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Abstract

Measuring Coffee Extraction Kinetics at Early Time Scales
By Matthew James Maille

Research Supervisor: Professor James Litster

The single-serve coffee market has experienced significant growth over the past 25
years with over tens of billions of single-serve coffee units sold annually worldwide. Single
serve pods are very popular due to the extreme convenience of brewing a fresh, full cup of
coffee in a minute or less, at the touch of a button. Despite the growing adoption and use of
single serve coffee appliances and pods, there is very little literature which explores the coffee
extraction kinetics at the time scales of a single serve brew method, specifically 5 to 30 s.

This thesis develops a new method for measuring early time scale coffee extraction
kinetics in a well-mixed batch reactor. This is accomplished by the unique sampling approach
to fractionate coffee extract at previously unachievable time scales. Coffee extraction kinetics
for caffeine, chlorogenic acid (3-CQA), citric acid, malic acid, and quinic acid are measured
between 5 s and 600 s with 80% of the extraction data collected under 35 s.

Individual chemical compounds with nearly identical molecular weights had very
different extraction kinetics in the first 30 s. Two compounds, caffeine and 3-CQA, showed a 3
to 4 s delay in extraction. For the three other compounds, extraction began immediately. This
is the first data set to capture this behavior. 50% of the citric and malic acid concentration was
found to extract within the first 10 s, highlighting the criticality of understanding extraction

kinetics at early time scales.



The extraction data collected by the new method provided direct evidence of two
distinct extraction regimes during brewing; an initial rapid extraction regime followed by a
slower extraction regime. A new two term empirical model to describe these two extraction
regimes is introduced. The characteristic time of the rapid extraction regime varies between 5
and 15 s, whereas the characteristic time for the slow extraction regime varies between 20 and
150 s for the various chemical compounds measured. This model yielded excellent fits to the
measured kinetic data, with mean percent errors under 10%, and in many cases 5% or less.

Understanding short time kinetics can lead to improved sensory attributes and coffee

extraction efficiency, differentiate products on shelves, and increase revenue growth and profit.
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Chapter 1: Introduction

Coffee in its variety of brew methods, drip, espresso, cold brew and so forth, is one of
the most consumed beverages worldwide. The consumption of coffee beverages dates back to
the 15™ century, and in 2023 was more than a $116 billion global market. Coffee is the second
most traded commaodity, after oil, and has emerged as major economic factor for several
countries and communities [Juma, C. 2016, Markets and Research 2024].

The single-serve coffee market has emerged as a dominant player in the food and
beverage industry, demonstrating an astonishing 56,000% growth from 2000 to 2014, as shown
in Figure 1.1 and Figure 1.2 [Gonzalez, A. 2014, Trefis Team 2016]. As depicted in Figure 1.2,
single serve coffee brewing methods have disrupted the US market, changing how at home
coffee is prepared with approximately 28% of consumers choosing a single-serve preparation
method versus traditional drip brew (37%), espresso machine (10%), bean to cup (8%), French

press (2%), or other (15%) methods [National Coffee Association of U.S.A. 2024].

The rise of coffee pods

) Explosive growth
Coffee pod sales as a percentage of coffee sales, since 2000. In dollar terms, sales of coffee in pods are quickly catching up
34% with traditional roast coffee
Roasted coffee
25 Dellion 2013 (estimated) Single-cup coffs
30% Roasted coffee B single<up =
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Figure 1.1: Percentage of Coffee Pod Sales of Total Coffee Sales Figure 1.2: Explosive Growth of Single
from 2000 to 2014 [Trefis Team 2016]. Serve Coffee [Gonzalez 2014].



The success of single serve coffee manufacturers has been due to vast brand selection,
availability, and consumer convenience all for customer centricity and customization. As the
North American single serve market has become more competitive, industrial emphasis has
been placed on market differentiation focusing on coffee quality, price point and coffee design
to value. An opportunity for product differentiation is to deliver desired coffee strength out of
a single serve pod. A “weak coffee experience” is the greatest barrier to consumer adoption of
single-serve coffee technologies [Calderone 2016].

Early research by E.E. Lockhart et al. [1955] concluded that the ideal coffee beverage
had strength of 1.15% to 1.35% and a percent extraction of 18-22%. Coffee strength (solubles
concentration) is the percent concentration of the coffee total soluble solids in water on a
wt/wt basis [Mestdagh et al. 2017]. The strength of the brewed coffee beverage is directly
proportional to the coffee to water ratio [Lingle 2011]. Percent extraction (solubles yield) is
the percentage of coffee mass extracted from the coffee particles; approximately 28% of the
coffee particle will dissolve in water, with the remaining percent mass being comprised of
insoluble cellulose fiber. [Lingle 2011].

The work of E. E. Lockhart et al. [1955] was the basis for the Specialty Coffee Association
(SCA) brewing control chart relating total dissolved solids to percent extraction for various
coffee to water brew ratios when prepared with a traditional drip coffee maker as shown in
Figure 1.3. It has been debated whether the SCA chart is applicable to other brewing methods,

including the single-serve and other technologies [Melrose et al. 2018].



Figure 1.3: Drip coffee brewing control chart [E.E. Lockhart et al. 1955].



Chapter 2:Literature Review

Section 2.1: Introduction to Coffee, Harvesting and Coffee Farm Processing

Green coffee beans are the product of dried seeds from the coffee cherry fruit of a
coffee tree. Coffea Arabica is the most common species of the coffee plant whose fruit is
harvested, pulped, washed, fermented, and seeds dried. After trading, the green coffee beans
are post-processed by roasting and grinding [Farah and dos Santos 2015].

Figure 2.1 shows the processing steps of coffee cherries after harvesting. There are
three primary processing methods where the endosperm is separated from the rest of the fruit.

These three methods are: natural or dry, semi-washed or pulped natural, and wet or washed.
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Figure 2.1: Coffee cherry processing steps post-harvest, and an overview of the natural, pulped
natural and washed processing methods. [Farah and dos Santos 2015]




At the time of harvesting, overripe, ripe, and unripe coffee cherries are indiscriminately
collected. A separation step is used for separating ripe, unripe, and overripe cherries. A water
floatation method is the most common process used as overripe cherries float in water,
whereas ripe and unripe cherries sink due to density differences. The separation of overripe
cherries is critical as they have started to naturally ferment, and therefore mold, which leads to
poor coffee quality. The green processing method of the harvested coffee has a large impact
on the sensory characteristics of the brewed coffee. For example, green coffee beans
processed via the washed method have been found to be more acidic [Rao 2014; Farah and dos

Santos 2015].

Section 2.2: Overview of Common Coffee Processing Operations

Section 2.2.1: Post-Importation Processing of Green Coffee

After importing green coffee, the next step in the value and operations chains is to turn
the green coffee into a finished product. The most common product developed from green
coffee is roasted and ground coffee, which is later brewed, and its extract consumed as a
beverage. However, there are several other value chain avenues, including decaffeination,
producing ready-to-drink coffee, coffee concentrates, and soluble coffee. The unit operations
in producing roasted and ground coffee include green bean cleaning (a final effort to remove
any additional foreign objects such as stones or other plant matter), roasting, grinding,
degassing, and packaging [Clarke (Ed.) 2012b].

Figure 2.2 shows typical processing steps within the value chain after importing green

coffee and up to the shipment of finished goods to consumers [Clarke (Ed.) 2012b]. | N



Figure 2.2: Post importation processing of green coffee to various finished goods.

Section 2.2.2 Coffee Roasting

The coffee roasting process is a critical step that influences coffee beverage chemical
composition, especially in the development of flavor compounds in the finished beverage [Wei
and Tanokura 2015, Buffo and Cardelli-Freire 2004]. A series of complex chemical reactions

occur during the roasting process where marked physical changes in the bean appearance and



structure are observed. These chemical reactions include: Maillard, Strecker degradation, and
pyrolysis reactions. The change in coffee bean color is a result of the Maillard reactions,
whereas water evaporation, Strecker degradation and pyrolysis reactions result in a significant
expansion of the coffee bean volume [Wang and Lim 2014, Schenker et al. 2000, Buffo and
Cardelli-Freire 2004, Geiger et al. 2005]. A pressure buildup of water vapor and CO; generation
occurs within the coffee bean during roasting. This pressure develops a porous structure within
the coffee bean [Wang 2012]. Figure 2.3 shows the evolution of the coffee bean structure

during various stages of roasting.

Green Start-of- End-of- 48s-after- Start-of- End-of- 48s-after-
beans 1st-crack 1%t-crack 1st-crack 2™-crack 2"d-crack 2"-crack

210°C

220°C

230°C

240°C

Figure 2.3: SEM images of the internal coffee bean structure at various stages of roasting. The
temperatures for each row were the end point roast temperatures. [Wang 2012].

Geiger et al. [2005] claims that the thermo-mechanical behavior and expansion of the
coffee bean during a roasting event is due to polysaccharide state transitions. The cellulose

structure changes from a glassy to a rubbery state as temperature increases. The authors claim



that it was in the rubbery state that the greatest coffee bean volume expansion was observed.
In all studied roasting events, the generation and release of water vapor was always greater
than that of carbon dioxide, and thus the main driving force to coffee bean expansion during
roasting was attributed to the evaporation of water. Geiger et al. [2005] also reported that in
low temperature, long time roasting events (LTLT), more water vapor and carbon dioxide was
generated than high temperature short time (HTST) roasting events. These structural changes
influence coffee extraction, flavor retention, aroma release, coffee oil migration, and coffee
degassing behavior [Geiger 2004].

Bustos-Vanegas et al. [2018] observed that higher roasting temperatures provided
greater bean expansion, consistent with the findings of Schenker et al. [2000], Geiger [2004],
and Geiger et al. [2005]. The authors found that the coffee bean expansion was isotropic at
temperatures around 220°C. Moreover, it was noted that at roasting temperatures of 200°C,
the growth rate in each axis was temperature dependent, noting a larger growth rate in the
longitudinal axis of the bean.

Coffee is roasted to various degrees, providing different flavor profiles [Buffo and
Cardelli-Freire 2004]. Given the collective findings of structural changes during the roasting
process, Geiger [2004] claimed that controlling the temperature increase during roasting and
pre-conditioning the moisture content of the green beans could be methods to influence the
development of a roasted coffee bean structure to a desired state. For example, implementing
these steps could lead to a better flavor or aroma, or improved extraction with an engineered
coffee particle structure.

Oliveros et al. [2017] expands upon predicting the structure of roasted coffee by
including the dynamic development in bean porosity into the heat and mass transfer models.
This new addition is claimed to improve the prediction of a particular bean structure during a
roasting process based on just the roasting temperature. The inclusion of the dynamic
porosity transformations during roasting provided an explanation as to why a slowing of
moisture loss is observed during the roasting process, despite porosity increasing. The authors
point to the thermal transfer as being the dominate process versus the mass transfer, and the

increasing porosity creates an insulating effect, reducing thermal conductivity.



Section 2.2.3: Roasted Coffee Grinding

After roasting, whole bean coffee is permitted sufficient time to cool prior to grinding
the coffee. It has often been suggested that it is beneficial to use a cutting method for size
reduction of roasted coffee versus other means such as crushing, impact or tearing. The
preferred process of a cutting method is believed to give more control over the resulting grind
size distribution [Clarke (Ed.) 2012b]. The size reduction technology chosen is intimately tied
with the intended beverage to be produced. Various types of coffee beverages have different
desired grind sizes. For example, typical coffee grind sizes for percolators are 1130 um, filtered
coffee is 800 um [Clarke (Ed.) 2012b], single serve pods are 600 um [Wang et al. 2016],
espresso coffees are approximately 320 um [Melrose et al. 2018], and so forth. A summary of
particle sizes and the percent volume of fines (particles <100 pum) found in those distributions

for various beverages are seen in Figure 2.4.
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Figure 2.4: The percent volume of fine particles (<100 um) versus median particle size of grind
size distributions for various brewing technologies [von Blittersdorff and Klatt 2017].

Typical grinding equipment found in café shops and large production facilities are those

of parallel discs or burrs and of multistage roll mills, respectively. Single stage size reduction



techniques, like those of the common burr grinder, have higher variation in the resulting grind
size distributions than those of multistage size reduction such as the three stage roll mills
offered by Neuhaus Neotec, MPE, and Probat [von Blittersdorff and Klatt 2017, Clarke (Ed.)
2012b].

Coffee grinding studies have investigated the effects of coffee origin, post-harvest
processing methods, and cryogenic temperatures on size reduction of coffee. Uman et al.
[2016] reported that coffee origin and different green bean processing methods, such as
washed versus natural, had no significant impact on grind size distributions under similar
grinding conditions. The authors did report that cryogenically grinding the coffee did produce a
narrow size distribution of a finer particle size; experiments were targeting a particle size of ca
70 um. Cryogenic grinding has also been reported to aid in the retention of volatiles and

aromatic compounds [Clarke (Ed.) 2012b].
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Section 2.2.5: Degassing and Packaging of Coffee

After the roasting process, coffee continues to release carbon dioxide from the bean for
several days if it remains in whole bean format [Geiger et al. 2005]. On the other hand,
degassing for freshly ground coffee can be on the time scale of hours as degassing rates are
attributed to the disruption of the pore structures and increased surface to volume ratio of the
particles due to size reduction [Wang and Lim 2014].

Primary packaging considerations for whole bean coffee and ground coffee are
important to preserve freshness and quality. Oxidation and moisture ingress are the two
primary concerns as both have large influences on coffee becoming stale. Prior to the advent
of the one-way valve in multilayer metal or foil bags, a fine balance had to be struck between
degassing behavior and packaging, as carbon dioxide continues to escape the coffee over a long
period of time in whole bean format. The one-way valve permitted the packaging to release
the pressure buildup of degassing coffee while on the shelf, maintaining the appropriate barrier
properties for oxidation and moisture [Clarke (Ed.) 2012b]. In single serve pods, there are no
valves on the pods to permit degassing, and therefore it is a challenge to ensure appropriate

packaging times are coupled with degassing behaviors to preserve the freshness of the coffee.



Section 2.3: Physical and Chemical Properties of Green and Roasted

Coffees

Section 2.3.1: Physical Properties of Roasted Whole Bean and Ground Coffee
Previously reported physical attributes of roasted whole bean and roasted ground
coffee include whole bean and ground coffee particle porosities, particle sizes, particle true
densities, loose bulk density, tapped densities, particle sphericity, and particle pore size
distributions. Table 2.1 provides a summary of several physical properties for whole bean

coffee.

Table 2.1: Select physical properties of whole bean coffee. Note: LTLT: low temperature, long
time roasted; HTST: high temperature, short time roasted; -M: medium roast; -D: dark roast.

