35 4.7 16 71 

0-200 2 0.5 276 44 4.3 26 73 

10-0 11.9 0.3 67 20 4.5 10 1.5 

10-100 12.9 0.7 167 37 4.5 25 72 

10-200 12.5 0.9 257 55 4.5 40 200 

Free-Choice Profiling 

Sample Target Specs 
Iso's-polyphenols (ppm) 

iso-a-acidst 
(ppm) 

a-acidst 
(ppm) 

Polyphenolsf 
(PPm) 

Flavanoids 
(ppm) 

EtOH 
%(w/w) 

BU'S Haze 
(NTU) 

0-0 1.9(0.062) 0.47(0.123) 64 17 5.1 3 1.1 

0-100 2.3 (0.024) 0.94 (0.404) 156(3.72) 38 4.6 12 85 

0-200 2.4(0.071) 1.4(0.546) 265 (4.92) 52 3.8 23 147 

10-0 14.1 (0.522) 0.5(0.014) 63 18 4.8 10 10 

10-100 14.8(0.208) 1.1 (0.292) 167(1.48) 40 4.3 17 97 

10-200 14.8(0.449) 1.4(0.591) 268(6.41) 54 3.9 28 175 

T: average (and standard deviation)of values obtained before and after testing sessions 
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2.2.4. Analytical procedures 

Iso-a-acids. The iso-a-acid and a-acid analysis was carried out by using a 

solid-phase extraction procedure adapted from Donley (12) and were 

subsequently quantified by High Performance Liquid Chromatography. 

Analysis was performed on a Hewlett Packard HP 1090 with the diode array 

detector measuring absorbance at 270nm. The column was a Supelco 

Discovery C-18 250x4.6mm, 5//m. The oven temperature was set at 40oC, 

with a 10/yL injection volume and a gradient mobile phase was used at a flow 

rate of 1.4mL/min. At 13 minutes the mobile phase is switched from 100% B 

(75% MeOH, 24% H2O, 1% H3PO4) to 50% A (100% MeOH), and at 18 

minutes it is switched back to 100% mobile phase B. Each sample elution 

took 22 minutes. 

Ethanol. Percent ethanol was measured on a Varian 3600 gas chromatograph 

according to ASBC Methods of Analysis (1). A Chromosorb 6ft x 1/8in, 80/100 

mesh column was used with nitrogen as a carrier gas. Inlet pressure was 

30psig, and the injector, flame-ionization detector, and column temperatures 

were 175°, 250°, and 1850C, respectively. Three milliliters of the sample and 

3mL of a 5% n-propanol internal standard were mixed, and 0.5/JL was 

injected, replicated twice, and the average taken. A calibration curve from 3- 

8% ethanol was used for calculating ethanol concentration. 

Polyphenols. Polyphenols were measured according to the EBC Analytica 

methods for Total Polyphenols  (14) and Total  Flavanoids (15) using a 
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Shimadzu PharmaSpec UV-1700 spectrophotometer, Shimadzu Corporation 

(Columbia, MD).    Chromatographic analysis of the polyphenols in the extract 

was carried out according to the methods of Kennedy (22, 23). 

Bitterness Units. BU's were measured by the ASBC Methods of Analysis (2). 

Haze.    Turbidity was measured on a DRT 100B Nephelometer from HF 

Instruments (Ft. Meyers, FL) according to ASBC Methods of Analysis (3). 

2.2.5. Sensory Procedure: Time-Intensity 

The temporal aspects of bitterness were measured using a time- 

intensity approach. The trained panel (ages 23-54, six males, five females) 

consisted of four professional panelists, four departmental staff/faculty, and 

three graduate students, nearly all of whom had been extensively involved 

with previous sensory work regarding bitterness. Each of the panelists had, 

during previous bitterness studies, been exposed to a variety of bitter 

compounds including quinine, sucrose-octaacetate, urea, caffeine, 6- 

propylthiouracil, L-tryptophan, L-phenylalanine, and isohumulones. 

Additionally, the panelists' exposure to the isohumulones involved examining 

the possibility of subtle differences between iso-cohumulone and the other iso- 

humulones, so they were very familiar with iso-a-acid bitterness. Prior to data 

collection, the panelists trained for two weeks using the treatments in question. 

Throughout the entire training and testing period, panelists were required to 

wear nose clips to eliminate differences that may arise due to treatment odor. 
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The testing matrix was Michelob Ultra to which specified levels of iso-a- 

acids, phenolic extract, or both were added (Figures 4 & 5). 
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FIGURE 4. Chromatogram of iso-a-acids and a-acids in Michelob Ultra 
(control, 0-0): a: humulinone, b: iso-cohumulone, c: iso-humulone, d: iso- 
adhumulone, e: co-humulone, f: humulone + ad-humulone 
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FIGURE 5. Chromatogram of iso-a-acids and a-acids in 10-200 sample, a: 
humulinones, b: iso co-humulone, c: iso humulone, d: iso ad-humulone, e: co- 
humulone, f: humulone + ad-humulone. 
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Approximately 15mL samples with two levels of iso-a-acids (+0, 

+10ppm) and three levels of polyphenols (+0, +100, +200ppm) were 

dispensed in opaque, 2oz plastic cups with lids (Sweetheart Cup Co., MD), 

coded with random three-digit numbers, and were poured less than 30 

minutes before testing in a 2 0C cold room. Five minutes before testing the 

samples were put in a conventional refrigerator until served. Temperatures of 

the samples were recorded throughout the study just prior to consumption and 

they ranged from 3.6-9.9 0C, and averaged 6.6 °C. The average change in 

sample temperature for a session was 2.30C, but the variation never exceeded 

5 0C within a session. 

Each panelist saw all six treatments presented randomly in each testing 

session. Prior to testing the first sample, panelists were presented with a 

"warm-up" sample of the base beer that was not rated but used to reacquaint 

the panelists with the sensory characteristics of the testing medium. As a 

sample was put into the panelist's mouth, the time-intensity software started 

logging data, and samples were swallowed within 5 seconds of being taken in. 

Panelists ensured a thorough coating of the sample over the surface of the 

mouth and tongue so that the various bitterness receptors located across the 

mouth would be exposed to the stimulants. As the intensity of the bitterness 

signal fluctuated, the panelist would move the cursor with the computer mouse 

to match the perceived intensity on the 16pt. scale displayed on the computer 

screen,  while  the  software   recorded   the   intensity  value   every  second 
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(Compusense Five, v.4.6, Compusense Inc., Guelph, Ontario, Canada). While 

intensity data was collected, Compusense normalized intensity scores from 

the 16pt. scale used by panelists to a 100pt. scale, which is displayed in some 

of the following Time-Intensity figures. Following the cessation of the signal 

panelists would be forced to wait two minutes before the next sample was 

provided. After this forced wait period panelists were required to rinse with a 

pectin solution (1g/L, which was provided to facilitate the removal residual 

bitterness or astringency) and then spring water. A total of three of the four 

replications were used for statistical analysis (SPSS v. 12), because results 

from one of the replications saw a number of the panelists' performances were 

highly variable from their normal results. Time-Intensity data is often reduced 

into three key parameters for analysis: maximum intensity, time-to-maximum 

intensity, and duration. Other parameters are also used, but these are often 

highly correlated with the major variables: area under the curve, increasing 

area, decreasing area, increasing angle, and decreasing angle. Analysis of 

variance and Tukey's HSD for means separation (significance at p<=0.05) as 

well as Principal Component Analysis was performed on each of the T-l 

parameters. 