Origin  Species Green or Roasted Sample ID Total Density Porosity Source
Roast Loss % (g/mL) (%)
Brazil  Arabica Roasted LTLT-M 15.7 0.626 * Wang, X. and Lim, L.T. 2014
Brazil  Arabica Roasted HTST-M 14.9 0.585 * Wang, X. and Lim, L.T. 2014
Brazil  Arabica Roasted LTLT-D 18.1 0.561 * Wang, X. and Lim, L.T. 2014
Brazil  Arabica Roasted HTST-D 17.6 0.522 * Wang, X. and Lim, L.T. 2014
* Arabica Green * * * 9.88 Oliveros et al. 2017
* Arabica Roasted * * * 34.24 Oliveros et al. 2017
Brazil  Arabica Green * * 1.126 4.75 Pittia et al. 2011
Brazil  Arabica Roasted * 16 0.603 41 Pittia et al. 2011
Colombia Arabica Roasted HTST 15.33 0.622 52.8 Schenker et al. 2000
Colombia Arabica Roasted LTLT 15.81 0.747 47.4 Schenker et al. 2000

Many of these physical attributes are dependent on the history of coffee processing
steps such as roasting and grinding, as discussed above. Roast and ground particle size
distributions are frequently reported as bimodal, and the bimodal description is often found
regardless of intentional efforts to create a particle size target mean or median value
[Corrochano 2017, Moroney et al. 2015, Uman et al. 2016, Wang et al. 2016, Kuhn et al. 2017,
von Blittersdorff and Klatt 2017].

Roasted and ground coffee, a plant-based material, presents itself as a porous cellular

matrix. A roasted and ground coffee particle can be described as an irregular shaped, dense
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cellular material, with cleaved cells present at the surface of the particle, like that of other
beans, seeds or like plant derivatives [Fiori et al. 2009]. These cleaved cells can be measured in
a variety of ways, but most readily via SEM imaging, and are reported to be 20-60 um in
diameter. Beyond the cleaved, surface cellular layer, the porous structure of coffee is limited to
macropores (intact cells) and mesopores between the plant cell walls, or the plasmodesmata,
connecting adjacent cells to one another. Robards and Lucas [1990] describe plasmodesmata
as critical structures to plant tissue function. These small pores transverse the cell wall forming
cell to cell connections and are primarily responsible for water and solute transport through the
plant tissue. The tortuous path of one cell being connected to another can be readily
envisioned as the shape of an hourglass, where these mesopores range between 10 to 50 nm in
diameter [Schenker et al. 2000, Wang and Lim 2014, Corrochano 2017].

Roasted whole bean and roasted ground coffee particle porosity values have been
found to vary from 0.34 to 0.65 (Oliveros et al. 2017, Schenker et al. 2000), moreover Schenker
et al. [2000] shows the roasted whole bean porosity is dependent on the preceding thermal
treatment. The resulting porosity of roasted whole bean coffee is a result of the roasting
speed, time, and temperature. Beyond the overall increase in total bean volume during
roasting, it was found that the porosity of the cell walls in the HTST coffee was larger, with an
average pore radius of 13 nm versus the average pore radius of 11 nm in the LTLT coffee.

Roasted and ground coffee has been reported to contain closed cell porosity, which is
interpreted from the data obtained by a combination of helium pycnometry and mercury
intrusion porosimetry. Closed cell porosity is the intragranular porosity of the particle that is
inaccessible by helium or mercury; this was first reported by Mateus et al. [2007] and
Corrochano [2017], respectively. The values of closed cell porosity were reported in the range
of approximately 0.20 and 0.45 cm3 g%, and were dependent upon particle size, with the latter
values being for coarse particles.

Several studies have used x-ray tomography to observe the physical structure of the
coffee bean, specifically the intragranular porosity before and after roasting. This was
completed by taking several 2D images and compiling them to create a 3D rendering of the

structure [Pittia et al. 2011, Frisullo et al. 2012]. It was found by Pittia et al. [2011] that pore
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shape, size, and the distribution density of pores varied throughout a roasted coffee bean.
Large, roundish pores were predominantly found in the exterior portions of the bean, while
smaller pores were concentrated towards the inner, central part of the bean; while not
mentioned by Pittia et al. [2011], it is reasonable that this observation is indicative of the heat
transfer gradient in the bean during a roasting event. This work dismisses the homogeneous
assumptions of a consistent pore network within the bean, and therefore it is reasonable to
assume that ground pieces of coffee from the same bean could have different particulate
porosities. The authors reported macropores (intact cells) within the roasted whole bean to be
between 10-70 um.

Frisullo et al. [2012] investigated differences between the two most common coffee
species, arabica and robusta, and found differences in the porous structure. The arabica coffee
had a lower overall porosity based on total pore volume, but a greater number of pores,
suggesting a high number of small pores than the Robusta Coffee. The work by Frisullo et al.
[2012] confirms the previous work of others showing that all coffees post roasting had
increased pore volumes.

The true density of coffee has been reported in the range of 1.1 to 1.36 g cm™3 [Singh
1997], while others have reported values within the range of 1.3 to 1.35 g cm™ [Corrochano
2017]. Bustos-Vanegas et al. [2018] have reported relationships of true density of coffee beans
as a linear function of the moisture content as a result of the roasting process. However, the
equation utilized in those calculations is a measurement of the apparent density of the coffee
bean, as the volume is calculated using a semi-ellipsoid calculation where the a, b, and c axes
are measured via x-ray tomography and incorporates the intra-granular porosity of the particle.
Helium pycnometry measurements of true density of various ground coffees with differing
moisture contents have not been found in literature. This may be due to standard of identity
requirements from government regulatory agencies, such as the USDA, limiting the maximum
moisture content of regular roast and ground coffee to 5% [USDA CID A-A20213B], where the
typical moisture level of roasted whole bean and roasted ground coffee is 1- 2% [Geiger et al.
2005, Rao 2014]. Given this narrow range of moisture conditions for this material, it would be

estimated that the differences in true density due to moisture would be negligible.
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The force required to fracture a roasted coffee bean was investigated by Pittia et al.
[2001] who measured the breakage force of roasted beans for various thermal treatments; the
breakage force ranged from 50-250 N. This study included both arabica and robusta species,
roasted to light and dark levels, including the high temperature, short time (HTST) roasting
method, and a thermal treatment via vacuum oven drying. The authors used an Instron to
generate a force-displacement curve for each sample, where the point of fracture was used as a
proxy for mechanical strength of the roasted bean. It was found that as heating time and
temperature increased, the observed force at failure decreased, indicating a progressive decline
in strength as heat treatment continues. All samples demonstrated characteristics of low
strength, low toughness, and low deformability, all indicative of a material that is fragile and

brittle in nature.

Section 2.3.2: Chemical Composition of Green and Roasted Coffee

Green and roasted coffees are comprised of polysaccharides, oligosaccharides, proteins,
lipids, acids and other minor constituents, such as the widely associated molecule found in
coffee beverages, caffeine [Clarke (Ed.) 2012a, Povey et al. 2020]. Table 2.2 provides a

breakdown of green and roasted coffee content as a percentage of its composition.

Table 2.2: Contents of green and roasted arabica and robusta coffees
[Clarke (Ed.) 2012a].

Arabica Robusta
Component Green Roasted Green Roasted
% Composition

Minerals 3.0-4.2 3.5-4.5 4.0-4.5 4.6-5.0
Caffeine 0.9-1.2 ~1.0 1.6-2.4 ~2.0
Trigonelline 1.0-1.2 0.5-1.0 0.6-0.75 0.3-0.6
Lipids 12.0-18.0 14.5-20.0 9.0-13.0 11.0-16.0
Chlorogenic Acids  5.5-8.0 1.2-2.3 7.0-10.0 3.9-4.6
Aliphatic Acids 1.5-2.0 1.0-1.5 1.5-2.0 1.0-1.5
Oligosaccharides 6.0-8.0 0-3.5 5.0-7.0 0-3.5
Polysaccharides 50-55.0 24.0-39.0 37.0-47.0 *
Amino Acids 2 0 2 0
Proteins 11.0-13.0 13.0-15.0 11.0-13.0 13.0-15.0
Humic Acids * 16.0-17.0 * 16.0-17.0
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Caffeine, chlorogenic acids, and organic acid contents of coffee have been extensively
studied and published. Table 2.3 lists previously reported 3-O-Caffeoylquinic acid (3-CQA)
content per gram of green or roasted coffee. Caffeine and chlorogenic acid content have been
studied for a variety of factors including as function of roasting [Perrone et al. 2010, Jeon et al.
2017], brew method [Moeenfard et al. 2014], coffee origin [Jeon et al. 2017], coffee species and
variety [Farah et al. 2005, Perrone et al. 2008b], and between decaffeinated, regular and
instant [Perrone et al. 2008a].

Caffeine content in roasted coffee has been found to vary between 850 to 2000
mg/100g of coffee depending on the species. Citric acid content has been found to vary
between 1.8-4.2% by dry weight depending on the degree of roast [Clarke (Ed.) 2012a, Perrone
et al. 2008b]. Total chlorogenic acid content is greater in green coffee than roasted coffee,
degrading from 5.5-8.0% in green coffee to levels below 2.5% in roasted coffee. However, the
content of 3-CQA was reported lower by Perrone et al. [2008b] and Farah et al. [2005] for green
coffee than very light or light roasted coffee, which is an indication that some of the total
chlorogenic acid content, for example 5-Caffeoylquinic acid (5-CQA), initially breaks down into

3-CQA at light roasts.
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Table 2.3: 3-CQA content in various coffees for green coffee and a variety of degrees of roast.

Origin or Type Species Roast or % Wt Loss 3-CQA (mg/g) Source
Brazil cv. Mundo Novo Arabica Green Coffee 667 Perrone, D. et al. 2008b
Brazil cv. Mundo Novo Arabica 11.5 1097 Perrone, D. et al. 2008b
Brazil cv. Mundo Novo Arabica 13.6 721 Perrone, D. et al. 2008b
Brazil cv. Mundo Novo Arabica 15.4 433 Perrone, D. et al. 2008b
Brazil cv. Mundo Novo Arabica 16.1 325 Perrone, D. et al. 2008b
Brazil cv. Mundo Novo Arabica 19.9 52 Perrone, D. et al. 2008b
Brazil cv. Catuai Vermelho Arabica Green Coffee 618 Perrone, D. et al. 2008b
Brazil cv. Catuai Vermelho Arabica 10.4 1030 Perrone, D. et al. 2008b
Brazil cv. Catuai Vermelho Arabica 11.7 808 Perrone, D. et al. 2008b
Brazil cv. Catuai Vermelho Arabica 14.1 495 Perrone, D. et al. 2008b
Brazil cv. Catuai Vermelho Arabica 15.0 328 Perrone, D. et al. 2008b
Brazil cv. Catuai Vermelho Arabica 17.9 70 Perrone, D. et al. 2008b
Brazil cv. Conillon Canephora Green Coffee 1066 Perrone, D. et al. 2008b
Brazil cv. Conillon Canephora 10.4 1308 Perrone, D. et al. 2008b
Brazil cv. Conillon Canephora 11.7 1065 Perrone, D. et al. 2008b
Brazil cv. Conillon Canephora 14.1 711 Perrone, D. et al. 2008b
Brazil cv. Conillon Canephora 15.0 563 Perrone, D. et al. 2008b
Brazil cv. Conillon Canephora 17.9 96 Perrone, D. et al. 2008b
Brazil cv. Bourbon Arabica Green Coffee 483 Farah, A. et al. 2005
Brazil cv. Bourbon Arabica Very Light 996 Farah, A. et al. 2005
Brazil cv. Bourbon Arabica Light 816 Farah, A. et al. 2005
Brazil cv. Bourbon Arabica Light Medium 459 Farah, A. et al. 2005
Brazil cv. Bourbon Arabica Dark Medium 199 Farah, A. et al. 2005
Brazil cv. Bourbon Arabica Dark 123 Farah, A. et al. 2005
Brazil cv. Bourbon Arabica Very Dark 80 Farah, A. et al. 2005
Ethiopia cv. Longberry Arabica Green Coffee 478 Farah, A. et al. 2005
Ethiopia cv. Longberry Arabica Very Light 951 Farah, A. et al. 2005
Ethiopia cv. Longberry Arabica Light 805 Farah, A. et al. 2005
Ethiopia cv. Longberry Arabica Light Medium 344 Farah, A. et al. 2005
Ethiopia cv. Longberry Arabica Dark Medium 181 Farah, A. et al. 2005
Ethiopia cv. Longberry Arabica Dark 110 Farah, A. et al. 2005
Ethiopia cv. Longberry Arabica Very Dark 53 Farah, A. et al. 2005
Uganda cv. Robusta Canephora Green Coffee 925 Farah, A. et al. 2005
Uganda cv. Robusta Canephora Very Light 1257 Farah, A. et al. 2005
Uganda cv. Robusta Canephora Light 1087 Farah, A. et al. 2005
Uganda cv. Robusta Canephora Light Medium 623 Farah, A. et al. 2005
Uganda cv. Robusta Canephora Dark Medium 334 Farah, A. et al. 2005
Uganda cv. Robusta Canephora Dark 219 Farah, A. et al. 2005
Uganda cv. Robusta Canephora Very Dark 108 Farah, A. et al. 2005
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Section 2.3.3: Impact of Caffeine, Chlorogenic Acid, and Organic Acids on Sensory

Sensory analysis of coffee beverages has been concentrated on the flavor profile of the
beverage as experienced by the consumer. The consumer experience is a combination of
aroma, mouthfeel, and flavor. There has been a lot of focus on studying the hundreds of
volatile compounds in both the aroma and liquid beverages thought to contribute to positive
sensory scores in coffee beverages, but not nearly as much on non-volatile compounds
[Sunarharum et al. 2014]. The studied non-volatile compounds believed to contribute to
sensory impact are caffeine, trigonelline, proteins, polysaccharides, melanoidins, carboxylic
acids, chlorogenic acids, lipids and minerals [Buffo and Cardelli-Freire 2004]. Buffo and Cardelli-
Freire [2004] state caffeine contributes to bitterness and is associated with body and strength
of a coffee beverage. The authors also note that carboxylic acids primarily influence the
sourness of the beverage, while chlorogenic acids and products of chlorogenic degradation are
drivers of astringency.

Early correlation work was done by Farah et al. [2006] who investigated correlations in
caffeine, chlorogenic acids, and trigonelline with cup quality in a variety of Brazilian coffees.
The authors found that higher levels of 5-CQA was associated with an inferior cup quality, while
trigonelline, 3,4-dicaffeoilquinic acid, and caffeine associated with better cup quality. Itis
important to keep in mind that the results presented were correlative and not causative. The
study could be improved where known concentrations of these compounds could be added to
beverages and evaluated for sensory. Contradictory results to Farah et al. [2006] were
presented by Zanin et al. [2016] who reported a wide range of various chlorogenic acid
contents, specifically 5-CQA, in various processed Brazilian coffees. The authors in that study
concluded that brewed coffees with high chlorogenic acid contents could have good cup

quality, and ultimately found no correlation of 5-CQA to coffee cup quality.
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Section 2.4: Overview of Brewing Various Coffee Beverages

Section 2.4.1: Brewing Roasted and Ground Coffee

The general process of coffee extraction has been studied extensively over the past 50
years. There are numerous brewing techniques employed around the world to create the
beverage consumer’s demand. Coffee brewing technology has changed during the past three
decades, especially as more literature was published about common preparation techniques.
Moreover, it has permitted the comparison of several of the more common techniques, where
often the authors conclude there is no one technique better than any other, even with marked
differences in the end state beverage [Gloess et al. 2013, Angeloni et al. 2019].

Coffee brewing and the extraction of soluble coffee solids from roasted and ground
coffee is a series of complicated, time dependent interactions to make a beverage. Voilley and
Simatos [1980] provide an explanation of the general extraction process:

1) Introduction of water to the solids where the particles are surface wetted
and imbibition of water into the particles occurs.

2) Concurrently during the imbibition process, the initial wetted surfaces of the
coffee containing soluble solids begin to dissolve in the presence of the
water.

3) Dissolution of soluble components continues to occur as the liquid-solid
interface penetrates through the porous cellular matrix of the coffee particle,
until reaching the core of the particle.

4) In parallel to the liquid-solid interface progressing through the particle,
diffusion of the dissolved soluble solids is occurring at both the surface and
throughout the matrix of the wetted portion of the coffee particle.

5) These processes, dissolution of soluble species and diffusion throughout the
particle, occur until the bulk liquid and the bulk wetted solids are physically
separated or until a state of equilibrium is achieved between the wetted

solids and bulk liquid.
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Section 2.4.2: Comparison of Common Brewing Methods

Common coffee brewing technologies include: French press, espresso, pour-over
filtered coffee, percolator, moka, aeropress, espresso pods, gravimetric or low pressure filtered
pods, and cold brew [Angeloni et al. 2019]. As mentioned in Section 2.2.3 and shown in Figure
2.4, the grind size distribution varies greatly amongst the various brewing technologies.

Many of the previous studies focused on comparing filtered coffee to espresso, as these
two were the most widely consumed coffee beverages [Ludwig et al. 2012]. Ludwig et al.
[2012] investigated the impact of brew time on espresso and filtered coffee brewed beverages
by fractionating the beverage during the brewing process for both an arabica and robusta
coffee. Concentrations of caffeine and antioxidant compounds, including chlorogenic acids
were measured and compared between the two brewing methods as a whole, and on a
fraction-by-fraction level. Table 2.4 shows the aggregate results from Ludwig et al. [2012] of
the caffeine and 3-CQA concentrations for the espresso and filtered brew methods, and for

both arabica and robusta coffees.

Table 2.4: Caffeine and 3-CQA concentrations per fraction for espresso and filter brewed coffee
[Ludwig et al. 2012].

Brew Method Origin-Species Fraction ID Extraction Time (s) Fraction Brew Volume (mL) Caffeine (mg/100mL) 3-CQA (mg/100mL)

F1 0-8 16 297 91
Guatemala
Espresso . F2 8-16 14 83 26
Arabica
F3 16-24 17 40 15
. F1 0-8 17 575 49
Vietnam
Espresso F2 8-16 14 159 16
Robusta
F3 16-24 15 75 9
F1 0-75 80 107 31
Guatemala F2 75-150 146 57 17
Filter . F3 150-225 186 36 11
Arabica
F4 225-300 94 49 15
F5 300-375 26 89 25
F1 0-75 74 66 11
. F2 75-150 120 158 19
X Vietnam
Filter Robusta F3 150-225 160 113 15
F4 225-300 112 104 15
F5 300-375 54 118 15
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The collected fractions of espresso showed pronounced differences in the antioxidant
capacity with 70% of the overall concentration found in the first fraction of espresso; the brew
was divided up into three equal sections by time. The third and last fraction of the espresso
only accounted for 12% of the total antioxidant concentration. Filtered coffee showed very
different behaviors for extraction than espresso, where only 30% of the overall antioxidant
concentration was collected in the first fraction. Different behaviors among the two coffee
types were also observed, where the caffeine concentration in the first fraction of the filter
brew of robusta was nearly half the concentration in arabica, despite having 65% more total
caffeine content. The authors reported that the robusta beverages had less chlorogenic acid
content than arabica, which is a deviation from previously published results.

Comparisons of espresso to filtered coffee beverages continued with work by Gloess et
al. [2013]. The authors studied nine different extraction methods, focusing on various espresso
brewing methods and various filtered or lungo type methods. A lungo coffee is an espresso
based extraction that is diluted down with additional water. The studied methods included
semi-automatic machines for both espresso and lungo formats, automatic machines for both
espresso and lungo formats, espresso capsules, a moka brew, pour-over, drip filtered, and a
French press. The responses of the experiments in this study were sensory focused such that
physiochemical properties could be related to sensory characteristics of each brew. Positive
correlations were observed for total solids with beverage body or texture, attributing more
coffee body with higher solids. Additionally, positive correlations were observed for the ratio of
caffeine to chlorogenic acids or with bitterness to astringency. Higher sensory scores were
noted for bitterness and astringency in flavor with increasing caffeine; these higher scores were
more pronounced with increasing amounts of chlorogenic acid. It was also noted that there
was no correlation between pH nor titratable acidity with sensory scores for coffee acidity;
however, only one type of coffee was tested in the nine brewing methods.

In general, it was observed that the espresso beverages had a higher concentration of
the compounds studied versus the filtered or lungo type beverages; however, the authors are
quick to note that the total contents per cup are generally higher in filtered or lungo type coffee

beverages. The consumer is unlikely able to discern total contents, and are more sensitive to
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concentration differences, and associate coffee beverage strength with higher concentrations
[Gloess et al. 2013].

Beverage technologies within a beverage type, specifically espresso coffee, were
compared by preparing espressos made via commercial café equipment and two different
espresso capsules manufactured by llly Coffee Company [Parenti et al. 2014]. Each beverage
produced was analyzed for physiochemical properties after brewing. These properties included
percent extraction, caffeine, chlorogenic acid, trigonelline concentrations, foam generation and
stability. Beverages produced by the two capsules were found to have less variation in nearly
each of the 19 measured properties. The authors concluded that the reduced variation in
beverage attributes is due to the control in manufacturing of capsules and the ease of use by
the consumer. These two factors lead to more consistent beverages produced by brewing
single serve capsules [Parenti et al. 2014].

As popularity of cold brew coffee grew in North America, more studies on the extraction
process and physiochemical properties of cold brew versus filtered coffee surfaced, with the
first being by Fuller and Rao [2017]. The authors used identical raw material to compare cold
brew extraction events versus traditional French press extractions and beverages. The
juxtaposition of these two beverages is very intriguing as the two methods of preparing a coffee
beverage represent the two most extreme points on the spectrum of brew temperature and
contact time, where the hot coffee was brewed in six minutes with a water temperature of
98°C and the cold brew was brewed at 21 °C for 24 hours. Table 2.5 shows the 3-CQA and
caffeine concentrations reported by Fuller and Rao [2017] of the final coffee beverage for

various degrees of roast, particle sizes, brew times, and brew temperature.

Table 2.5: Caffeine and 3-CQA concentrations for cold brew and French press coffee brewed
coffee [Fuller and Rao 2017].

400 min Cold Extraction 1440 min Cold Extraction 6 min Hot Extraction
Coffee Roast Grind Size |3-CQA (mg/L) Caffeine (mg/L)| 3-CGA (mg/L) Caffeine (mg/L)| 3-CGA (mg/L) Caffeine (mg/L)
Medium Medium 480+ 60 1060 + 60 510+ 20 1180+ 90 510+ 30 1040+ 70
Medium Coarse 490 £ 30 1130+ 50 520+ 40 1230+ 60 460 £ 40 970+ 70
Dark Medium 38010 970+ 60 39010 1080+ 70 430+ 30 1060+ 70
Dark Coarse 330+ 50 930+ 40 360+ 20 990 + 30 340+ 10 840+ 10
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Fuller and Rao [2017] observed that 3-CQA followed first order kinetics as first published
by Spiro and Selwood [1984]. Concentrations in 3-CQA rapidly increased in the first 180
minutes of cold brew but did not increase beyond 400 minutes of contact time, or
approximately 6.7 hours; caffeine showed similar kinetic behavior achieving near steady state
conditions at 400 minutes. The grind size of the coffee had no impact on the 3-CQA
concentration in all cold brew beverages, suggesting that the rate limiting step in mass transfer
is not related to available surface area or coffee structure. The authors reported higher
concentrations of caffeine in both medium roast coffee and dark roast coffee via the cold brew
method versus the hot brew counterparts. Interestingly, it was observed that the medium
roast coffee had higher concentrations of caffeine and 3-CQA versus the dark roast in the cold
brew beverages.

Fuller and Rao [2017] cited the multiscale model of coffee extraction kinetics presented
by Moroney et al. [2015], as an accurate explanation of the cold brew extraction process.
Evidence for the two-part extraction process proposed by Moroney et al. [2015] can be seen in
the hot brewing of the coffee samples. After six minutes of contact time at 98 °C, caffeine did
not fully extract from the inner cellular matrix; suggesting that caffeine is diffusion limited in a
hot brewing extraction event like the French press method. The authors support the
application of coffee extraction kinetic modeling from Moroney et al. [2015] and Spiro and
Selwood [1984] to cold brew extraction events.

Jeon et al. [2017] measured the concentrations of caffeine and 3-CQA of brewed coffee,
prepared by the pour-over method. Several coffee origins, particle sizes and two different
roasts were tested. Table 2.6 shows the concentrations of caffeine and 3-CQA reported by Jeon
et al. [2017]. The authors reported decreasing caffeine and 3-CQA content with decreasing
particle size. The observed decrease was quite pronounced between the coarse particle size
distribution and the fine particle size distribution, where in most cases the reported
concentrations for both caffeine and 3-CQA were 35-45% lower. It was also reported that the
medium-dark roast coffee had substantially less 3-CQA concentration versus the medium roast

coffee, where the medium-dark roast coffee had 50-65% lower 3-CQA concentrations.
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Table 2.6: Caffeine and 3-CQA concentrations in various brewed coffees prepared by the
pour-over method [Jeon et al. 2017].

Origin or Type  Roast or % Wt Loss Particle Size (um) Caffeine (mg/L) 3-CQA (mg/L)
Brazil Medium Coarse (=21000um) 703 336
Brazil Medium Medium (500 -700um) 639 297
Brazil Medium Fine (<300um) 460 192
Brazil Medium-Dark Coarse (21000um) 592 77
Brazil Medium-Dark Medium (500 -700um) 591 74
Brazil Medium-Dark Fine (<300um) 396 47

Ethiopia Medium Coarse (21000um) 665 426
Ethiopia Medium Medium (500 -700um) 589 362
Ethiopia Medium Fine (<£300um) 420 237
Ethiopia Medium-Dark Coarse (=21000um) 585 146
Ethiopia Medium-Dark Medium (500 -700um) 600 145
Ethiopia Medium-Dark Fine (<300um) 402 92
Kenya Medium Coarse (=21000um) 715 390
Kenya Medium Medium (500 -700um) 630 330
Kenya Medium Fine (<£300um) 460 222
Kenya Medium-Dark Coarse (21000um) 675 128
Kenya Medium-Dark Medium (500 -700um) 657 123
Kenya Medium-Dark Fine (<300um) 461 83
Colombia Medium * 494 290
Colombia Medium-Dark * 523 100
Costa Rica Medium * 577 292
Costa Rica Medium-Dark * 567 109
Guatemala Medium * 553 288
Guatemala Medium-Dark * 524 103
Indonesia Medium * 509 290
Indonesia Medium-Dark * 555 125
Papua New Guinea Medium * 482 261
Papua New Guinea Medium-Dark * 537 109
Tanzania Medium * 534 294
Tanzania Medium-Dark * 537 95

Angeloni et al. [2019] studied the differences of eight extraction methods in terms of

physiochemical differences observed in the end state beverage, all using the same raw
material. Table 2.7 shows the caffeine and 3-CQA concentrations, total dissolved solids (TDS),

and percent extraction for various coffee brewing methods.
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Table 2.7: Caffeine, 3-CQA, total dissolved solids (TDS) and percent extraction for various
coffee brewing methods [Angeloni et al. 2019].

. Grind Coffee Water Brew Brew Brew . Caffeine 3-CQA
Extraction Method Size Mass (g) Volume (mL) Temp (°C) Pressure (Bar) Time TDS % Extraction % (mg/mL) (mg/mL)

Espresso Classical Method (EC)  Fine 14 * 93 9 27(s) 5.20 22.59 4.10 1.80
Espresso Caffe Firenze (ECF) Fine 15 * 92 20 70(s) 3.32 13.46 1.43 0.60
Espresso Specialty Methods (ECS) Fine 18 * 93 9 26.5(s) 8.44 17.54 4.20 1.86
Moka Fine 15 150 100 1.5 2.13 (min) 3.40 28.60 1.28 0.45
V60 Pour-over Method Coarse 15 250 93 1 2.3 (min) 1.55 22.14 0.74 0.31
Cold Brew Coarse 25 250 20 1 4.7 (hr) 154 20.89 1.25 0.50
Aeropress Coarse 16.5 250 93 1 1.35 (min) 1.52 20.56 0.78 0.27
French Press Coarse 15 250 93 1 5(min) 1.35 18.61 0.52 0.21

The authors found that there were significant differences among the eight brewing
methods for percent extraction, total dissolved solids (TDS), and viscosity of the beverage. It
was observed that brew methods with high pressure, specifically the three espresso
preparation techniques, had higher concentrations in chlorogenic acids (in mg/mL) than those
brewed at lower pressures. When comparing concentrations of chlorogenic acids on a mg/cup
basis, it was cold brew that reported the highest values. The authors appropriately call out that
all conclusions drawn from the data must be done so keeping in mind the differences in coffee
to water ratios, brewing pressure, brewing temperature, brewing time, and particle size of the
coffee, as these factors can impact extraction kinetics. Interestingly, the authors make no
reference to Fuller and Rao [2017], who reported very different results in comparing French

press to cold brew preparation methods.

Section 2.4.3: Analysis of Single Serve Coffee Pods & Brewing Systems

The popularity of single serve coffee pods in North America exploded in volume during
the past 10 years, with many years demonstrating exponential growth in sales as seen in Figure
1.2 [Gonzalez 2014]. The pods, commonly referred to as K-Cups, are designed to be brewed by
the Keurig single serve brewers that are commercially available. Given the popularity of K-
Cups, Keurig brewers, and Keurig compatible pods in the market, it is astonishing how little

literature exists on the Keurig brewing system and pods. A sole reference on the subject exists
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which investigated the effects of capsule parameters on coffee extraction when brewed using a
Keurig K-200 commercial brewer [Wang et al. 2016].

Wang et al. [2016] focused on the effects of particle size, packing volume or fill weight,
and brew volume on the physiochemical properties of brewed coffee. The authors also
measured various responses in the appliance, such as brew pressure, temperature, piston
strokes, and air purge time. Table 2.8 shows the measured physiochemical properties of the

brewed coffee for the various brew volumes produced with a Keurig K-200 appliance.

Table 2.8: Brewed coffee total dissolved solids, percent extraction, and caffeine concentration
from a Keurig K-200 brewer, for pods at a 8.9 g coffee fill weight, with a volume mean particle
diameter equal to 734 um, brewed using the 4 oz., 6 oz. and 8 oz. settings [Wang et al. 2016].

Origin Roast Brew Volume (mL) Brew Time (s) TDS % Extraction Yield (%) Caffeine (mg/L)

113 32 1.78 171 560
Ethiopia Medium 170 42 1.28 19.5 420
226 50 1.06 21.39 340
113 31 1.76 16.81 590
Colombia Medium 170 40 1.31 19.89 440
226 48 1.07 21.83 370
113 33 2.16 20.43 660
Ethiopia  Dark 170 38 1.49 22.49 470
226 48 1.15 23.45 370
113 29 2.16 20.12 670
Colombia  Dark 170 38 1.52 23.08 500
226 47 1.22 24.34 410

It was found that reducing the particle size increased the extraction yield with a relative
increase of approximately 65%. An increase of the fill weight in the pod did not change the
percent extraction yield, but did change the ratio of chemical compounds, thus indicating a
likely change in the flavor profile. Greater than 80% of the total solids were extracted from the
pod in the first 113 mL with the remaining water flow merely diluting the beverage and
introducing more astringent and bitter compounds.