2.2.6. Sensory Procedure: Free-Choice Profiling 

The qualitative  aspects of bitterness  imparted  by iso-a-acids and 

polyphenols were measured using the descriptive profiling technique called 
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Free-Choice Profiling. This method is used in cases of high variation among 

the panelists and allows for each panelist to use different descriptors in their 

ballot. The analysis results in the production of a consensus configuration of 

the samples based on their descriptors, despite the use different attributes 

(40). All product handling specifications for the Free-Choice Profiling study 

were the same as those used for the Tl study. Serving temperatures ranged 

from 2.3 0C to 8.5 0C, with an average of 5.4 0C. Within a session the 

temperature never varied more than 4.3 0C. Panelists saw all six treatments 

within each session, and performed two sessions per day while waiting at least 

10 minutes between sessions. Training took place over three days, during 

which the panelists developed their descriptors for their personalized ballots, 

and the samples used during training were the same treatments as those used 

in testing. The first testing session of the week was considered a warm up 

session due to a possible "Monday effect" (41), and official data collection 

began on a Tuesday and continued for the remainder of the week such that six 

independent replications of the experiment were executed. While Free-Choice 

Profiling is used in cases of non-consensus, five descriptors were agreed upon 

and designated "consensus descriptors" and used by all panelists: bitterness, 

astringency, lingering bitterness, come-up time, and mouthfeel (body). In 

addition to these consensus descriptors, panelists developed their own terms 

(anywhere from one to seven for a given panelist) (Table 4, definitions in 

Appendix A-1). All descriptors were rated on a 16pt. intensity scale. Analysis 
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of variance, means separation (p<=0.05 significance level) and Principal 

Component Analysis was performed on each of the consensus descriptors 

using SPSS, v. 12, and Generalized Procrustes Analysis was performed on the 

nonconsensus descriptors with Senstools, (ver.2.3.0.28, OP&P Product 

Research). 

TABLE 4. Free-Choice Profiling descriptors and the frequency of usage (n = 
number of panelists who used that descriptor). Panelist's definitions for non- 
consensus descriptors are found in Appendix A1. 

Consensus Terms Non-Consensus Terms 

Bitterness 
Astringency 
Come-Up 
Lingering 
Mouthfeel 

n<4 n>=4 
Sweet (n=2) 
Sharp (n=2) 
C02 (n=2) 

Estery (n=2) 
Slick Mouthfeel (n=2) 

Drying (n=1) 
Smooth (n=1) 

Soda Water (n=1) 
Dull(n=1) 

Vegetative (n=1) 
Hops (n=1) 

Medicinal/Aspirin (n=9) 
Metallic (n=5) 
Harsh (n=5) 
Sour(n=4) 

2.3. Results 

2.3.1. Time-Intensity 

Averaging the time-intensity curves over all panelists for the six 

samples showed a progression of increasing bitterness and duration as 

polyphenols were increased (Figure 6).   As expected, the samples with the 
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higher level of iso-a-acids were more bitter than those with no added iso-o- 

acid, but what was not anticipated was that sample 0-200 had a higher peak 

intensity than the 10-0 sample. 

50    100    150    200   250    300 

Duration (sec) 

350 400 450 500 

FIGURE 6. Time-Intensity: Plot for bitterness of six treatments, averaged over 
all panelists and 3 replications. Treatments are labeled with two-number 
system: first number signifies amount (ppm) of added iso-a-acids added, 
second number signifies amount (ppm) of added polyphenols. 

Highly significant differences were found between the levels of the iso- 

a-acids, the polyphenol levels, as well as the interaction between polyphenols 

and iso-a-acids for both bitterness intensity and area under the curve 

(p<0.001)(Figures7&8). 
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FIGURE 7. Time-Intensity: Effects of treatments on peak bitterness intensity. 
Oppm iso-a-acids (•), 10ppm iso-a-acids (D). Iso-a-acid, polyphenol, and 
interaction all significant (p<0.001). 
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FIGURE 8. Time-Intensity: Effects of treatments on area under the curve. 
Oppm iso-a-acids (•), 10ppm iso-a-acids (a). Iso-a-acid, polyphenol, and 
interaction all significant (p<0.001). 
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The significance of the interaction term means that as iso-oacid 

concentration increased, the changes in bitterness intensity (or area under the 

curve) depended on the levels of polyphenols present, and vice versa. In 

terms of bitterness duration, significant differences were seen between iso-a- 

acids and polyphenols (p<0.02) with polyphenols providing slightly longer 

bitterness duration than iso-a-acids, however no significant interaction was 

found (data not shown). None of the other Tl parameters (increasing area and 

angle, decreasing area and angle) showed significant treatment effects or 

interactions.Panelists separated the samples into three groups along Principal 

Component 1 (46% of the variation), which was anchored by maximum 

intensity, duration, and area under the curve (Figure 9). 

Time to ma:: + 

4- Decreasing angle 

o 

+ Increasing area 

Intensity at Area under curve 

.-JBU ratio 

Decreasing ar^a 

0.8 1 

^5 jf Increasing angle 

PC1 (46% of variation) 

FIGURE 9. Time-Intensity: Principal Components Analysis, PC1 vs. PC2. 
Circles denote significantly different groups along PC 1 (p<0.05). 
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Samples 10-100 and 10-200 were found to be high in bitterness 

intensity and duration (correlated with PC1), while sample 0-0 (the control) fell 

out by itself much lower on PC1. The remaining samples were clustered 

around the origin with little differentiation. Principal component 2 was 

characterized by time-to-maximum intensity, increasing area and angle (which 

are correlated with each other), accounted for 27% of the variation. The 

samples were not that different from each other in these attributes, and this 

can be seen by the relatively small amount of variation of the samples around 

PC2. Panelists separated the samples along principal component 3 (23% of 

the variation) similar to PC1, but only two significantly different groups: 0-200, 

10-100, and 10-200 were all somewhat higher in maximum intensity and 

increasing angle than the remaining samples (Figure 10). 
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FIGURE 10. Time-Intensity: Principal Components Analysis, PC1 vs. PC3. 
Circles denote significantly different groups along PC3 (p<0.05). 
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2.3.2. Free-Choice Profiling 

For the descriptive profiling part of the study, it was expected that there 

would not be perfect consensus among the panelists on how the samples 

were described and rated. Therefore, it was decided that the Free-Choice 

Profiling method would work best for such a situation. This method allows 

panelists to develop their own ballot and rate the samples using descriptors 

and attributes that other panelists may or may not use (31, 39). Even if two 

panelists used the same descriptor their definitions may vary, therefore 

panelists are required to provide definitions for each of the attributes they use. 

The statistical method used to analyze this type of data is called Generalized 

Procrustes Analysis, which can be a very useful tool, although inferences are 

somewhat limited because, for instance, a sample that is rated high in 

"medicinal" may only apply to half the panel, and other panelists may disagree, 

or may prefer to use a different term. Because of this, five consensus 

descriptors were agreed upon by all panelists to expand the inferential 

capabilities: bitterness, bitterness come-up time, bitterness lingering, 

astringency, and mouthfeel/body. Analysis of variance on each of the 

individual consensus terms [factors: treatment, panelist, t x p interaction 

(random effects), iso-or-acids, polyphenols, iso x poly interaction (fixed effects)] 

showed significant differences between all the treatments as well for all the 

treatment by panelist interactions (p<0.02) (Appendix A-1, A-2). This indicates 

that the rating of a particular attribute of a treatment depended on the panelist, 
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and this was expected. A significant effect was also found for each of the 

consensus terms for iso-o-acid and for polyphenol treatments (p<0.001), and 

significant iso-a-acid by polyphenol interactions were found for astringency 

and come-up time (p=0.03, <0.001, respectively). The significance of the 

interaction terms means that as the level of iso-a-acids is changed, the 

astringency of the sample depended on the level of polyphenols present. The 

effect of increasing polyphenol level for the two levels of iso-a-acids for these 

consensus terms can be seen in figures 11 and 12. 