Brew time was reported to significantly increase as particle volume mean diameter

decreased. Moreover, the medium roast coffees reported longer brew times than the dark
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roast equivalents. The latter observation went uncommented as this contradicts the former
observation of brew time increasing with smaller particles; the medium roast coffee particles
were coarser at each sieve cut versus the dark roast samples. The time for the air purge to
complete, increased with decreasing particle size, doubling when particle volume mean
diameter changed by a factor of five. The authors attribute this to the greater packing density
as particle size decreases. A similar behavior was also observed with an increasing resistance to
water flow as particle size decreased. Greater extraction yields were observed with decreasing
particle size, and dark roast had greater extraction yields than medium roast, as dark roast has
higher porosity values [Wang and Lim 2014]. A positive correlation between color and TDS was
strong with a correlation coefficient value greater than 0.9.

The authors reported greater changes in acidic and phenolic compounds as particle size
decreased, arguing most extraction occurs at surface and internal particle diffusion is limited
due to the short brew time. The increase of fill weight had little to no change in extraction
yield, but did increase chemical concentrations, as was seen with increasing TDS values. This
reported work was done absent of consumer sensory evaluations and conclusions are solely
based on ratios of the chemical analyses mentioned in the paper. An opportunity exists to
study additional brewers in the Keurig appliance portfolio, as the company advertises

differences in the appliance performances on Keurig.com.

Section 2.5: Factors Influencing Coffee Extraction & Early Models of

Extraction Kinetics

Section 2.5.1: Extraction Process of Cellular Material at Particle Scale: Influences of
Material

Several publications over the last five decades have studied effects of the solid physical
properties or the liquid properties on coffee extraction. Examples of investigated properties
include the effects of particle size, coffee origin, coffee type, coffee roasting, brew
temperature, coffee to water ratio, brew volume, flow rates, brew water pressure, contact

time, coffee swelling, and water quality.
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Among the several studies, Nicoli et al. [1990] repeated the work of Voilley and Simatos
[1980], using robusta coffee instead of arabica coffee, and studied coffee extraction in a well
stirred batch reactor. The authors reported that as temperature substantially increases, the
delta in solid yield values between one minute of extraction time and 30 minutes of extraction
time narrows considerably. This was most evident as the temperature of the water approached
boiling conditions; the solids yield values were within 10% relative difference between 30
minutes of extraction and one minute of extraction. After several minutes at the highest
temperatures, further contact time becomes negligible in solid yield values. It is important to
note the time scale reported, as all the data relating to contact time is after one minute, which
is greater than most commercially available single-serve systems. Contact time likely has a
large influence due to the short brew times in single-serve systems, not to mention the
dynamics of a packed bed are different than a well stirred batch reactor.

It was found that pH remained a constant value regardless of grind size, and that the
optimum situation for solids extraction was with particle sizes between a 40 and 45 US
standard mesh, or between 350-425 um. It was noted that as particle size decreases a
reduction in solid content and optical density was observed, the authors suggested this was due
to the agglomeration of fines creating a reduced surface contact area with water. The authors
made no mention of the dispersion forces in well stirred batch reactor, as in most cases using a
magnetic stir bar, the particles are coupled to the flow lines of the liquid and have no slip
velocities.

Additional work was done by Oshita et al. [1994], who measured total dissolved solids
(TDS) in coffee extract for various temperatures and particle sizes. It was found that decreasing
grind size had an effective increase on the observed rate constant for TDS extraction, as did
increasing brew temperature. Unlike others who previously reported first order steady state
kinetics, the authors claim the extraction process was well represented by an equation of the
second order to fit the data of TDS values.

Beyond studying total dissolved solids or total solids yield, Lee et al. [1992] completed
early studies of 44 components extracted out of drip brewed coffee. The authors determined

the maximum length of time for brewing coffee with this method, drip based, was 10-11
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minutes. The data showed that anything less than seven minutes contributed to less than 80%
of the maximum concentration in a coffee brew. The effects of flow rates were studied as well,
with higher rates of extraction found with higher flow rates of water, 250 mL/min versus 50
mL/min; it was suggested that greater mixing of the coffee grounds and water occurs with
higher flow rates. The authors were able to group compounds into fast and slow extractors,
and noted in 22 of the 44 compounds, the extraction rates were agnostic of the flow rate
utilized in brewing; of these 22 compounds, 16 were fast extractors, and the other 6 exhibited
maxima.

Other factors studied on coffee espresso brewing included the effect of brew pressure
and temperature. Masella et al. [2015] introduced a new patented Caffe Firenze Espresso
brewing method. The authors compared beverage attributes against pre-manufactured
capsules, as capsules were found to be more consistent from previous work [Parenti, A. et al.
2014]. Pressure and temperature significantly affected the espresso coffee quality. Increasing
pressure was found to be beneficial in delivering an espresso with greater body and
appearance, as demonstrated by higher observed values of density, viscosity, total solids and
foam index [Masella et al. 2015].

A more recent study on brewing of espresso focused on the brew process with a
temperature gradient. Salamanca et al. [2017] investigated three brewing scenarios, a ramp up
in water temperature during brewing from 88 °C to 93 °C, a ramp down from 93 °C to 88 °C, and
a fixed temperature of 90 °C during the entire brew process; the authors focused on different
coffees. It was observed that the coffees all demonstrated different physiochemical properties
measured because of the temperature gradients. Most importantly, the authors noted that the
espressos brewed with the ramp up temperature gradient from 88 °C to 93 °C exhibited the
most favorable sensory qualities across all coffees tested.

A missing component from many published studies on coffee extraction is the water
used in preparing the beverage. Water quality recommendations have been established by the
Specialty Coffee Association (SCA) for ensuring a better tasting coffee [Sage 2013]. Navarini
and Rivetti [2010] studied how water quality affects espresso brewing, in particular foam

generation and stability. No difference in brewing times was reported as a function of water
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hardness, with a wide range tested. Water quality did show marked differences in foam
generation, foam texture, and foam persistency. Water with no or near minimal solute
generated less foam during brewing. Foam generated from no solute water (ultra-pure,
reagent grade water), was solely because of the carbon dioxide from the coffee. The study was
absent of mentioning sensory characteristics from the differences in the brewing using various
waters.

Additional factors influencing the brewing process include particle swelling, a dynamic
material property. Mateus et al. [2007] and others have observed that coffee particles swell
during hydration. This swelling has been captured by observing changes in the volume mean
diameter of the particles over a time of 10 minutes when placed in 90 °C water, where a
relative increase of 20-23% has been observed. Mateus et al. [2007] proposes that the water
absorption into the cellular matrix behaves like a plasticizer of the biopolymers,
morphologically changing the cellular structure permitting greater effective diffusivity and
access to the closed porosity. These observations were in support of the previously published
data by Spiro and Chong who demonstrated that the extraction kinetics of caffeine were
approximately double with pre-swollen or previously hydrated coffee versus regular roast and
ground coffee. Similar results have been reported by Hartegan et al. [2020] who found that
coffee particles swell by 15% by volume during brewing, and the observed swelling was
independent of particle size.

In contrast to the studies concluding coffee particles swell during brewing, Corrochano
[2017] found that particles did not swell and suggests water chemistry and degree of roast
differences are the reason for obtaining conflicting results from Mateus et al. [2007]. Maille et
al. [2021] found that particles do not swell within brew methods up to five minutes. The
authors studied different coffee origins, roast levels, decaffeination, water chemistries, and
water temperatures on coffee particle swelling. In situ digital microscopy and liquid dispersion
laser diffraction measurements were used to evaluate changes in particle size due to particle
swelling. Figure 2.5 presented by Maille et al. [2021] shows the in situ, digital microscopy time

sequence images of a single, dark roast coffee particle submerged in deionized water at various
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times. The black contour lines in (e)—(h) are the original contour of the particle in (a) which

was taken after 18 s of being submerged, overlaid on the images (b), (c), and (d).

Figure 2.5: The time sequence images of a single coffee particle of a dark roast, Central
American coffee, submerged in deionized water for: (a) 18 s, (b) 66 s, (c) 180 s, and (d) 283
s. In (e)—(h), the outline of the particle at 18 s is superimposed as a black line on the
original images. All 8 images have the same magnification, and the black scale bar shown in
(a) represents a length of 250 um. [Maille et al. 2021].

The microscopy images show the evolution of gas bubbles growing on the surface of the
coffee particles over time. It was hypothesized that these gas bubbles were formed from the
remaining CO; leaving the coffee particle when brewed, as some CO; does not fully diffuse out
of the coffee matrix after roasting and is trapped due to the closed cell porosity [Mateus et al.
2007, Corrochano, 2017]. The authors determined the buoyancy forces on the large particles at
the start of the recurring laser diffraction measurements skewed the early, sequential particle
size statistics, as the large particles were neither entrained in the flow nor measured until later

in the sequence.
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Section 2.5.2: Modeling Based on Fick’s Second law of Diffusion

The start of modeling of coffee extraction started with modeling of the decaffeination
process where the rate of extraction of caffeine from whole coffee beans was modeled using
Fick’s second law of diffusion [Bichsel 1979]. This work was extended to roast and ground
coffee by Voilley and Simatos [1980]. Voilley and Simatos [1980] studied the brewing process
and observed the influences of coffee to water ratios, particle sizes of coffee grounds, water
temperature, and water-coffee contact time. The key findings from Voilley and Simatos [1980]
included: nearly 90% of all solids content were extracted in the first minute, as particle size
decreased the soluble solids concentration increased in all cases, rates of extraction increased
with increasing water temperature, as ratio of coffee water increased the extraction yield
decreased due to the gradient between the solid and the bulk liquid concentration being
smaller, and that titratable acidity was directly proportional to total solids content in all cases.

Voilley and Simatos [1980] proposed describing the extraction rate of total solids by

means of the diffusion equation in a sphere as provided by Crank [1975].

Oc_ 1 6(
ot  r2or

2D %) Eqn 2.1
ar

This work was limited to a single effective diffusivity and rate constant, which described the
extraction kinetics of the total soluble solids. The application of the analytical solution for
diffusion from a sphere to roast and ground coffee was based on the following assumptions:

1) Particles were spherical.

2) The diffusion process was radial and isotropic, with the diffusion coefficient

being constant or independent of the concentration.

3) All soluble substances are homogenously distributed within each particle.

4) There are no concentration gradients in the solvent (water).
These assumptions permit the application of a simple diffusion model, but it is known the
coffee particles are not spherical, plant materials are often anisotropic, the diffusion coefficient
is not likely constant and is dependent on the concentration in the solvent and the

concentration remaining inside of the particle.
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Section 2.5.3: Steady State First Order Extraction Modeling

A simpler approach than using the full analytical solution to Fick’s second law is
implementing a steady state, lumped parameter mass transfer model where the rate of water
uptake is ignored, and the particles are assumed to be fully hydrated just after solid-liquid
contact; this permits the sole observation of the rate of loss of soluble components from the
particles [Spiro and Selwood 1984]. This approach tests whether the extraction process is
limited by intra-bean diffusion, is limited through the coffee-water interface, or is limited
through a Nernst layer. Secondly, Spiro and Selwood [1984] assume that the particles are
spherical, monodisperse, and homogenous in extractable soluble components. Lastly, since the
model is developed for steady state conditions, it is assumed that the concentrations vary

linearly with distance in the particle and Nernst layer. The resulting model equation is:

Co
ln(C — C) =kopst +a Eqn2.2

where

! (1+ i )=1= Ry + Ry + Ry0 Eqn2.3
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Spiro and Selwood [1984] determined that the rate limiting step of caffeine extraction
was intra-bean diffusion. The authors calculated the diffusivity values of caffeine and found
them to be relatively constant, within a factor of two, at isothermal conditions even for a range
of particle sizes that span a factor of 40, or a particle radius squared factor of 2000. In
comparison of these observed diffusivity values versus those of caffeine in water, the authors
noticed that the diffusivity of caffeine in water was nearly 30 times greater, suggesting that
there is a chemical association of caffeine, and the extraction process is not of pure caffeine but
of a larger molecule, or that the extraction process is greatly hindered by the physical
impediment of the cellular matrix, preventing diffusion of a species out of the particle. Table
2.9 shows the calculated diffusivities of caffeine, Defr, from the observed rate constants as a

function of particle size and temperature reported by Spiro and Selwood [1984].
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Table 2.9: List of calculated effective diffusivities of caffeine for various coffees, roast levels,
particle sizes, water temperatures and treatments.