In this Free-Choice Profiling study, panelists found the term "come-up 

time" somewhat difficult to interpret. For a sample such as the control sample, 

where there may be no bitterness at all, assigning a value to the amount of 

time it took for the bitterness to reach its maximum proved difficult and 

possibly confusing. Therefore, it was agreed upon that the panel would assign 

a low value to the come-up time if the bitterness signal was very low or 

undetectable. In the Tl study, panelists were only focused on the intensity of 

the bitterness, and not on the point in time when the intensity reached its 

maximum or any other attribute; that data was obtained from the curve after it 

was recorded. However in the descriptive study, the panelists were asked to 

record, in relative terms, how fast the bitterness reached its maximum on a 16- 

point scale. The results from these two different measurements are potentially 

quite different. 
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FIGURE 11. Free-Choice Profiling: Effects of treatments on astringency. 
Oppm iso-o-acids (•), 10ppm iso-a-acids (a). Iso-a-acids, polyphenols and 
interaction all significant (p<0.001, p=0.03 for interaction). 
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FIGURE 12. Free-Choice Profiling: Effects of treatments on bitterness come- 
up time. Oppm iso-a-acids (•), 10ppm iso-a-acids (o). Iso-a-acids, 
polyphenols and interaction all significant (p<0.001). 
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What was most striking was that the panelists were able to separate all 

the treatments into six distinct groups based on bitterness intensity, and into 5 

groups based on the lingering bitterness, with samples 10-0 and 0-200 not 

significantly different from each other (not shown). This agrees with the 

results from the PCA on consensus terms (Figure 13); many panelists rated 

these two samples in a different order than the other panelists along PC1 

(which accounts for 48% of the variation and is highly correlated with 

bitterness, astringency, and lingering), and it also agrees with the Tl data. 

Analysis of variance along PC1 showed a significant effect from the treatment 

(p<0.001), and panelists divided the samples into 4 groups, while the samples 

were divided into two groups along PC2. 

Generalized Procrustes Analysis (GPA) allows for the analysis of the 

data gathered from the free-choice descriptive profiling method, which uses 

descriptors that are not necessarily agreed upon or used by all of the panelists 

(panelist's definitions for non-consensus descriptors can be found in appendix 

A-1). The name "Procrustes" was applied to the methodology in 1962 

because it is reminiscent of the Greek innkeeper who would "modify" his 

guests to fit his beds by stretching them longer or cutting them shorter (32). 

This characterizes the GPA method well, which manipulates the panelists' 

individual data configurations through a series of transcriptions, rotations, and 

inversions to match their data to a consensus configuration. 
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FIGURE 13. Free-Choice Profiling: Principal Components Analysis of 
consensus descriptors. Superscript letters and circles denote significantly 
different groups on PC1 and 2, respectively (p<0.001, p=0.005). 

Figure 14 shows the GPA results for all panelists, along with the 

positions of the non-consensus descriptors that exceeded the cut-off criteria 

for providing a significant influence (0.4 dimension units). The location of each 

descriptor is the position that a particular panelist placed it in relation to the 

sample treatments. 
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FIGURE 14. Free-Choice Profiling: Separation of treatments by Generalized 
Procrustes Analysis of flavor characteristics. Descriptor locations represent 
significant placement by individual panelists. Harsh (+), Metallic (a), Medicinal 
(o), Sour (A), Sweet (A). Large circles denote significantly different groups 
along Dimension 1 (p<0.001). 

By examining the GPA, it can be noted that the samples with both 

polyphenols and iso-a-acids were highly correlated to medicinal, metallic, and 

harsh descriptors, according to most of the panelists that used those 

descriptors. When analyzing the GPA's for each individual panelist (data not 

shown), the locations of the 0-0 and 10-200 samples in the GPA space was 

virtually the same across all panelists. However, when examining the 

locations of the intermediate samples (especially the 0-200 and 10-0 samples) 

there  was  less  consistency  between   panelists  in  their  placements  on 
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dimensions 1 and 2, similar to the PCA results for the consensus terms 

(Figure 13) and the PCA from the Tl results (Figures 9 and 10). Analysis of 

variance for the samples along dimension 1 showed a significant effect of 

treatment (p<0.001), and panelists grouped each of the six treatments into 

their own unique groups along dimension 1. 

2.4. Discussion 

The aim of this study, and what no other published study has 

attempted, was to find out how polyphenolic bitterness may interact with the 

bitterness from the hop acids, and to develop some descriptors that might be 

helpful in describing the types of bitterness these compounds elicit. When 

dealing with sensory science, the researcher must always be aware of the vast 

differences that can, and do, exist between the sensations of one panelist 

versus those of another. Arguably, there are few systems where this is more 

evident than in the sensation of bitterness. While we may never find a 

"universal" language for describing bitterness quality and know that everyone 

is describing the same experience, these experiments were quite helpful in 

determining the effects that hop polyphenols have on beer bitterness. 

This work is evidence that polyphenols are indeed influential 

constituents of beer flavor, impacting not only the astringency of the beer but 

also bitterness. For a beer with low levels of polyphenols, the quality and 

temporal intensity of bitterness was similar, but not identical, to that from iso-a- 
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acids. As the levels of polyphenols were increased or when added to higher 

levels of iso-a-acids a harsh bitterness emerged for some people, while at the 

highest levels there was nearly unanimous consent that the bitterness had 

harsh, medicinal, or metallic characteristics. This harshness was in addition to 

longer durations and higher intensities of the bitterness signal, which could 

make the beer quite unpleasant for certain members of the population. The 

manner by which the polyphenolic extraction was performed was similar to 

what might happen during dry hopping or during the use of a hop-back, and 

previous studies have indicated that harsher bitterness characteristics than 

those provided by iso-a-acids alone are often present in dry-hopped beers, 

which would more likely be enjoyed by those members of the market that are 

less sensitive to bitterness (41). These results could have huge implications in 

a brewing culture that is moving increasingly toward the use of various tannin- 

free hop extracts. The fact that the beer with 200ppm polyphenols added was 

often found to be more bitter than beer with 10ppm iso-a-acids is interesting 

because it implies that beers traditionally high in polyphenols (all malt, high- 

hopped ales typical of American craft brews) are supplying the beer with 

considerably more bitterness than would be imparted by the hop acids alone. 

Fortunately, the simple and accepted (and imprecise) BU assay for measuring 

bitterness in beer not only measures the iso-a-acids, but is also influenced by 

phenolic content (this affect can be seen in Table 3). The implication of this 

influence is realized when brewers use tannin-free or pre-isomerized hop 
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extracts in their products, as the BU/iso-a-acids ratio would be considerably 

different than when pellets or whole hops is used, and especially when dry 

hopping or using a hop back. 

Apart from the bitterness work which was performed with the ethanolic 

extracts by the trained panelists, the aroma, flavor, and overall impact of beer 

spiked with the extracts was informally evaluated by the brewing lab. After 

noting the intense fig and fruit-like aromas present in the aqueous-ethanolic 

polyphenol extract, it was noticed that addition of the polyphenolic extract 

produced a more rounded and fuller flavor in the base beer and provided a 

considerable and surprising hop aroma and flavor. This could be related to 

work performed by Goldstein (16), which examined the water-soluble hop 

flavor precursors that were extracted from hop material similar to what was 

used in this study. They found a number of glycosides, which, during beer 

production, enzymatically and chemically hydrolyze and create a variety of 

flavor-active compounds that impact the hop aroma of the beer without the 

presence of the volatile hop oils. 

Upon adding the ethanolic hop extracts to the base beer, a haze 

formed. Over time, this haze led to precipitation to the bottom of the sample 

kegs (noticeable in the +200ppm phenolic treatments and to a lesser extent in 

the +100ppm samples). This resulted in removal of about 25% of the phenolic 

material in the high-polyphenol treatments and to varying sample properties if 

frequent mixing of the kegs contents was not employed.   Further research in 
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this area should continue to address the issue of haze formation and colloidal 

instability in the beer, and the characterization of the extract constituents. This 

could possibly be facilitated by taking additional steps to limit the oxidation of 

the polyphenols so that re-polymerization of the phenolics into large, haze- 

active species (that are chromatographically hard to resolve) is curbed, or to 

add a proline-rich protein such as gliadin during extraction in an effort to 

remove the haze-active polyphenols. 

As has been discussed previously, a number of publications have 

explored the bitterness of various polyphenolic materials. Peleg (34) found 

that flavan-3-ols were not only bitter, but they were astringent as the degree of 

polymerization increased. Dadic and Belleau (6) established that the oxidation 

products of catechin were bitter and harsh, and Forster (20) found "tannin 

bitterness" in beers in which large quantities of polyphenolic fractions were 

added and boiled for long durations. Furthermore, Mikyska et al. (29) 

ascertained that both malt and hop polyphenols affected the harsh character 

of bitterness, and that stabilization by PVPP treatment could remedy this. 

Therefore, it is clear that polyphenols are sources of bitterness, and in some 

circumstances they have been found to be harsh. In this study, the addition of 

the polyphenolic hop extract to beer caused the bitterness intensity, duration, 

and astringency to increase, but did not seem to affect the time-to-maximum 

intensity of the bitterness versus the effect from the iso-a-acid extract. Many 

panelists noted that the samples higher in polyphenols were quite unpleasant, 
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and described these samples with higher ratings for metallic, medicinal, and 

harsh descriptors relative to the samples that were low in polyphenols. This 

harsh bitterness could be from a combination of a few potential (but 

unconfirmed) sources other than the native polyphenols: oxidized iso-or-acids 

in the extract (humulinones, Figure 15), re-polymerized oxidized polyphenols, 

or oxidized beta acids. That latter source is unlikely, as virtually all beta acids 

were removed during the liquid CO2 extraction process of the original hop 

material. The oxidized iso-oacids (humulinones) are indeed present in the 

beer samples (A peaks in Figure 4, corroborated by comparing peak spectra 

with a humulinone standard, courtesy S.S.Steiner, Inc.). 

FIGURE 15. Organic hop acids. A: humulone (a-acid); B: iso-humulone (iso- 
ar-acid); C: humulinone (oxidized a/iso-a-acid). R groups distinguish 
compound as one of three homologues: humulone: -CH2CH(CH3)2; 
cohumulone: -CH(CH3)2; adhumulone: -CH(CH3)CH2CH3 
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Based upon the levels found of humulinone found in the ethanolic 

extract, which was about 310ppm (Table 2), and on how much of this extract 

was added to the beer to create the 200ppm polyphenol treatment, the 

calculated levels of humulinone in the final beer would be about 6ppm. 

Unfortunately, there was little that could be done at the time to limit their 

presence in the final extract, as the spent hop powder starting material was 

found to contain 0.25% humulinone, and with the extraction procedure 

developed it was nearly impossible to remove them completely without using 

some sort of organic solvent separation. A possible solution to the 

humulinone dilemma is to start with a different raw material than the spent hop 

powder. One way is to use hop cones and separate the lupulin glands from 

the cones, perhaps by flash-freezing the cones in liquid nitrogen, 

homogenizing the material, and then soaking it in ice water, at which point the 

lupulin glands (and all the organic hop acids, oils and their derivatives) would 

settle to the bottom. Then the remaining herbaceous material can be used to 

extract polyphenols in a similar fashion as before. While this method would 

drastically lower the amounts of humulones, chalcones, and flavonols in the 

extract, the extraction of flavanols would be far less efficient than using spent 

hop powder. 

It is likely that the primary source of the documented harsh bitterness is 

from some form of polyphenolic material, while there may be some secondary 

contribution from humulinones.  However, some research has pointed out that 
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humulinones have very little bitterness (44). If that is the case, then there is 

little to be concerned about in this particular issue, however there are some 

who might disagree with this assessment. At any rate, the contribution of hop 

polyphenols to beer bitterness is not negligible and certainly warrants further 

investigation. 

3. Refinement of polyphenol extraction procedures 

After completion of the sensory studies, a variety of attempts were 

made to address the issues regarding the quality, purity, and applicability of 

the extract. Most of the attention was geared towards solving the haze- 

forming issue and the presence of humulinones in the extract, but efforts to 

keep the extraction procedure as efficient and as true to the brewing process 

as possible were always kept in mind. The following discussion details the 

endeavors to resolve these major issues, and describes the shift in the 

extraction procedure from bench-top to pilot scale. 

3.1. Bench-top to Pilot-Scale Extraction 

Previously it had taken a great deal of time to produce a small amount 

of extract, the biggest bottleneck being the solid-phase adsorption stage. 

During this stage, roughly 2 gallons of centrifuged crude extract were passed 

through about 20 individual C-18 SPE cartridges, which were then washed 

with water and eluted with ethanol.   This step often took about 7 hours, and 
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yielded only a couple hundred milliliters of extract which was about 6-8g/L total 

polyphenols. Therefore, it was decided that it would be much more efficient if 

the extraction was scaled up from 4 liters at a time to more than 50 liters at a 

time. 

The initial extraction took place in a steam-jacketed scrape-surface 

kettle in the pilot plant of the Food Science and Technology Department at 

Oregon State University. 2.5kg of spent hop material was added to 57 liters of 

reverse-osmosis filtered brewhouse water, which was adjusted to pH 3 with 

3N HCI and held at 40oC during the 20 minute extraction. Due to the natural 

buffering tendencies of the hop material, HCI was continually added to the 

extraction to maintain a pH of 3. This pH modification was used to minimize 

the amount of residual a-acids that were extracted from the hop material as 

they are only sparingly soluble at low pH (in fact, shifting the pH from 5.4 to 3 

during a 2.5 hour whole-hop extraction cut the level of a-acids which went into 

solution from about 45ppm to 1.5ppm). As before, the herbaceous material 

was removed from the crude extract by passing it through multiple layers of 

cheese-cloth. 

Clarification of the extract took place in a Westphalia continuous 

centrifuge at about 9400rpmI with CO2 back-flushed into the bowl of the 

centrifuge to minimize oxidation. Since there was still a large volume of this 

crude extract after the centrifugation step, it was decided that it would be 

beneficial to concentrate the extract to minimize the volume which needed to 
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pass through the SPE column. The extract was passed through an Alfa-Laval 

CT-1B centritherm, which utilizes a high surface area steam-jacketed chamber 

under vacuum to evaporate off large portions of the water out of the extract. 

Evaporative cooling kept the temperature of the extract from getting too high; 

the exit temperature of the extract was about 40oC after entering the 

centritherm at about 10-15oC. This concentrated the extract by about 80%. 