Particle Water Calculated
Coffee . Roast . er e
L Species Diameter Temperature Diffusivity D¢ Source
Origin (Sample ID) 11 2 4
(um) (°C) (10" m*s™)
Kenya Arabica Medium 190 25.8 1.60 Spiro and Selwood [1984]
Kenya Arabica Medium 256 25.8 2.30 Spiro and Selwood [1984]
Kenya Arabica Medium 354 25.8 3.00 Spiro and Selwood [1984]
Kenya Arabica Medium 494 25.8 2.20 Spiro and Selwood [1984]
Kenya Arabica Medium 726 25.8 2.70 Spiro and Selwood [1984]
Kenya Arabica Medium 976 25.8 2.00 Spiro and Selwood [1984]
Kenya Arabica Medium 1366 25.8 1.70 Spiro and Selwood [1984]
Kenya Arabica Medium 1976 25.8 1.60 Spiro and Selwood [1984]
Kenya Arabica Medium 8260 25.8 2.50 Spiro and Selwood [1984]
Kenya Arabica Medium 976 44.8 4.90 Spiro and Selwood [1984]
Kenya Arabica Medium 976 64.9 8.60 Spiro and Selwood [1984]
Kenya Arabica Medium 976 84.1 17.3 Spiro and Selwood [1984]
Kenya Arabica Green 980 80.0 17.0 Spiro and Hunter [1985]
Kenya Arabica Dark 980 80.0 24.0 Spiro and Hunter [1985]
Kenya Arabica Green-Dry 1072 80.0 23.0 Spiro et al. [1989]
Kenya Arabica Green-Water Swollen 1287 80.0 43.0 Spiro et al. [1989]
Kenya Arabica Green-(Swollen Solute Free) 1287 80.0 60.0 Spiro et al. [1989]
Kenya Arabica Medium-Dry 994 80.0 27.0 Spiro et al. [1989]
Kenya Arabica Medium-Water Swollen 1163 80.0 41.0 Spiro et al. [1989]
Kenya Arabica Medium-Swollen Solute Free 1163 80.0 59.0 Spiro et al. [1989]
Santos Arabica Roasted for 12 min at 230°C <600 90.0 0.11 Zanoni et al. [1992]
Santos Arabica Roasted for 12 min at 230°C 130-138 90.0 0.06 Zanoni et al. [1992]
Santos Arabica Roasted for 12 min at 230°C 247-255 90.0 0.02 Zanoni et al. [1992]
Santos Arabica Roasted for 12 min at 230°C 554-600 90.0 0.42 Zanoni et al. [1992]
Santos Arabica Roasted for 12 min at 230°C 130-138 90.0 0.06 Spiro [1993]
Santos Arabica Roasted for 12 min at 230°C 247-255 90.0 0.23 Spiro [1993]
Santos Arabica Roasted for 12 min at 230°C 554-600 90.0 0.57 Spiro [1993]
Kenya Arabica Medium-Dry 850-1000 25.5 2.45 Spiro and Chong [1997]
Kenya Arabica Medium-Water Filled 850-1000 25.5 5.90 Spiro and Chong [1997]
Kenya Arabica Medium-Solube Free (Caff 0.02M)  850-1000 25.5 6.15 Spiro and Chong [1997]
Kenya Arabica Medium-Solube Free (Caff 0.03M) 850-1000 25.5 7.15 Spiro and Chong [1997]
Kenya Arabica Medium-Solube Free (Caff 0.05M)  850-1000 25.5 5.60 Spiro and Chong [1997]
Kenya Arabica Medium-Solube Free (Caff 0.065M) 850-1000 25.5 8.35 Spiro and Chong [1997]
Kenya Arabica Green-Dry 850-1000 25.5 1.75 Spiro and Chong [1997]
Kenya Arabica Green-Water Filled 850-1000 25.5 5.25 Spiro and Chong [1997]
Kenya Arabica Green-Soluble Free (Caff 0.03M) 850-1000 25.5 8.35 Spiro and Chong [1997]
Kenya Arabica Green-Soluble Free (Caff 0.065M)  850-1000 25.5 8.80 Spiro and Chong [1997]
Kenya Arabica Medium 1700-2000 80.0 15.8 Jaganyi and Madlala [2000]
Santos Arabica Medium 1700-2000 80.0 20.5 Jaganyi and Madlala [2000]
Blue Mtn. Java Arabica Medium 1700-2000 80.0 19.6 Jaganyi and Madlala [2000]
Zimbabwe  Arabica Medium 1700-2000 80.0 20.3 Jaganyi and Madlala [2000]
Mocha Arabica Medium 1700-2000 80.0 15.9 Jaganyi and Madlala [2000]
South Africa Arabica Medium 1700-2000 80.0 18.0 Jaganyi and Madlala [2000]
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It is important to note the experimental setup designed and used by Spiro and Selwood
[1984]. This method is often referred to a well stirred batch reactor, or slurry method. Sieved,
ground coffee is placed in a stirred water bath at isothermal conditions, where aliquots during
the extraction event are taken as function of time. This setup is important as it ensured the
particles were instantly dispersed when added to the water and there was no residence time
distribution of the particles in the solvent, unlike that of a coffee bed with a moving solid-liquid
interface. This setup was later used by Corrochano [2017] and a modification of this setup is
proposed in this thesis.

Spiro and Page [1984] repeated kinetics studies of caffeine extraction using a spinning
disc with attached coffee to assess the effect of the diffusion through different Nernst layers.
They concluded that at a constant rotational speed, the observed rate constant was inversely
proportional to the particle radius squared. The observed rate constants were independent of
the applied rotational speed, concluding that particle diffusion is the rate limiting step in
caffeine extraction from roast and ground coffee particles.

Spiro and Hunter [1985] repeated the methodology of measuring kinetics of caffeine
from the work of Spiro and Selwood [1984], but rather focused on the effects of roasting,
comparing green coffee against five different roasted coffee samples. The authors reported
that the rate constant, ks, was highly dependent on the roast level, as the physical changes in
bean volume (measured as an ellipsoid) were large as roast level increased. Spiro and Hunter
[1985] suggest the cellular structure and the coffee particle cellular matrix is the most
influential piece to affecting the diffusion of caffeine from roasted coffee, in contrast to the
near constant effective diffusivities for a broad range of particle size reported by Spiro and
Selwood [1984]. The authors suggested that there is a tipping point in which the degree of
roast is so extreme that the cellular structure is compromised and thus the rapid initial
extraction of caffeine is captured by the large intercepts in the extraction versus time plots.
The calculated effective diffusivities reported by Spiro and Hunter are listed in Table 2.9.

Spiro et al. [1989] investigated extraction kinetics of caffeine where an additional
preparation step was involved for both roasted ground coffee and ground green coffee. The

samples were prepared in a manner where they were “pre-swollen,” by placing roasted coffee
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beans in a coffee extract equal in concentration to the soluble solids found in a coffee bean, or
“solute free,” where the coffee had been through a numerous series of extraction events such
that no soluble solids remained in the matrix. The authors proposed six reasons for slow intra-
bean diffusion including inward flow of water inhibiting the diffusion process, swelling of the
bean increasing the length of the diffusion path, dissolution of the material before it can
diffuse, molecular association with the matrix, molecular association with other molecules, and
physical restraints by the matrix known as the bean tortuosity.

In this study, Spiro et al. [1989] provided data collected by scanning electron microscopy
(SEM) on the swelling of coffee particles after several minutes submerged in 80°C distilled
water. Values of swelling were reported to be approximately 20% and 17% for green coffee
particle and roasted coffee particles, respectively. In well stirred batch reactor coffee
extraction testing, the rate constants k,, of pre-swollen and solute free beans were found to
be double that of the control materials. The half-lives of caffeine infusion from the two
treatments were found to be half that of the control. The authors concluded that the first four
of six proposed reasons for slow intra-bean diffusion accounted for an observed hindrance
factor of 3, while the last two comprise an additional hindrance factor of 4, thus giving further
insight into specific events leading to observed, slow diffusion in coffee extraction processes.

While these observations of faster rate constants were enlightening, there was a missed
opportunity to explore the physical changes due to the treatments to the coffee. A surface
area and a pore size analysis of the ground green and roasted coffees post treatment could
have ruled out faster rate constants as result of morphological changes due to the treatment
process. Moreover, rather than only surface drying the coffee and measuring kinetics of
extraction, a complete drying step could have been included to ensure that the slower rates
were due to water intrusion and dissolution and again not morphological changes to due to the
expanded matrix. Without a better control and additional data regarding the changes to
morphology because of the treatment process, it is difficult to truly assign proportions of
hindrance factor to the six proposed reasons stated by the authors.

Espinoza-Pérez et al. [2007] proposed a simplified and rigorous model for caffeine

kinetics during the extraction process of decaffeinating green whole bean coffee. The model
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developed was a non-steady state diffusion equation. In fitting this new, simple model to
extraction data, the authors yielded a diffusivity of caffeine of 3.21x101° m? st at 90 °C which
was nearly double the value reported by Spiro and Selwood [1984]. The authors argue that the
spherical assumption of coffee beans is invalid due to the shape of the particle being a semi-
ellipsoid.

Zanoni et al. [1992] later repeated similar work performed previously by Spiro and
others. The authors quickly point out that none of the previously reported models fit the
experimental data well at early stages of extraction, stating that a simple diffusion model is
insufficient to describe the brewing process of coffee. This lack of fit statement comes from
non-zero intercept terms observed in all previously published models. It was proposed that
there are two distinct phases to extraction: a wash phase and a diffusion phase. The authors
observed that during the wash phase a linear relationship existed between the particle surface
area and the extraction yield. It was observed that the overall composition of extract does not
change with brew times beyond 1 minute to as long as 60 minutes, with the data showing 90%
of soluble solids are extracted during the washing phase. Zanoni et al. [1992] reported caffeine
diffusion values that were two orders of magnitude smaller than other publications, primarily
those by Spiro and others.

Spiro [1993] re-evaluated and recalculated the published values from Zanoni et al.
[1992] showing that the majority of extraction reported (85-90%), could be accounted for by a
diffusion model and not a washing phase. Spiro went on to show mathematically that the two
orders of magnitude discrepancy in diffusion values occurred only because the data from one
minute onward was used in the calculation. Spiro [1993] suggested that the values published
by Zanoni et al. were comprised of the diffusivities of larger molecules accounting for the
remaining 10-15% of soluble solid content and not the smaller faster diffusing molecules as
previously reported.

Spiro and Chong [1997] continued to explore various factors contributing to slow intra-
bean diffusion. A focus on hindrance factor contributions was investigated for pre-swollen and
solute free coffee particles at various temperatures. As part of the investigation, the authors

calculated the partition coefficient of caffeine for the studied temperatures, finding that the
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partition coefficient was lower at 25 °C versus 80 °C; 0.68 vs 0.87 respectively. Additionally, the
hindrance factor at 25 °C was compared against the work previously done at 80 °C by Spiro et
al. [1989]. It was observed that the value of the hindrance factor at 25 °C was more than 2.5
times the hindrance factor at 80 °C in roasted coffee. The authors suggested that differences in
swelling behavior, especially with swelling being less at lower temperatures, coupled with a
greater caffeine association with the cellular matrix at lower temperatures, explains the
observed differences in the hindrance factors at different temperatures. Moreover, the fact
that the partition coefficient was found to be lower at lower temperatures, was evidence
supporting the assertion that there is a greater affinity between the extracting species and the
cellular matrix.

Additional first order, steady state extraction studies were carried out by Jaganyi and
Madlala [2000]. The authors studied rates of extraction and intra-bean diffusion of caffeine,
phosphorous, potassium, magnesium, and manganese. The diffusion coefficients of each
species were calculated using the observed rate constants and half-lives of infusion, similar to
the work by Spiro and others. The authors calculated hindrance factors for each species,
finding differences among the species. Values for hindrance factor were reported as low as 11
(caffeine) and as high as 48 (manganese). Data for caffeine when corrected for particle size and
temperature using the Arrhenius equation, was in good agreement with Spiro and Selwood
[1984]. In addition to citing the hindrance of the extraction process, the authors claim slower
rates of diffusion are also due to mineral association with the matrix, and/or complex formation
of minerals with other soluble compounds, creating a larger, slower moving molecular
structure.

Analysis of the model proposed by Spiro and others and commonly referenced in
additional work reveals one major weakness with the model, a non-zero intercept. In the real
world, there is no solute in the solvent at time zero, thus a non-zero intercept cannot exist.
Stapley [2002] investigated mathematically why a non-zero constant existed in the Spiro
equation. It was shown that the long-term approximation proposed by Spiro and others is in
fact the first term of the series solution to Fick’s second law. The non-zero intercept was a

result of using the long-term approximation and not calculating a large number of terms in the
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series, which is often mathematically complex and tedious. Thus, to achieve accurate solutions
at small values of time, the summation of a large number of terms in the series needs to be

considered [Stapley 2002].

Section 2.5.4: Particle Scale Mathematical Models Developed in Supercritical Fluid
Extraction

Oliveira et al. [2011] conducted a review of the development of mathematical models
describing the mass transfer of plant-based materials during supercritical fluid extraction (SFE).
The models in the review included: the linear driving force model (LDFM), the shrinking core
model (SCM), the broken and intact cell model (BICM), and the broken and intact cell-shrinking
core hybrid model (BIC-SCM). The application of these models is not limited to SFE of plant oils,
but also to solvent based extraction of plant-based material [Kassing et al. 2010].

The common assumptions amongst these models are that the particles and respective
cells within the particle are spherical, all cells contain solute, all particles and cells have uniform
distributions of solute throughout the matrix, and that dissolved solute diffusing through the
matrix cannot be reabsorbed. In the case of the SCM, the structure of the particle is assumed
to be constant regardless of radial position, unlike the BICM or BCIM-SCM where a layer of

particles could be broken [De Melo et al. 2014].

Section 2.5.4.1: Shrinking Core Model:

The shrinking core model assumes a sharp liquid-solid interface as it recedes within the
particle. This interface defines wetted, extracted regions and non-wetted, non-extracted
regions, until the core of the particle is reached, and the extractable volume is exhausted [De
Melo et al. 2014]. Goto et al. [1996] applied the shrinking core model to leaching of solutes
from a solid material in supercritical fluid extraction. The SCM was used to account for
intraparticle diffusion and external fluid film mass transfer for oil extraction from seeds in flow
through a column with axial dispersion. The authors noted that intraparticle diffusivity is the
most important parameter in the extraction process from solid materials, as it has a large effect

on the inverse of dimensionless residence time, noted as parameter a’, in the model equations.
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Additionally, intraparticle diffusivity has a large effect on the Biot Number, which is a relative
comparison of internal versus external mass transfer resistances, or that of the intraparticle
diffusivity and external fluid-solid mass transfer [Litster 2016]. The numerical solutions of the
model were found to be in good agreement with experimental results; however, when
comparing a simplified version of the model, such as a quasi-steady state assumption, the

model did not fit as well due to small parameter a’ values and large Biot numbers.

Section 2.5.4.2: Broken and Intact Cells Model:

The origin of the BICM was a result of an observation in mass transfer rates declining as
a function of time, suggesting an increase in resistance. The BICM was an extension of Lack’s
model where a distinct, rapid transition is observed in the extraction kinetics, suggesting two
phases in the mass transfer. The first phase of the extraction curve was typically represented
by a straight line with a large positive slope, with the second extraction phase being much
slower, with an extraction function converging to an asymptotic extraction yield. The physical
explanation for two distinct phases, was attributed to open cells at the surface of particles with
a limited mass transfer resistance (phase one), followed by a second phase where the mass
transfer resistance was increased by the presence of intact cells with low permeability [Sovova
2017].

This work was extended by Reverchon and Marrone [2001] who introduced solute-
matrix interactions, distinguishing broken cells containing unbound free solute and intact cells
containing solute bound to the matrix, giving rise to two different mass transfer terms which

occur in parallel.

Section 2.5.4.3: Hybrid of Broken and Intact Cells with Shrinking Core Model:

The ideas of the BICM and the SCM were merged by Fiori et al. [2009] where a particle
of plant-based material can be discretized into N number of concentric layers, where N is the
ratio of the particle radius to a single cell diameter [Oliveira et al. 2011]. This model permits

multiple broken layers, with a broken layer always present at the surface, and possible hidden

40



broken layers inside of the particle. Like Reverchon and Marrone [2001], the authors propose
two different mass transfer rates, one representing the broken cells on the surface of the
particle and the other representing the internal, intact cells which have a higher mass transfer
resistance due to the solute diffusing through intact cell walls. The authors make several
assumptions in the hybrid broken and intact cells-shrinking core model (BIC-SCM). These
assumptions include spherical particle geometries, each intact cellular layer within a particle
has the same mass transfer coefficient k., and the total soluble content is homogenously
distributed within the particle.

This new hybrid model, with its assumptions can describe the mechanisms of the coffee
extraction process at the particle scale. The coffee extraction process begins with dry, ground
particles mixing with water. The surface of the particle where broken, individual cells exist, is
the first to hydrate. The hydration process is considered rapid [Spiro and Selwood 1984] and
the soluble solids within this broken cellular layer begin to dissolve and diffuse directly into the
bulk fluid. There is limited mass transfer resistance due to the absence of any particulate
structure and the short diffusion distance to the bulk fluid [Zanoni et al. 1992]. This is also
reflected in the mathematical models proposed by Fiori et al. [2009] where the first layer has a
distinct mass transfer coefficient, k;, and is independent of the other subsequent layers of the
particle.