At this point, the extract was centrifuged in a high-speed batch ultra- 

centrifuge, at 10,000rpm for 15 minutes and 10oC. This supernatant was then 

passed through a 4.5x15cm preparative SPE column containing high-capacity 

C-18 resin (Alltech Chromatography Co., Deerfield, IL). After the sample was 

loaded onto the resin, the column was washed with 4 liters of de-ionized 

water, and then eluted with 95% ethanol. The volume of the resultant extract 

was roughly 300 mililiters and contained about 12g/L total polyphenols. In 

terms of the mass of polyphenols obtained this protocol was about 2.5 times 

more efficient than the bench top procedure. Figure 16 and Appendix B-1 

show the levels of the hop acids, total polyphenols, and humulinones at each 

stage of the revised extraction process (this particular extraction yielded 

volumes that were low enough that the centritherm concentration step was not 

warranted). 
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FIGURE 16. Concentrations of the compounds of interest throughout the 
extraction process. Data is presented on a logarithmic scale due to the orders 
of magnitude difference in polyphenol and hop acid concentrations. Volumes 
of extract are shown with extraction stages. 

Similarly, Figure 17 shows the ratio of polyphenols to humulinones and 

iso-a-acids throughout the extraction process. It should be noted that the 

boiling step (discussed in the following section) removed the largest amount of 

all the compounds, including the iso-or-acids, which, although they are 

produced during the boil, also sustained minor losses. The two foaming steps 

(also discussed below) removed small amounts of the hop acids, about 15- 

20% each. 
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pilot-scale spent Millennium extraction. Volumes of extract are shown with 
extraction stage. The ratio of 100:1 is marked as a desired ratio of 
polyphenols to humulinones in extract. 

3.2. Preventing Haze 

When the original extract was added to the beer a haze was formed 

immediately. Over the next several hours or days, this haze would gradually 

form larger particles which would settle to the bottom of the vessel and 

measurable differences in total polyphenols could be seen in the beer 

depending on where the sample was drawn. At the time, the only solution to 

the problem was to mix the keg to re-homogenize the beer prior to drawing 

samples for the sensory panel. 
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Since haze is formed when certain polyphenols interact with proline-rich 

proteins which eventually become big enough to drop out of solution, we 

hypothesized that the problem could be alleviated by boiling the crude extract 

in the presence of wheat gliadin. Gliadin is a proline-rich protein, which is 

similar in structure to barley hordeins, and if haze-active polyphenols could be 

removed during a boiling step (analogous to the production of kettle trub 

during wort boiling) then theoretically there would be that much less haze- 

active polyphenols to cause haze in the final package. 

Since gliadin is only soluble in ethanol, the first step was to get as much 

gliadin as possible into solution to minimize the addition of ethanol to the crude 

extract during the boiling step. At first, 100% ethanol was used, and there 

were no difficulties in getting up to 200g/L into solution. However, it was found 

that it would not be a good idea to use 100% ethanol at any point during the 

extraction because in order to produce ethanol above 95% purity, benzene 

was added to "break" the azeotrope. Therefore, 95% ethanol was used, and 

as such the gliadin required some coaxing (such as a blender) to get into 

solution at the required level. 

Before making the switch to 95% ethanol, an extract was produced 

using 100% ethanol, and upon addition of this extract to a bottle of Michelob 

Ultra very little haze was formed. In fact, the haze was so mild that hardly any 

settling took place, and what settling did occur took a couple months to do so. 

These were very promising results. 
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A new extract was produced in which gliadin was added to the crude 

extract (in 95% ethanol) to achieve a level of about 0.5% by weight in the 

extract. This was boiled for 30 minutes, and then stored overnight in a half- 

barrel keg at 10C, which allowed the trub to settle to the bottom and the extract 

racked off. The extract was then centrifuged in the Westphalia and further 

processed as mentioned in the previous section. 

Unfortunately, this extract still produced a formidable chill-haze (100 

NTU), most of which was reversible, but some still settled to the bottom of the 

bottle. After filtering the beer through a 0.45//m nitrocellulose filter, the haze 

was gone (0.9 NTU) and only minor losses in total polyphenols were 

measured (4.1%). If this method of extraction were to be used, it would be 

beneficial to use these steps to minimize haze in the final product: both a 

boiling step in the presence of gliadin, as well as a filtration step (which would 

then require re-carbonation of the beer). 

3.3. Humulinones in the Extract 

The issue of oxidized a-acids [also referred to as "oxidized iso-a-acids", 

although their precursors are, in fact, a-acids (45)] in the extract was perhaps 

the most vexing issue of all. Their existence meant that the presence of two 

separate bitter compounds, polyphenols and humulinones, potentially 

confounded the conclusions obtained from the sensory analysis. Some 

scientists believe humulinones contribute to an unpleasant bitterness in beer 
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(R. Wilson, S.S.Steiner, and Patrick Ting, Miller Brewing Co., Hop Research 

Council Meeting, August, 2004), although there have also been reports that 

they are not appreciably bitter (44). It was estimated that the levels of 

humulinones present in some of the samples during the sensory studies were 

as high as 6ppm, which is just about the lowest level that would cause a 

measure of concern. Therefore, there was much effort expended to try to 

minimize the amounts of humulinones in the final extract. 

The first attempt at selective removal of humulinones was to use a 

chromatographic method to achieve separation from at least the majority of 

the polyphenols. We speculated that some concentration of ethanol that 

would either leave the humulinones on the C-18 column and elute the 

polyphenols off, or vice versa. In order to test effectiveness of a number of 

ethanol concentrations as quickly as possible, the Hewlett Packard 1090 

HPLC was loaded with ethanolic mobile phases and a number of isocratic runs 

were performed on the polyphenol extract. The runs lasted 50 minutes, and 

the column temperature was set to 450C. The column was the same C-18 

column used in the iso-a-acid analysis mentioned previously, and the flow-rate 

was 1.4ml/min. The compounds eluted were monitored at 270nm, but signals 

were recorded across all wavelengths with the diode-array detector. 

At ethanol concentrations from roughly 100% to about 40% everything 

in the sample eluted within the first five minutes of the run, with no peak 

resolution.  Basically, everything flew through the column with little interaction 
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with the C-18 stationary phase. At about 20 and 30% ethanol, there was more 

peak resolution but all peaks were still eluting before 10 minutes. Apparently, 

an isocratic elution would not work, unless concentrations well below 20% 

ethanol and elution times well over an hour were employed. 

The best results were obtained when a gradient elution was used. The 

gradient that showed the best resolution and separation was from 10% to 30% 

ethanol over the first 30 minutes, then to 90% over the next 15 minutes. 

During this run, two nearly identical sets of three peaks eluted between 12 and 

20 minutes (tentatively identified as some form of kaempferol and/or quercetin, 

possibly glycosylated), then nothing eluted until 34 minutes when the majority 

of the polyphenols began to elute out of the column. At about 44 minutes 

three peaks eluted which were assumed to be the three humulinone 

homologues due to the pattern of elution and relative peak sizes. The true 

identity of the peaks was uncertain, as the UV spectra did not exactly match 

the known spectra of humulinone as seen in methanolic mobile phases, and 

while differences in spectra are possible in different solvents, the observed 

difference was significant at wavelengths below 260nm. In fact, the UV 

absorbance of ethanol is lower than that of methanol, and the mystery peak's 

absorbance at these wavelengths was higher than the known spectra of 

humulinone in methanol. At any rate, these had eluted right in the middle of 

the polyphenols, and while gradients in a 2-pump HPLC system are simple, 

adapting them to preparative SPE columns is not so easy.     Clearly there 
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would be no simple and straightforward solution in the realm of 

chromatography. 

A second attempt at selective removal of humulinones came in the form 

of nitrogen foaming and decanting, similar to what was done during the 

previous bench-top extractions to remove iso-a-acids and a-acids from the 

crude extract. At that time, at least half of the hop acids were removed during 

a 20 minute nitrogen purge. Since humulinones have a nearly identical 

structure to iso-a-acids, it was thought that they would have similar surface- 

active properties (although they may be slightly more hydrophilic, due to 

presence of an additional hydroxyl group on the 5-membered ring). Therefore, 

nitrogen was bubbled through the crude extract using a 6-inch stainless steel 

Tri-Clover® aerating stone at two points during the extraction process to gauge 

its effectiveness. The first purging was performed at after the initial extraction 

and before the boiling stage, and the second purging was performed after the 

boiling stage and before the centrifugation. Each foaming took place in a Vz 

barrel keg (with a Tri-Clover® fitting welded at the base of the keg in which the 

aerating stone was placed) and lasted about 20 minutes. At the half-way point 

of each foaming the flow of nitrogen was stopped, and the foam that remained 

in the headspace of the keg was physically removed. 

The results were positive, but the efficiency left more to be desired. 

The first foaming lowered the levels of humulinones in the extract from about 

22ppm to about 18ppm, or a loss of about 18%.     Similarly, a-acids dropped 
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26% from 3.8ppm to 2.8ppm. The second foaming decreased the 

humulinones from 4.5ppm to 4ppm, a decrease of roughly 10%. 

Unfortunately, the meager drop in humulinones was accompanied by a loss of 

polyphenols as well. While the concentration of polyphenols did not change 

substantially during the foaming procedures, the loss of volume during the 

foaming meant that there was still a loss of polyphenol mass, and this would 

ultimately translate to a lower concentration of polyphenols in the final extract. 

Interestingly, the boiling stage actually removed a larger amount of 

humulinones than was anticipated: a four-fold reduction was measured, from 

18ppm to 4.5ppm. Throughout all of the various processing steps, the ratio of 

polyphenols to humulinones never widened to an acceptable distance, such 

as 100:1 (Figure 17). 

3.4. Brewing with Spent Hops 

Back in the 90's Miller Brewing Company was producing a beer that 

was brewed with what they called the "heart of the hop." An email from 

brewmaster David Ryder to an inquisitive homebrewer stated that a 

proprietary method was used to remove the bitter quality from the hops, 

leaving the complex flavor attributes, and that they used Galena hops at four 

times the amount that other brewers use. The results of this process has been 

confirmed and reported in the scientific literature (16). Ryder stated that this 

diminished the bitter and filling characteristics, and made a smooth and 

drinkable beer.  It seems logical that this proprietary method was some sort of 
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solvent or CO2 extraction, which leaves behind spent hop material very similar 

to what was used in these experiments. Therefore, it was decided that 

brewing with the spent hops would be an appropriate final experiment, and 

that it may help solve the haze and humulinone issues on its own. Concurrent 

research in the brewing laboratory had been successful in producing an 

unhopped lager, and we decided this would be an appropriate base for the 

spent hop beer. 

Eighty five gallons of wort was produced with Great Western 2-Row 

Pale malt making up the entire grain bill, and 14.5 lbs of rice syrup solids and 

rice syrup were added to bring the gravity to about 11.30P. A sample of 

unhopped wort was taken to measure the amount of malt polyphenols present. 

Then, the wort was divided into two 40 gallon batches, and boiled separately 

with two varieties of spent hops: Millennium and Australian Topaz. Table 5 

shows the specifications for these hop varieties, both for raw hops as well as 

the results from ether extractions of the spent hop powder used in these brews 

(4). 
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TABLE 5. Raw hop specifications for Millennium and Australian Topaz hops 
(John I. Haas, Inc.), and results from solvent extraction of spent hop powders. 

Raw Hops Millennium Topaz 
a-acids 15.5% 18% 
(3-acids 5% 6.5% 

co-humulone 30% 49% 

Spent Hops 
a-acids (ppm) 121 118 

iso-a-acids (ppm) neg 35 
humulinones (ppm) 46 90 

The hops were added at the beginning of the 60 minute boil at a 

hopping rate of 20g/L. Five minutes into the boil samples were taken to 

measure the initial levels of polyphenols, hop acids, and humulinones. 

Samples were again taken at the completion of the whirlpool to obtain the 

levels of these compounds after the boil and trub settling. The worts were 

cooled and oxygenated in a heat exchanger and pitched with Wyeast lager 

strain 2007. The fermentations were maintained at 580C for two weeks, at 

which time the temperature was dropped to 380C for an additional week. Then 

the beers were racked off the yeast, and the stabilizing agent Polyclar VT 

(PVPP) was added to the beer at 55g/L. A week later, the beers were filtered 

through a plate and frame pad filter using 1.2 micron (nominal) cellulose filter 

pads (Cellupore, 1940SD) obtained from Gusmer Enterprises, Inc. 

(Mountainside, NJ). After measuring the levels of the compounds of interest, 
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an interesting effect was observed: the compounds of interest extracted from 

the Topaz variety were roughly twice what were extracted from the Millennium 

variety, despite equivalent hop dosings during the boils. Even after just 5 

minutes in the boil, almost 2g/L total polyphenols were measured in the Topaz 

wort, relative to 925ppm in the Millennium wort. Figures 18, 19, and 20 show 

the amounts of the four compounds of interest in the worts and beers, from 

wort boiling through filtration. 
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FIGURE 18. Levels of total polyphenols throughout the brewing processes, 
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Eventually, these experimental beers will be diluted with unhopped 

lager beer to a specific level of polyphenols, and the treatments will be 

presented to the sensory panel for bitterness evaluation. However, despite 

the huge amounts of hop material added during the boil, only a small fraction 

of the polyphenols made it through to the final beer. In the beer with the spent 

Topaz hops, only 20% of the polyphenols survived the brewing process, 

ending up at 360ppm. However, it is the beer that was brewed with the 

Millennium hops that is of concern. Although roughly the same relative 

amount of polyphenols was lost over the course of the brew, only 171ppm 

remained after filtration. This is much lower than was expected, and will make 

it impossible to produce treatments with polyphenol levels as high as the 

previous sensory studies using the Galena extract were able to produce. 

4. Conclusion 

Like any research, this project was destined to have issues and 

problems that would need to be resolved. Bitterness research may be one of 

the toughest types of sensory research to perform, and to do so while 

researching polyphenols is not something for the timid or faint of heart. From 

the outset it was acknowledged that analysis of the various constituents of the 

total population of polyphenols would be limited, if not impossible. Despite the 

various issues that were associated with this project, it seems very plausible 

that polyphenols contribute to an undesirable bitterness that is sometimes 
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found in beers. While there was up to 6ppm of humulinones in the highest 

treatment levels of the sensory studies, it seems unlikely that this amount 

would cause the bitterness intensities to double, both with and without iso-a- 

acids present. 

There are at least a few segments of the brewing industry that this type 

of research could apply to: extract brewers, craft brewers, and possibly hop 

breeders. Over the past few decades a number of breweries have made a 

change from using whole hops and pelletized hops to hop extracts to supply 

the bitterness in their beers. While this may be an appropriate transition from 

an economic point of view, it may leave their final product lacking in certain 

key aspects of flavor and stability. The organic solvent, liquid CO2, or 

supercritical CO2 extractions which are commonly used to produce these hop 

extracts only separate fat soluble compounds, leaving behind the vast majority 

of hydrophilic carbohydrates and polyphenols. As we have established, these 

polyphenols do not play a minor role in beer flavor and potentially a major role 

in beer quality, so if a brewer uses exclusively hop extracts in their products 

they could be missing a flavor profile that could be enjoyed by some of the 

beer drinking population. Not only that, but additional measures would need 

to be employed to maintain an appropriate shelf life, which polyphenols have 

the ability to prolong. 