As the particle continues to hydrate beyond the first layer, the shrinking core model
(SCM) describes a receding liquid-solid interface until the core of the particle is reached, and
the particle is fully hydrated. As additional intact cellular layers are wetting, the soluble solids
begin to dissolve and diffuse into the hydrated particle pore space. As the liquid-solid interface
progresses through each concentric layer inside the particle, the mass transfer resistance
increases as the dissolved solute must diffuse from the core through the exhausted layers to
the surface of the particle and into the bulk solvent. The inner particle mass transfer coefficient
is dependent upon the radial position within the particle. The diffusion of soluble solids from
the particle continues until each layer is exhausted, and the particle has a coffee solids
concentration equal to the concentration of the bulk liquid. Figure 2.6 shows the conceptual

model of the hybrid BIC-SCM.
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Figure 2.6: Setup of the hybrid BIC-SCM [Fiori et al. 2009].
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cellular integrity

Fiori et al. [2009] proposed three different mathematical descriptions of the mechanism

of internal solute extraction from the inner portions of the particle to the external surface.

These descriptions are the discrete model, the continuous model and the semi-continuous

model for the overall mass transfer coefficient. In each set of mathematical equations, the

overall mass transfer coefficient, k, is related to the exhaustion degree, x, of the particle, which

is the ratio of exhausted particle volume to the total particle volume.

The authors establish the discrete model combining equations 2.4, 2.5 and 2.6 to find

the overall mass transport coefficient, k, of the solute transferred from the inner portion of the

particle to the outer shell.

The mass transfer resistance for any layer of the particle is:

j—1
1

n=1
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Where k; is the mass transfer coefficient of thejth layer of the particle, k, is the mass transfer
coefficient for the broken surface layer of the particle, k. is the mass transfer coefficient for
each individual, inner annular layer with a thickness of an individual plant cell with intact cell
walls, Ry, is the particle radius, and d; is the diameter of an individual plant cell. As described
in equation 2.4, as additional layers of intact cells are considered, i.e. larger particles, the
overall mass transfer resistance increases substantially, reflecting the increased diffusion

distance and particle structure.

The overall mass transfer coefficient related to the amount of particle solute exhaustion, x is:

k = k; Xji-1 <x<x;j Eqn2.5
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Where k is the overall mass transfer coefficient of the solute being transferred from the inner
portion of the particle to the outer shell, k; is the mass transfer coefficient of the jth layer of
the particle, and x; is the exhaustion degree of the particle at thejth layer, and is defined as
the ratio between the solute exhausted volume of the particle and the total volume of the
particle. The overall mass transport coefficient as a function degree of solute exhaustion is
evaluated as a step function in this model.

Similarly, the authors suggest a continuous model can be substituted for the discrete

model where the ground plant particles are much larger than the size of an individual plant cell

(Rp > dcell)-
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The overall mass transfer resistance as related to the solute exhaustion of the particle is:

1.1 Rp_r<RP) 0<r<R, Eqn2.7
—_— _ ), STr=s qn L.
kl kc dcell r P

1
k

3
r
le—[—l, 0<r<R, Eqn2.8

Where r is any specific radial position bounded between the surface and the absolute core of
the particle.

Lastly, the authors proposed a combination of the discrete model and continuous
model. This combination described as the semi-continuous model considers the overall mass
transfer coefficient to be constant until the first, broken layer is completely exhausted, as seen
in the discrete model, and then varies depending on the radial position within the remaining

intact cellular layers, as shown in the continuous model.

The discrete portion of the overall mass transfer resistance is:

R,—d.<r<R, Eqn29

&=
s

With the degree of exhaustion for the first shell, x; defined as:
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The continuous portion of the overall mass transfer resistance is:

1—1+1R’”_r(R”) 0<r<R,—d. Eqn211
kK ki k. ’ =T=M%p 7 de BAR

d. r
With the degree of solute exhaustion described by equation 2.8 above.

The authors noted that it is possible to describe the solute mass balance in terms of the particle

exhaustion over time by:

dx —3 k(x) Pr <Cl,sat —C;

— = Eqn 2.12

Where () 54 is the saturation concentration of the solute in the solvent, C; is the actual
concentration of the solute in the solvent as a function of time, (s is the initial solid solute
concentration in the particle, py is the fluid density, and k(x) is the overall mass transfer
coefficient for the solute exhaustion degree of the particle, x. The authors used each of the
three models above to represent k(x), with equations 2.4, 2.5, and 2.6 representing the
discrete model for the overall mass transfer coefficient, equations 2.7 and 2.8 representing the
continuous model, and equations 2.8, 2.9. 2.10, and 2.11 representing the semi-continuous
model of k(x).

In comparison of the three models describing the overall mass transport coefficient,
Fiori et al. [2009] noted that k is consistently underestimated when using the continuous
model, and that the continuous approximation exacerbates that error at smaller and smaller
particle sizes. The discrete approximations provided the most accurate results, as the authors
mention it represents the physical state of the particle best. The semi-continuous model was
reported to be a good compromise between the continuous approximations and the discrete
ones, providing near identical results of the discrete model.

The initial single broken shell models overall did not fit the data. The predicted mass
transfer values seemed to underestimate the amount of free oil extracted in the system. Upon
adding a factor of two to the broken layer, later referenced as the double broken shell model,

the predicted values were in good agreement with experimental results. The authors
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hypothesized that the necessity for the second layer of broken cells, likely comes from internal
particle damage during the milling process that generates additional free oil. While this model
was developed for supercritical CO; extraction from milled grape seeds, it can also be applied to
other milled, plant-based particles with solvents, such as ground coffee and water [Fiori et al.

2009].

Section 2.6: Extraction Models of Well Stirred Batch Reactors and

Packed Beds

Section 2.6.1: Multi-Scale Modeling of Coffee Extraction

Coffee bed extraction has been the recent focus of several investigators, most notably
by Moroney et al. [2015], Corrochano et al. [2015], Melrose et al. [2018] and Kuhn et al. [2017].
The latter three research groups focused on modeling extraction of espresso based beverages,
while the former, Moroney et al. [2015], developed a double porosity multiscale model that has
been applied to both a stirred dilute system and a packed bed of coffee, with slight
modifications adapting the model to various commercial brewing techniques including drip
coffee machines.

The multiscale, double porosity model developed by Moroney et al. [2015] included: the
dissolution of the soluble solids from the matrix, the transport of the solids through the
individual particles, and the transport of the solids through the void fraction of the packed bed
of coffee, or the space between the individual coffee particles. This required the authors to
develop equations representing all three different time scales of diffusion and dissolution,
represented by two regimes of extraction, a rapid regime where the surface of the particles
undergo immediate extraction, and a second slower regime where soluble solids are extracted
from within the particles. The authors provide similar arguments as presented in the BICM for
the observation and necessity to have two different regimes of extraction; moreover, the
authors expressly state that the mathematical models developed are along the premises of the

BICM parallel model as described by Reverchon and Marrone [2001].
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The authors fitted the mathematically derived model equations to empirical data for
two brewing conditions, a well stirred batch reactor and a packed, cylindrical bed of coffee.
Several assumptions were made, and were similar to those previously made by others,
including: steady state extraction occurs, the wetting phase of the particle is ignored, there is
no swelling of the particles, the density of the liquid during extraction is constant, the particle
size distribution is comprised of spherical particles of two different size classes, the soluble
content is homogenously distributed within the particle, and the soluble material within the
particle is initially dissolved. These assumptions and embedded boundary conditions simplified
the original system of equations into a smaller set of equations which were solved numerically.

The simplified equations contain primarily physical parameters of the particles or of the
system that can be characterized directly, or values taken from previously published results.
There are two fitting parameters, alpha and beta, which the authors used to account for error
in estimations made for values of real physical characteristics and any invalid assumptions
made to simplify the model.

Moroney et al. [2016] builds on the previous work of Moroney et al. [2015], where the
authors focus on the well mixed batch reactor system, demonstrating model reduction and
development of asymptotic solutions to the equations with a finite number of dimensionless
parameters, providing quick analysis of factors influencing coffee extraction. It was found that
the approximate solutions were in good agreement with the numerical solutions.

Complimentary to Moroney et al. [2015], Corrochano [2017] also proposed a multiscale
modeling technique for the well stirred batch reactor and cylindrical brewing chamber for
espresso extraction. Corrochano [2017] conducted extensive characterization work on the
macrostructure and microstructure of roast and ground coffee, providing the foundation to the
multiscale coffee extraction model presented. The kinetics of coffee extraction were studied
under two conditions, the first was a well stirred batch reactor like that of Spiro and Selwood
[1984], and the second was a packed coffee bed in espresso brewing conditions. The well
stirred batch reactor was studied by Corrochano [2017] using both a numerical solution to
Fick’s Second Law of Diffusion for early time scale modeling, and by using the long term

approximation and analytical solution provided by Stapely [2002].
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In the extraction of the coffee bed, Corrochano [2017] used an ad hoc analytical
equation with fitting parameters to describe the empirical data representing the non-steady
state cumulative volume function of brewed coffee as a function of time; four parameters were
solved for to fit the model to the empirical data. This equation was linked to the time
dependent flow rate. Corrochano [2017] demonstrated that the time dependent flow rate
function is the time derivative of the non-steady state cumulative brew volume function. The
time dependent flow rate function coupled with the physical characteristics of the bed, such as
bed porosity, permeability, and the chemical compound concentration of the bed as a function
of the particle scale model, were combined to produce a multiscale model of coffee extraction.
This multiscale model of coffee extraction modeled the total dissolved solids and included the
bimodality of ground coffee and the tortuosity of the particle matrix as captured by mercury
intrusion-extrusion hysteresis.

The results obtained for the experiments in the stirred batch reactor could not be
described by a global effective diffusion coefficient. Corrochano [2017] hypothesized that at
long extraction times, several hours in the experiments, the difference in molecular weights of
soluble species prevented the applicability of a single effective diffusion coefficient.
Corrochano [2017] demonstrated by implementing four effective diffusion coefficients,
representing different species of soluble solids, that the maximum error between the model
and the experimental data was halved, from 17% to 8%. Similar values in mean percentage
errors between the model and empirical data were found for the extraction in packed coffee
beds. Corrochano [2017] reported that particle size distribution and extraction time had
greater levels of sensitivity versus brew temperature in the range tested 85+/-5 °C.

Suggested opportunities for further work included a deeper understanding of the non-
steady state phenomena, with a kinetics model including the effects of gas escaping the coffee
grounds, capturing the real world three phase system coffee extraction exhibits. Moreover, it
was suggested a better understanding was necessary in the characterization of particle size
measurements in using a liquid dispersion, laser diffraction system such as one provided by
Malvern Instruments. There exists an opportunity to tease out coffee oil, soluble particles,

insoluble particles and gas bubbles during a laser diffraction measurement. Additionally,
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Corrochano [2017] also encouraged more exploration in methods to measure or estimate the
microstructure of coffee particles, specifically, the particle porosity, tortuosity, and surface area
measurements.

Corrochano et al. [2015] focused on modeling steady state permeability during espresso
brewing. The authors observed error in the model predicted permeability values substantially
decreased when a correction to the Carman-Kozeny equation via a tortuosity dependent
power-law term was introduced. This tortuosity value was defined as the inverse of the bed
porosity to the n'" power. The parameter n, the exponential term on the inverse of the bed
porosity, was found to vary with particle size and increased as particle size increased. These
factors were combined and included in the Carman-Kozeny equations for estimating
permeability of the packed coffee bed under brewing conditions; the pre-factor value in the
tortuosity corrected equation was approximately 196-1330 versus the traditional coefficient
value of 180 in the Carman-Kozeny equation. The authors noted that these new, higher pre-
factor values were commensurate with other published values for consolidated, non-spherical
packed beds.

Previous investigators have traditionally used custom and ideal brewing situations
where several factors are controlled during an experimental run, such as presented in a stirred
batch reactor. Kuhn et al. [2017] studied the time resolved extraction of caffeine and
trigonelline by incorporating a rotary sample splitter designed to capture aliquots of brewed
espresso coffee from a commercial espresso machine. Figure 2.7 shows the setup used by the

authors.

(b)

Figure 2.7: (a) The rotary sample splitter setup underneath an espresso machine, (b)
sampling an espresso brew [Kuhn et al. 2017].
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This experimental setup permitted fractionated aliquots as a known function of time
due to a fixed angular velocity of the sampling device. The experimental setup used by Kuhn et
al. [2017] was adopted and modified for use in this thesis later presented in chapter 4.

The authors studied the effect of particle size and tamping pressure on the extraction kinetics.
It was reported particle size influenced extraction kinetics, with smaller particles leading to
more extraction per collected aliquot of brewed espresso coffee. Particle size also influenced
the liquid composition ratios of caffeine to trigonelline. Surprisingly, tamping pressure had no
observed effect on extraction, flow rate, or composition of the coffee regarding caffeine to
trigonelline ratios.

A simple, mechanistic model was developed and used to fit the data. The model
included two averaging steps, one at the particle scale, the second on the bed scale. The first
averaging step assumed that the coffee particle is homogenous in solute concentration. The
second averaging step on the bed scale implied a linear profile in concentration across the bed.
Other stated simplifications included assuming spherical particles, the coffee bed is
homogeneous in structure and incompressible, the flow is stationary with initial wetting is not
considered, and dispersion is ignored. The analytical solution to the model developed contains
only physically meaningful parameters, such as initial solute concentration in the solid and
liquid phases, a weighted mass transfer coefficient, height of the bed, superficial fluid velocity
through the bed, porosity and the distribution coefficient between solid and liquid phase.

The model contains four constants, Cs o, C; o, K, and k* which were solved for in the
fitting of the model to experimental data. The results of the initial solute concentration in the
solid phase, one of the four fitted parameters, were comparable to previously published values.
It was mentioned that the flow rate and the residence time of fluid in the coffee bed were
dominant factors affecting the extraction process and concentration profiles. Commensurate
to the data collected, larger particles permit a larger flow rate at given constant pressure
according to the Carman-Kozeny model [Rhodes (Ed.) 2008], and therefore a greater decrease
in the concentration curves was observed as particle size increases as a greater amount of fluid

passes through the coffee bed per unit time at a fixed pressure.
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One of the more recent publications on coffee extraction modeling is an effort to
provide an engineering perspective and modeling approach to update the original brewing
control chart proposed by Lockhart. Melrose et al. [2018] published a model in pursuit of
updating a brewing control chart for espresso beverages where strength, yield and brew
volume could be predicted based on flow rate, particle size, and brew time. The model
proposed by the authors focuses on a discretized cylindrical brewing chamber where the length
of the chamber is divided into a series of disks or layers, all are of equal volume and are axially
symmetric. The model equations accounted for the concentration profile of the species of
interest in each particle and for the moving liquid front in the void fraction of each layer in the
bed. The authors simplified the particles to only two different particle size classes and three
parameters, fine particle size, coarse particle size, and volume fraction of fines present, and like
Corrochano [2017], ignored the multiphase effects of gas being released during brewing. Other
assumptions in the presented model included: a constant flow rate, a constant partition
coefficient equal to unity, spherical particles, homogeneous particle composition, and rigid
particle geometry throughout the brewing process.

The authors presented a control chart for the espresso brewing regime for percent yield
as function of time, extraction efficiencies, and strength contours. A typical espresso found at a
cafe and a capsule based espresso beverage like that of Nespresso were predicted to have
comparable extraction yields, but different strengths; the control chart presented was able to
differentiate between the two brew methods. It was noted that an extension of this work
could be done for a typical drip filter system with modifications to the model for differences in
particle size, multiple diffusion constants, and brew time. Single serve pods producing drip like
coffee beverages on similar time scales of espresso machines, were not mentioned as a
possible extension to model; however, it is not an unreasonable idea.