On the other hand, craft brewers and microbrewers (which have seen 

an explosion in popularity since the 1980's) often use a large amount of hops 
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in many of their beers, especially with the use of such items as the hop-back 

(basically a filter containing whole leaf hops, through which the hot wort is 

passed through as it exits the kettle) and methods such as dry-hopping 

(adding whole hops to the fermentor or conditioning tank). These processes 

will not add much to the beer in the way of iso-a-acids, but could add 

considerable amounts of polyphenols (and of course essential oils, which is 

what these are intended for). Hence, beers produced in such a manner may 

have more harsh bitterness characteristics, and might be more likely to throw 

a haze because those haze-active polyphenols added during the dry-hopping 

would not have the opportunity to be removed with the trub in the boiling 

stage. 

Hop breeders may also benefit from this type of research because if 

there are varietal differences in the types and quantities of polyphenols in 

hops, it could be valuable information which brewers could use to make a 

higher quality or more desired product. If breeders can create hop varieties 

that are particularly low in the trihydroxy-flavanols, this would limit the 

presence of the pro-oxidative polyphenols in the final product, thereby 

extending the shelf life by delaying the staling of the beer. Or, for example, if it 

is found that polyphenols from a popular aroma hop variety contribute to a 

bitterness that many find unpleasant, then perhaps some selective breeding 

could remove that characteristic.   These are only a few examples of how 



72 

polyphenol and bitterness research could provide benefits to the brewing and 

allied industries. 

There are still many questions that surround the effects of polyphenols 

in beer, and it is hoped that this research will help spur more creative thought 

and development in the area of hop polyphenol bitterness characterization. 

5.  Future Research 

Future research in the realm of beer bitterness could take a number of 

forms: 

• There may be some value in using a beer high in humulinones to explore 

the effects of these oxidative products on beer flavor quality. Perhaps a 

chromatographic method for separating the humulinones from the other 

hop acids could be utilized. 

• Use of an organic solvent to remove the hop acids and their oxidative 

products could purify a polyphenol extraction. Considerable effort must be 

given to ensure that all of the organic solvent is removed. 

• Higher purity polyphenol extract might be obtained by extracting the 

polyphenols from fresh leaf hops with the lupulin glands physically 

removed. This might be facilitated by freezing the hop material with liquid 

nitrogen and careful use of a chilled high-shear mixer. 
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The effects that hop polyphenols have on the formation of trub during kettle 

boiling could be examined, and whether the loss of polyphenols is a 

passive or active process might be delineated. Possible varietal 

differences in trub formation could exist as well. 
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APPENDIX A: Sensory Data 

TABLE  A   1.   Free-Choice 
bitterness descriptors. 

Profiling:   Individual   panelists's  definitions  for 

Attribute: Panelist    Definition  
Medicinal/Aspirin A unpleasant, biting 

B aspirin/medicinal bitterness 
C tastes similar to aspirin 
D bad taste reminiscent of unflavored cough syrup 
E burning, harsh and unpleasant taste 
F harsh, nasty bitterness, artificial, not natural 
G tastes bad 
H tastes of chewed aspirin, harsh 
I like children's chewable tablets 

Metallic B reminiscent of "tasting metal 
D like the taste of coins in your mouth 
E like sucking on a penny 
H tin canny flavor 

_J J[ke chewing on aluminum foil 
Harsh A sharp, bitterness is uneven 

B unpleasant, rough, course bitterness 
C similar to medicinal, more hop bitterness 
E burning tactile feeling in the back of my mouth and tongue 
K unpleasant, sharp bitterness, not smooth 

Sour B sour "taste 
E like acidic solutions 
F tangy sensation on tongue, citrusy flavor 
H yucky sour flavor 

Sweet" F sometimes syrupy mouthfeel, estery or malty 
H theaftertaste of having eaten a candy 

Sharp B immediate biting bitterness 
E piercing, tingling, like CO2 burn 

CO2 C carbonation level, seltzer water 
J biting, stinging sensation 

Estery D fruity, lemony taste or feel 
J     ...fruity, aromatic, almost bubble gum 

Slick Mouthfeel j slimy mouthfeel 
 slippery mouthfeel 

Drying _   _B .....sensation of"my "tongue drying out 
Smooth A pleasant, not very bitter 
Soda Water B tastes and feels like carbonated water 
Dull B antithesis of sharp, sfow, 'fiat bitterness 
Vegetative _    E _t_aste_or feeling Nke liqps or broccoli 
Hops j slightly different from estery, like hops 
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TABLE   A  2.   Free-Choice   Profiling:   Univariate   ANOVA  for  Consensus 
Descriptors; treatment, panelist, and treatment x panelist interactions. 

Consensus Term Source Type III Sum of Squares df Mean Square F Slg. 
Bitterness Intercept Hypothesis 13451.677 1.000 13451.677 353.846 0.000 

Error 380.157 10.000 38.016 
TREATMT Hypothesis 2158.747 5.000 431.749 49.655 0.000 

Error 434.753 50.000 8.695 
PANELIST Hypothesis 380.157 10.000 38.016 4.372 0.000 

Error 434.753 50.000 8.695 
TREATMT * PANELIST Hypothesis 434.753 50.000 8.695 3.566 0.000 

Error 804.667 330.000 2.438 
Lingering Intercept Hypothesis 11836.427 1.000 11836.427 131.145 0.000 

Error 902.545 10.000 90.255 
TREATMT Hypothesis 2123.891 5.000 424.778 41.894 0.000 

Error 506.970 50.000 10.139 
PANELIST Hypothesis 902.545 10.000 90.255 8.901 0.000 

Error 506.970 50.000 10.139 
TREATMT * PANELIST Hypothesis 506.970 50.000 10.139 2.700 0.000 

Error 1239.167 330.000 3.755 
Astringency Intercept Hypothesis 8082.124 1.000 8082.124 132.406 0.000 

Error 610.404 10.000 61.040 
TREATMT Hypothesis 132.861 5.000 26.572 4.150 0.003 

Error 320.111 50.000 6.402 
PANELIST Hypothesis 610.404 10.000 61.040 9.534 0.000 

Error 320.111 50.000 6.402 
TREATMT * PANELIST Hypothesis 320.111 50.000 6.402 3.273 0.000 

Error 645.500 330.000 1.956 
Come-Up Intercept Hypothesis 4366.730 1.000 4366.730 172.736 0.000 

Error 252.798 10.000 25.280 
TREATMT Hypothesis 273.134 5.000 54.627 9.201 0.000 

Error 296.838 50.000 5.937 
PANELIST Hypothesis 252.798 10.000 25.280 4.258 0.000 

Error 296.838 50.000 5.937 
TREATMT * PANELIST Hypothesis 296.838 50.000 5.937 2.038 0.000 

Error 961.500 330.000 2.914 
Mouthfeel Intercept Hypothesis 8708.205 1.000 8708.205 172.500 0.000 

Error 504.823 10.000 50.482 
TREATMT Hypothesis 31.902 5.000 6.380 3.060 0.017 

Error 104.237 50.000 2.085 
PANELIST Hypothesis 504.823 10.000 50.482 24.215 0.000 

Error 104.237 50.000 2.085 
TREATMT * PANELIST Hypothesis 104.237 50.000 2.085 1.850 0.001 

Error 371.833 330.000 1.127 
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TABLE  A   3.   Free-Choice   Profiling:   Univariate   ANOVA  for  Consensus 
Descriptors; iso-a-acid, polyphenol, iso-a-acid x polyphenol interactions. 