Melrose et al. [2019] measured extraction kinetics of total dissolved solids in a well
stirred batch reactor. The authors modeled the data with a parameterized, numerical solution
to the diffusion equation within the particles. Two models were considered, one model was
based on a mono-disperse particle size, and the second on a mono-disperse particle size

coupled with a fast-release extraction contribution from the fines. The authors reported that
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the model with the fast-release contribution and a separate slow-release extraction from the
core of the coarse particles provided the best fits. The fast-release fraction of the total

dissolved solids was estimated using:

dc/2 3

B,.=1—-|1-
fs ds,(Co.)

Eqn 2.13

Where 6 is the fraction of the total dissolved solids released from the surfaces of coarse
. , o dc. . . .
particles and the fine particles ?C is half of an assumed diameter of a single coffee particle (25-

35 um), and d3,(Co. ) is the Sauter mean diameter for the coarse part (particles >100 um) of
the measured particle size distribution [Melrose et al. 2019].

Sano et al. [2019] presented lumped parameter analytical solutions obtained by
integrating a general set of macroscopic governing equations for coffee extraction based on
volume averaging theory. The authors solved these equations for three specific brewing
methods including: espresso brewing, drip coffee brewing, and immersion brewing (well stirred
batch reactor). The authors discovered that a dimensionless number, Ca, called the “café
number” which is a combination of controllable brewing parameters. The café number, Ca is
calculated by:
asekV

Ca= -0

Eqn 2.14

Where a is the volume specific surface area, k is the mass transfer coefficient, V is the
volume of coffee grounds used in the brewing method, ¢, is the void fraction of the coffee
beds, and Q is the flow rate of hot water [Sano et al. 2019].

The authors suggest that the value of the café number distinguishes brew methods
where extraction is controlled by brewing parameters and coffee physical parameters versus
brew methods where extraction is controlled by just brewing parameters. Low values of Ca are
found in drip coffee brewing methods, where the authors suggest the value of Ca can be used

to control coffee extraction. High values of Ca, found in brewing methods like espresso, are
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brew methods the authors believe only brewing parameters can change the coffee extraction
process, and specifically state only flow rate and the amount of coffee used in espresso affect
the coffee extraction process. The latter statement by the authors is contradictory to
previously published models [Moroney et al. 2015, Corrochano et al. 2015, Kuhn et al. 2017],
and disregards the findings of Kuhn et al. [2017] who reported the important influence of

particle size on espresso extraction kinetics.
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Section 2.8: Literature Review Summary and Knowledge Gaps

The first step in an engineering, quantitative approach to optimizing the quality of
coffee produced for a given brew method is studying the extraction rates of soluble solids and
organic compounds. The correlation of positive organoleptic ratings to coffee soluble solids
and organic compounds such as chlorogenic acids, simple acids, proteins, and carbohydrates

has been elusive to industry and academia. The work of Lockhart et al. [1955] is still widely
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referenced and utilized nearly 70 years later but is limited and focuses on the lumped values of
total dissolved coffee solids and percent extraction.

Over the last several decades researchers have investigated coffee extraction to identify
optimal conditions for brewing a good tasting cup of coffee and to improve yields in
commercial soluble coffee production. These collective efforts have overwhelmingly focused
on coffee extraction kinetics beyond 60 s or on very long-time scales, as experienced in soluble
coffee manufacturing. There are only a handful of published studies that contain extraction
data under 60 s, and those that are available are with very few data points. Wang et al. [2016]
demonstrated that single serve systems complete the entire brewing event in 30 s. Several
models of coffee extraction kinetics have been developed over the last few decades with
increasing complexity, but none have been fit to extraction data within a well-mixed batch

reactor at short time scales (<30 s).

Section 2.9: Hypotheses and Thesis Objectives

There is an absence in literature of extraction kinetics of individual chemical compounds
in brewed coffee. Furthermore, there is insufficient data on coffee extraction at early time
scales even with the prevalence of single serve coffee systems. A new approach aimed at
understanding the relationship of positive organoleptic properties of coffee to individual
chemical compound starts with understanding the extraction kinetics of individual compounds
for common brewing methods. A novel, robust measurement system is needed to capture
individual chemical compound extraction kinetics over broad time scales of interest. The

principal objective of this thesis is to develop a robust method for measuring coffee extraction
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kinetics of individual chemical compounds at early time scales (<30 s) and at long time scales

(210 min) using a well-mixed batch reactor.



Chapter 3: Materials and Methods

3.1: Introduction

This chapter gives a description of materials, equipment and methods for all
experimental work in the thesis. Section 3.2 describes the green coffee, water, and coffee
processing steps. Section 3.3 describes all physical characterization of the coffee in all roasted
states, whole bean, ground, |l Scction 3.4 describes the experimental setup of
the Well-Mixed Batch Reactor (WMBR), while Section 3.5 presents the analytical techniques

used in the measurement of extraction kinetics and the ensuing statistical analysis.

3.2: Coffee Materials and Coffee Processing

3.2.1: Coffee and Water

Natural materials, like green coffee, can impart variability on many aspects of the study.
Therefore, it is imperative that the starting coffee material is as uniform as possible in all
planned experimental testing. The green coffee used in all experiments consisted of a single 70
kg bag of a washed, green coffee from Antioquia, Colombia, grown between 1600-2200 m
above sea level. The green coffee was provided exclusively by Keurig Dr Pepper Inc. (Frisco,
Texas USA). The green coffee had a moisture content of 7.7% My measured by vacuum oven
drying in accordance with ISO 6673 [2003].

Water quality recommendations have been established by the Specialty Coffee
Association (SCA), with Navarini and Rivetti [2010] reporting water quality impacts on espresso
brewing. To minimize variability during brewing, the water used in all experiments was Nestle
Pure Life water (Nestle, USA). Nestle Pure Life was selected as an appropriate proxy for the SCA
water quality recommendations for brewing coffee, given the commercial availability and
quality consistency as found in their provided water quality reports. A comparison between the
SCA recommendations [Sage 2013] and Keurig Dr Pepper internal water testing of Nestle Pure

Life water quality can be seen in Table 3.1.
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Table 3.1: Specialty Coffee Association (SCA) recommended water standards and measured
values of Nestle Pure Life.

Water Characteristic =~ SCA Acceptable range Nestle Pure Life

Chlorine Residual None None
Calicum Hardness 50-175 ppm 35.5 ppm
Alkalinity, as CaCO3 40-70 ppm 24.8 ppm
pH 6-8 7.3
TDS 75-250 ppm 90.4 ppm
Sodium (Na) <30 ppm 6 ppm
Calcium (Ca) N/A 8 ppm
Magnesium (Mg) N/A 3.8ppm
Potassium (K) N/A 0

3.2.2: Roasting of Green Coffee

All green coffee was roasted in 1.8kg batches on a Diedrich IR-2.5 drum roaster
(Diedrich Roaster, Ponderay, Idaho USA) using Profiling Dynamics software (Roaster Dynamics,
Clearwater, Florida USA) to consistently control roasting curves and end points for each batch.
The coffee was roasted to two different degrees of roast, light and dark. Figure 3.1 shows a
typical roast curve obtained with Profiling Dynamics. The light roast batches were roasted for 9
minutes 50 seconds on average, to a final temperature of 225 °C, with an average roast loss of
about 13.8 £ 0.6%. The light roast processing conditions consistently yielded Agtron
commercial score values of 42.5 + 1.2 as measured with an Agtron Spectrophotometer E20CP-
[l (Agtron Inc., Reno, Nevada USA).

The dark roast batches were roasted for 11 minutes 15 seconds on average, to a final
temperature of 235 °C, with an average roast loss of 17.3 + 0.3%. The dark roasting conditions
consistently yielded Agtron commercial score values of 27.9 + 0.5. Neither the light roast, nor
the dark roast coffee batches were quenched with water upon discharge from the roaster.
Table 3.2 contains the initial green coffee mass, roast time, final roast temperature, ending

mass, percent loss, and Agtron color score for each batch roasted.
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Table 3.2: Coffee Roasting batch data for Colombian green coffee.

Roast Batch # Green Mass (g) Roast Time (mm:ss) Final Bean Temp (°C) Roast Mass (g) % Weight Loss Agtron Color Score

1 1827 9:33 220 1599 12.5 45.2
2 1855 9:47 222 1609 133 43.3
3 1818 9:49 222 1578 13.2 45.5
4 1818 9:52 225 1570 13.6 41.9
5 1836 9:49 225 1588 135 42.6
6 1855 10:04 225 1568 15.5 39.9
7 1818 9:58 225 1596 12.2 42.8
8 1836 9:56 225 1578 141 42.0
9 1818 9:55 225 1571 13.6 42.2
10 1818 9:51 225 1575 134 42.3
11 1818 9:59 224 1565 13.9 40.8
12 1818 9:41 225 1569 13.7 43.0
13 1818 * 225 1565 13.9 41.6
14 1818 9:47 225 1572 13.5 43.3
15 1818 9:39 225 1574 134 42.7
16 1818 9:51 225 1578 13.2 42.4
17 1818 9:54 225 1564 14.0 40.9
18 1818 * 225 1566 13.9 42.3
19 1818 9:52 224 1572 135 43.3
20 1818 9:48 225 1567 13.8 42.4
21 1818 9:49 225 1569 13.7 44.0
22 1818 9:55 224 1568 13.8 42.8
23 1818 10:00 224 1555 14.5 413
24 1818 9:59 225 1560 14.2 41.9
25 1818 9:45 225 1562 141 43.5
26 1818 9:59 225 1562 141 43.0
27 1818 10:02 225 1564 14.0 42.5
28 1818 11:27 235 1495 17.8 27.5
29 1818 11:07 235 1502 17.4 27.7
30 1818 11:11 235 1501 17.4 27.4
31 1818 11:12 235 1503 17.3 28.4
32 1818 11:06 235 1513 16.8 28.7
33 1818 * 225 1546 15.0 40.4
34 1818 9:58 225 1559 14.2 41.6
35 1818 9:52 225 1559 14.2 42.4
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Figure 3.1: Typical roast curve for Colombian green coffee.

3.2.3: Roasted Whole Bean Blending and Storage

The light roast whole bean coffee batches were emptied into a large bin to create a
homogeneous blend of roasted whole bean coffee. This was repeated independently for the
dark roast whole bean coffee. After mixing the roasted beans, the whole bean roasted coffee
was placed into five-pound coffee foil bags containing a one-way gas valve (Uline, Pleasant
Prairie, Wisconsin USA). These bags were then placed under vacuum for six seconds and filled
with pure nitrogen gas for two seconds and hermetically sealed using a Coffee Pac Vacuum
Sealer (PAC Machinery, San Rafael, California USA). This method of sealing the freshly roasted

coffee in foil bags prevented oxidation and moisture uptake of the freshly roasted coffee while

permitting the coffee to degas over several weeks.

3.2.4: Coffee Grinding and Classification
All roasted whole bean coffee was ground using a Mahlkonig VTA-6-SW coffee burr
grinder on a setting of 9 (Mahlkonig USA, Seattle, Washington USA). The resulting grind was

classified using a RoTap RX-30 or RX-28 with 30cm or 20cm sieve screens, respectively (W.S.
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Tyler, Mentor, Ohio USA). The sieves used included a 16, 18, 25, and 30 US Standard Mesh
screens. The amount of ground coffee placed on the initial screen was either 200 g or 400 g for
20 cm or 30 cm diameter screens respectively. The RoTap was operated for three minutes and
the ground coffee mass retained on each screen was individually collected in bulk, and sealed in
a manner consistent with the freshly roasted whole bean coffee. The sieve screen stack was
used only once for each classification step of ground coffee due to the oily nature of ground
coffee creating a possible buildup over repeated uses and changing the screening efficiency and

dimensions.

3.2.5: I
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3.3: Physical Characterization of Coffee

3.3.1: Sample Preparation

Sample preparation and sample splitting are a critical step to reduce variability in any
measurement [Allen 1997a]. Each characterization method used in this study has a unique
sample mass requirement. These sample mass requirements range from several hundred
milligrams to several hundred grams of sample material. A Gilson SP-230 rotary sample splitter
with 16 positions (Lewis Center, Ohio USA) was used to divide large samples into equal, smaller
representative samples of the original material. This instrument was used to prepare triplicate
test samples of each treatment permutation and control in this study. These triplicate test
samples were measured on all physical characterization methods, with only a single sample

tested for mercury intrusion porosimetry and scanning electron microscopy.

3.3.2: Particle Size Distribution Measurements

The particle size distribution of all coffee samples was measured with a Malvern
Instruments Mastersizer 3000SE (Malvern Panalytical, Westborough, Massachusetts USA). All
samples were measured by both dry dispersion and wet dispersion methods. The dry
dispersion method used the Mastersizer 3000SE with an Aero S dispersion unit. Approximately
9.0 +/- 0.5 g samples were loaded into the Aero S funnel, which was set to a height of 4mm
above the vibratory feeder. A 25%-50% feed rate used to sustain an obscuration percentage of
0.5% to 5%. The air dispersion pressure was set to 100 kPa. The typical measurement period
was approximately 60 s in duration; each sample was measured in its entirety. A new

background measurement of 10 s preceded each measurement made on the Malvern. If the

64



background measurement failed to pass conditions set for a satisfactory background
measurement, for example less than 100 units for any of the detectors, an intensive cleaning
operation was performed in accordance with the original equipment manufacturers protocol.

In addition to the air dispersion measurements, particle size distribution measurements
were taken using a wet dispersion system, specifically a Malvern Instruments Mastersizer 3000
attached with a Hydro MV. The dispersant used for the measurements was DI water. The
coffee sample was pre-wetted with 10-15 mL of 99.5% isopropyl alcohol (IPA) obtained from
Sigma Aldrich (Burlington, Massachusetts USA) to help reduce issues with particle entrainment.

Prior to each measurement, a 10 s background measurement was completed for both
the red and blue lasers. If the background measurement failed, the system was cleaned, and
the process repeated until passing. A coffee sample mass of 0.20 +/- 0.02 g was added to the
Hyrdo MV with the assistance of a stainless-steel funnel. The Hydro MV contained
approximately 125 mL of dispersant. Any remanence of sample on either the funnel or the
original beaker containing the sample, was flushed with IPA and added to the Hydro MV.

The slurry was permitted to circulate with a stir speed of 3500 rpm to ensure all
particles were entrained in the dispersant [Maille et al., 2021]. The sample was measured
multiple times with a 10 s measurement time for each laser, and for each sequential repeat the
system had a five second delay between each measurement. No sonication was used during
any point in the measurement process. The Fraunhofer optical model was used in all data
analysis, and results for each sample were averaged using the built-in averaging option in the

software. After each sample, the system was flushed several times with DI water.