Consensus Term          Source Type III Sum of Squares df Mean Square F Sig. 
Bitterness               Intercept Hypothesis 13451.68 1.00 13451.68 353.85 0.00 

Error 380.16 10.00 38.02 
iso Hypothesis 921.25 1.00 921.25 282.45 0.00 

Error 1239.42 380.00 3.26 
phen Hypothesis 1230.19 2.00 615.09 188.58 0.00 

Error 1239.42 380.00 3.26 
iso * phen Hypothesis 7.31 2.00 3.65 1.12 0.33 

Error 1239.42 380.00 3.26 
PANELIST Hypothesis 380.16 10.00 38.02 11.66 0.00 

Error 1239.42 380.00 3.26 
Lingering                Intercept Hypothesis 11836.43 1.00 11836.43 131.14 0.00 

Error 902.55 10.00 90.25 
iso Hypothesis 1116.73 1.00 1116.73 243.03 0.00 

Error 1746.14 380.00 4.60 
phen Hypothesis 1000.40 2.00 500.20 108.86 0.00 

Error 1746.14 380.00 4.60 
iso * phen Hypothesis 6.76 2.00 3.38 0.74 0.48 

Error 1746.14 380.00 4.60 
PANELIST Hypothesis 902.55 10.00 90.25 19.64 0.00 

Error 1746.14 380.00 4.60 
Astringency              Intercept Hypothesis 8082.12 1.00 8082.12 132.41 0.00 

Error 610.40 10.00 61.04 
iso Hypothesis 56.06 1.00 56.06 22.06 0.00 

Error 965.61 380.00 2.54 
phen Hypothesis 58.22 2.00 29.11 11.46 0.00 

Error 965.61 380.00 2.54 
iso * phen Hypothesis 18.58 2.00 9.29 3.66 0.03 

Error 965.61 380.00 2.54 
PANELIST Hypothesis 610.40 10.00 61.04 24.02 0.00 

Error 965.61 380.00 2.54 
Come-Up               Intercept Hypothesis 4366.729798 1 4366.73 172.74 0.00 

Error 252.7979798 10 25.28 
iso Hypothesis 116.729798 1 116.73 35.25 0.00 

Error 1258.338384 380 3.31 
phen Hypothesis 40.76262626 2 20.38 6.15 0.00 

Error 1258.338384 380 3.31 
iso * phen Hypothesis 115.6414141 2 57.82 17.46 0.00 

Error 1258.338384 380 3.31 
PANELIST Hypothesis 252.7979798 10 25.28 7.63 0.00 

Error 1258.338384 380 3.31 
Mouthfeel              Intercept Hypothesis 8708.20 1.00 8708.20 172.50 0.00 

Error 504.82 10.00 50.48 
iso Hypothesis 16.57 1.00 16.57 13.22 0.00 

Error 476.07 380.00 1.25 
phen Hypothesis 15.29 2.00 7.64 6.10 0.00 

Error 476.07 380.00 1.25 
iso * phen Hypothesis 0.05 2.00 0.02 0.02 0.98 

Error 476.07 380.00 1.25 
PANELIST Hypothesis 504.82 10.00 50.48 40.30 0.00 

Error 476.07 380.00 1.25 
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APPENDIX B: Analytical Data 

TABLE B 1. Tracking the losses of four compounds of interest throughout 
extraction during refinement experiments. Contains same data as Figure 16, 
and includes extraction efficiencies, and quantifies losses. "Potential 
extraction" values in 1st stage are based on ether extractions of spent hop 
powder (4). 

humulinones alpha acids iso alpha acids polyphenols 
Extraction: 2.56 kg Extraction: 2.56 kg Extraction: 2.56 kg Extraction: 2.56 kg 
Init. Vol. 56.55 L Init. Vol. 56.55 L Init. Vol. 56.55 L Init. Vol. 56.55 L 
Fin. Vol. 45 L Fin. Vol. 45 L Fin. Vol. 45 L Fin. Vol. 45 L 
% vol lost 20% % vol lost 20% % vol lost 20% % vol lost 20% 
Potential 1177.6 mg Potential 3097.6 mg Potential 384 mg Potential N/A    mg 

Extraction: 26.2 mg/L Extraction: 68.8 mg/L Extraction: 8.5 mg/L Extraction: N/A    mg/L 
Measured: 21.6 mg/L Measured: 4 mg/L Measured: 3.1 mg/L Measured: 924 mg/L 
% extracted: 83% % extracted: 6% % extracted: 36% % extracted: N/A 
Mass: 972 mg Mass: 180 mg Mass: 139.5 mg Mass: 41580 mg 
1st Foam 1st Foam 1st Foam 1st Foam 
Init. Vol. 45 L Init. Vol. 45 L Init. Vol. 45 L Init. Vol. 45 L 
Fin. Vol. 38 L Fin. Vol. 38 L Fin. Vol. 38 L Fin. Vol. 38 L 
% vol lost 16% % vol lost 16% % vol lost 16% % vol lost 16% 
Measured: 18 mg/L Measured: 2.7 mg/L Measured: 2.2 mg/L Measured: 971 mg/L 
Mass: 684 mg Mass: 102.6 mg Mass: 83.6 mg Mass: 36898 mg 
% lost: 30% % lost: 43% % lost: 40% % lost: 11% 
Boil Boil Boil Boil 
Init. Vol. 38 L Init. Vol. 38 L Init. Vol. 38 L Init. Vol. 38 L 
Fin. Vol. 26 L Fin. Vol. 26 L Fin. Vol. 26 L Fin. Vol. 26 L 
% vol. lost: 32% % vol. lost: 32% % vol. lost: 32% % vol. lost: 32% 
Measured: 4.4 mg/L Measured: 0 mg/L Measured: 2 mg/L Measured: 344 mg/L 
Mass: 114.4 mg Mass: 0 mg Mass: 52 mg Mass: 8944 mg 
% lost: 83% % lost: 100% % lost: 38% % lost: 76% 
2nd Foam 2nd Foam 2nd Foam 2nd Foam 
Init. Vol. 26 L Init. Vol. 26 L Init. Vol. 26 L Init. Vol. 26 L 
Fin. Vol. 19 L Fin. Vol. 19 L Fin. Vol. 19 L Fin. Vol. 19 L 
% vol lost: 27% % vol lost: 27% % vol lost: 27% % vol lost: 27% 
Measured: 4 mg/L Measured: 0 mg/L Measured: 2 mg/L Measured: 328 mg/L 
Mass: 76 mg Mass: 0 mg Mass: 38 mg Mass: 6232 mg 
% lost: 34% % lost: N/A % lost: 27% % lost: 30% 
Centrifuged Centrifuged Centrifuged Centrifuged 
Init. Vol. 19 L Init. Vol. 19 L Init. Vol. 19 L Init. Vol. 19 L 
Fin. Vol. 14 L Fin. Vol. 14 L Fin. Vol. 14 L Fin. Vol. 14 L 
% vol lost: 26% % vol lost: 26% % vol lost: 26% % vol lost: 26% 
Measured: 4.3 mg/L Measured: 0 mg/L Measured: 1.9 mg/L Measured: 282 mg/L 
Mass: 60.2 mg Mass: 0 mg Mass: 26.6 mg Mass: 3948 mg 
% lost: 21% % lost: N/A % lost: 30% % lost: 37% 
SPE SPE SPE SPE 
Init. Vol. 14 L Init. Vol. 14 L Init. Vol. 14 L Init. Vol. 14 L 
Fin. Vol. 0.2 L Fin. Vol. 0.2 L Fin. Vol. 0.2 L Fin. Vol. 0.2 L 
Reduced: 70 x Reduced: 70 x Reduced: 70 x Reduced: 70 x 
Measured: 113 mg/L Measured: 0 mg/L Measured: 23 mg/L Measured: 4400 mg/L 
Mass: 22.6 mg Mass: 0 mg Mass: 4.6 mg Mass: 880 mg 
% lost: 62% % lost: N/A % lost: 83% % lost: 78% 