3.3.3: Loose Bulk Density

The loose bulk density was measured by using equipment from the Seedburo Company
(Des Plaines, lllinois USA). The Model 29 Cox Funnel and Model 103 Seedburo metric cup, a
500mL volume cup with a one-to-one diameter to height ratio, were selected and used in each
experiment. This equipment was selected because the sample dilates after flowing through the
funnel and the 5 cm drop height is fixed as the funnel sits on top of the cup. The 500 mL cup is
overflowed with sample and the top gently scraped flush with a 25 cm icing spatula. The mass

of the cup and material was recorded, and then the sample discarded from the cup, but
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retained for additional testing as the test is non-destructive. The weight of the cup was
recorded and subtracted from the previous value to find the mass of the sample occupying the

500 mL volume cup.

3.3.4: Helium Pycnometry

The particle density of each sample was measured with an AccuPyc Il 1340 Helium
Pycnometer (Micromeritics, Norcross, Georgia USA). The three replicates of each permutation
were measured at room temperature 20-23 °C with grade 5 helium gas. Each measurement
consisted of 10-purge cycles to evacuate the air, followed by 10 measurements of the solid
volume; the average of the 10 measurements was the reported final solid volume. The final
density for each replicate was averaged and this was taken as the particle density value for the

sample.

The particle density, ps, of each coffee material was calculated by:
Vs
pPs = - Egn 3.1
Where m is the weighed mass of the sample and V} is the calculated sample volume. The
sample volume, I} is calculated by:

[/;z

~
+

Eqn 3.2

Where V_ is the calibrated sample cell volume, V;. is the reference cell volume within the
instrument, P; is the pressure of helium filled into the sample cell and P, is the measured

pressure of the filled helium when expanded into the reference volume.

3.3.5: Surface Area

The surface area of roast and ground coffee was measured by gas adsorption using a
Micromeritics TriStar Il Plus krypton gas adsorption analyzer, coupled with a Micromeritics
FlowPrep 060. All samples were degassed using grade 5 nitrogen gas, at 20-22 °C for six hours.
In all measurements, the free space was measured by the instrument using grade 5 helium gas,
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the evacuation rates were set to 0.13 kPa/s, and a leak test for a duration of 60 s was
performed on each sample. The isotherm was measured between 0.05 and 0.30 relative
pressures at 0.025 relative pressure increments. The adsorptive was grade 5 krypton gas, at
liguid nitrogen bath temperatures of approximately 77.35 K.

A BET analysis of the isotherm data was conducted for each experiment. The BET
equation can be used to describe Type |, Il, and lll isotherms, but for Type Il isotherms is it most
applicable between relative pressures of 0.05 and 0.35 [Allen 1997b]. The BET equation, which

relates the quantity of gas absorbed to the relative pressure is:

P 1 +c—1P
v(pe—pP) ¢V, cV, P°

Eqn 3.3

Where P is the pressure during the measurement, P° is the saturation pressure of the
adsorptive gas, V is the volume of the adsorptive gas adsorbed at pressure P during the
measurement, V;,, is the monolayer volume, and c is a constant. Figure 3.4 provides a typical
plot and linear regression line for the Kr gas adsorption BET analysis on coffee. A plot of
1/[V(P°/P-1)] versus P/P° generated a straight line with the slope equal to [(c-1)/cVm] and an

intercept of [1/cVm].
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Figure 3.4: BET analysis on a krypton gas adsorption measurement
for material Qa.

The value for the mono-layer volume, Vm, is used to find the specific surface area As,:

A - V, Nyo?
P 22.414

Eqn 3.4
Where N, is Avogadro’s number and o? is the cross-sectional area of the adsorptive molecule

[Rajagopalan and Hiemenz 1997].

3.3.6: Mercury Intrusion and Extrusion Porosimetry

Mercury porosimetry testing was commissioned at Micromeritics Testing Laboratory
(Norcross, Georgia USA) using an AutoPore IV 9500 version 2.03.00 Mercury Porosimeter. A 3
ml or 5 ml penetrometer volume was used, with approximately 0.15-0.50 g of sample
depending on the material. Roasted whole bean coffee, roast and ground ||
I e among the sample materials tested. The test included measurements

of both intrusion and extrusion cycles up to pressures of 415 MPa.
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Mercury intrusion can be used to find the envelope density, p,, of particles as it is a
non-wetting fluid when the contact angle between the mercury and the solid is greater than

90° [Litster 2016]. The particle porosity, &, can calculated by:

epzl—p—e Eqn 3.5

Pt

Where p, is the envelope density and p; is the true density of the solid [Litster 2016].

The envelope density is often reported automatically by a third party testing service as the
mass of the test sample divided by the volume of mercury entering the bulb portion of the
penetrometer at 3.4 kPa, or extremely low absolute pressure. The diameter of a pore filled
with mercury as a function of increasing pressure can be calculated with the Laplace-Young

equation:

_ 4y"cos@

AP Eqn 3.6

dpore

Where y! is the surface tension of mercury at 25 °C (0.4855 Nm), 6 is the contact angle of
mercury and the solid (130°), and AP is the required increase in pressure to fill the pore [Litster
2016]. At an absolute pressure of 3.4 kPa, mercury will fill cylindrical pore diameters greater
than 360 um. It is important to note that mercury intrusion measurements are initiated under
vacuum conditions, and AP is often referred to as P, for absolute pressure.

The envelope density values reported at this low pressure overestimate the volume of
the particle, as small intergranular voids, particle surface features (not pores), and depressions
of a length scale of 360 um are not filled with mercury. It is well established in literature to
identify the envelope density of coffee particles, as the sample mass divided by the volume of
mercury added to the penetrometer bulb at a pressure sufficient to fill pores as small as 40 um
[Schenker et al. 2000, Mateus et al. 2007, Corrochano 2017]. Thus, a correction to the software

reported envelope density values is required for each material tested.
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The corrected envelope density, p correcteqa €N be calculated by:

pe,reported

Eqn 3.7

Pe, ted =
ecorrecte 1- (,De,reported)(Vpore,P=27.4kPa))

Where p; reportea (8 cm™3) is the reported value by the software, and Vy, o p=27.4 kpq IS the
cumulative pore volume (cm? g!) at an absolute pressure of 27.4 kPa.

The total particle porosity, €,, was calculated for each coffee material with the
corrected envelope density, P, correcteq, USiNg equation 3.5, with the true density, p;, assumed
to be equal to the measured particle density value obtained for coffee materials Qw and Qx,
which is considered to be the intrinsic true density of coffee. The total particle porosity was
used to calculate the open pore porosity, &y, and closed pore porosity, yseq, Of €ach
coffee material. These two specific porosities were determined by equation 3.8 and equation

3.9, respectively.
Eopen = €p (&> Egn 3.8

Eclosed = €p — €open Eqn 3.9

3.3.7: Scanning Electron Microscopy and Digital Microscopy

Regular roast and ground | NG \<'c imaged using either a JEOL
6060 scanning electron microscope (commissioned at the Medical Imaging Center at the
University of Vermont, Burlington, Vermont USA), or a Phantom XL desktop SEM (Nanoscience
instruments, Pheonix, Arizona USA). In all cases, samples were sputter coated with gold
powder, and adhered to mounting stems for imaging. Additional images of coffee were
captured by a Keyence VHX-2000 digital microscope, equipped with a 20-200x lens (Keyence

Corporation of America, Woburn, Massachusetts USA).
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3.4: Coffee Extraction Chemical Testing and Analysis

3.4.1: HPLC Testing for Caffeine and 3-CQA

The HPLC system was comprised of an Agilent 1260 with a UV Diode Array Detector with
two variable detection wavelengths. The column configuration was contained an Ascentis C18
column guard (4 mm x 20 mm, 100 A, particle size 3 um) with a 0.5 um pre-column filter, and a
Poroshell 120 EC-C18 column (4.6 mm x 50 mm, 120 A, particle size 4 um) (Agilent, USA). The
column temperature was set to 50 °C for all measurements. A flow rate was 0.5 mL min* was
used with an injection volume of 10 pL. A mobile phase comprised of methanol (Sigma Aldrich,
USA) and 0.1% aqueous acetic acid, was used in a gradient elution to resolve caffeine and 3-
CQA from the coffee brew samples. The method contained the following gradient conditions:
15% methanol for 0 to 5 min, 20% methanol from 5 min to 20 min, 100% methanol from 20 min
to 25 min. A 10-minute column reconditioning step to 15% methanol followed every
measurement. Caffeine was detected at a wavelength of 272 nm, while 3-CQA was detected at

a wavelength of 325 nm.

3.4.2: LC-MS Testing for Organic Acids

The LC-MS system was comprised of an Agilent 1260 with a UV Diode Array Detector
and a single quadrupole electrospray ionization mass spectrometer. The column configuration
contained an Acclaim organic acid column guard (4 mm x 10 mm, 120 A, particle size 5 pm) with
a 0.5 um pre-column filter, and a ThermoAcclaim Organic Acid column (4.0 mm x 150 mm, 120
A, particle size 5 um) (ThermoFisher Scientific, USA). The column temperature was set to 25 °C
for all measurements. A flow rate was 0.3 mL min was used with an injection volume of 15 pL.
A mobile phase of 0.1% aqueous formic acid (Sigma Aldrich, USA) was used in an isocratic
elution to resolve citric, malic, and quinic acid from the coffee brew samples. The selective ion
mode was employed on the mass spectrometer with a value of 191 for citric and quinic acid,

and value of 133 for malic acid.
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3.4.3: Calibration Curves for Each Chemical Compound

Analytical standards of caffeine, chlorogenic acid, citric acid, malic acid and quinic acid
were obtained from Sigma Aldrich, USA. A linear calibration curve was established for caffeine
in the range of 10-1000 mg/L and for 3-CQA in the range of 15-750 mg/L. A logarithmic
calibration curve was established for citric acid in the range of 78-1040 mg/L, for malic acid in
the range of 22-300 mg/L, and for quinic acid in the range of 29-387 mg/L. All standards were
measured daily, and calibration curves were created on a weekly basis.

It was observed that low concentrations of the 3-CQA standards, specifically the 15mg/L
and 60 mg/L degraded within a few hours at ambient temperature. Repeated measurements
over several hours showed a significant and rapid degradation for the 15 mg/L and 60 mg/L
standards. These low concentration standards were prepared and subsequently kept frozen up
until the point of measurement to minimize any concentration degradation. No other
standards exhibited this behavior and were stored in refrigerated temperatures until point of

measurement.

3.4.4: Correction of Sample Concentrations
All HPLC and LC-MS data was processed with Agilent Technologies ChemStation 7.1
software and exported to Microsoft Excel for analysis. The corrected system concentration

Csys,j, attime t;, was calculated by:

j-1
Csys,j = (Caliquot,j)(vsys,j) + Z(Caliquot,i * Valiquot,i) /Vsys,o fOT 1 Sj <20 Eqn 3.10

i=1

Where Cgiiquot,j is the aliquot concentration at time ¢;, Vs, ; is the system volume at time ¢;,

Catiquot,i is the aliquot concentration at interval i, Vgji440t,i IS the volume of the aliquot

removed at interval i, and V¢ o is the initial system volume. The system volume Vg, ; at time

tj was calculated by:
j-1
Vsys,j = Vsys,o - Z Valiquot,i Eqn 3.11

=1
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Time t; was calculated by:

( texpo T (1.88%j)  for 1< j <16

60 s forj=17

tj = 180 s forj=18 Eqn 3.12
300 s forj=19
600 s forj =20

Where toxp, o is the measured time from the addition of coffee to the well-mixed batch reactor
to when liquid extract begins flowing out of the system, and j represents the number of the
aliquot with the total number of aliquots removed from the system being 20 aliquots in total.
Equation 3.10 uses the measured aliquot concentrations (Cgjiqu0t,:) Multiplied by the
volumes of the aliquots (Vjigu0t,i) to find the cumulative absolute mass of the chemical
compound previously removed. This cumulative absolute mass removed was added to the
absolute mass of the chemical compound in the system at sample time t;, and dividing the sum
of these two masses by the initial system volume (V, ). This correction accounts for all
removed aliquots volumes prior to time t; during the experimental procedure. A detailed

example of the data reduction process can be found in Appendix A.

3.5: Statistical Analysis

All statistical analyses, including analysis of variance (ANOVA), model fitting, parameter
estimation, and confidence intervals, were conducted with JMP® Pro 17.2 (SAS Institute, USA).
The model regression and parameter estimation were done by a nonlinear least squares

analysis.
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Chapter 4: Development of a New Method for
Measuring Short Time Extraction Kinetics

4.1: Introduction

This chapter will describe a new method for measuring early time-scale coffee
extraction kinetics, specifically within 30 s of extraction, the validation of the measurement
methodology and new discoveries in coffee extraction kinetics of specific chemical species as a

result of this new method.

4.2: Well-Mixed Batch Reactor (WMBR) Experimental Setup and
Execution

4.2.1: WMBR Components

The custom WMBR was comprised of a four-liter stainless steel beaker (SI-07205-90,
Cole Parmer, USA) fitted with a custom lid milled from Delrin® stock, containing a large
diameter O-ring or gasket to sustain low headspace pressures of 7-30 kPa. The custom lid
incorporated a latching mechanism, to properly secure the lid to the stainless-steel beaker
under low pressure. The lid also contained a sealed slide gate with a 5 cm diameter plastic tube
as the hopper (McMaster Carr, USA), a type-k temperature probe with handheld digital
analyzer (Fluke, USA), a pressure on/off switch, a 35 kPa safety relief valve, and a stainless-steel
coffee extraction sampling tube.

The end of the sampling tube was fitted with a custom, spherical, double-layered filter
screen comprised of a 100 US Std Mesh and a 400 US Std Mesh preventing the uptake of
individual coffee particles greater than 40 um into the fluid samples. A drawing of the custom

WMBR can be seen in Figure 4.1.
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Figure 4.1: Assembly drawing of custom WMBR with exploded view. Key components are (1)
5 cm plastic tube hopper, (2) 35 kPa safety relief valve, (3) temperature probe port, (4) coffee
slide gate, (5) custom latches to secure lid during extraction testing, (6) 4000 mL stainless steel
beaker, (7) metal liquid sample tube with custom mesh filter on bottom, (8) custom milled
Delrin lid, and (9) air supply on/off switch. Note: Dimensions within brackets are in inches,
other dimensions are in millimeters.

4.2.2: WMBR System Setup

The WMBR was placed on a magnetic stirring hot plate (IKA C-Mag HS7, Cole Parmer,
USA) and connected to a compressed air source with two inline air pressure regulators. The
first regulator stepped down the 1 MPa compressed air source to approximately 0.3 MPa, and
the second regulator stepped down the 0.3 MPa to as low as 3 kPa. The other end of the
sampling tube contained a flexible plastic hose, which was positioned to deliver the brewed
coffee to a Gilson SP-230 rotary sample splitter (Gilson, USA). The sample splitter contained 16

identical sized, glass test tubes for collecting aliquots of brewed coffee as a function of time.
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The rotational rate of the sample splitter was set to 2 rpm, which collected 35 + 5 mL of brewed

coffee per test tube. The complete setup of the WMBR system can be seen in Figure 4.2.

Temp Probe \
Pressure Regulator

Pressure On/Off Switch

Coffee Slide Gate

Figure 4.2: Complete custom extraction system setup. Note: The glass
beaker was used only for visual purposes and never used for extraction
experiments.

4.2.3: WMBR Experiment Execution

The well-mixed batch reactor was filled with 3625 +/- 50 mL of Nestle Pure Life Water
(Nestle USA) that was preheated to 95 °C using electric kettles. The WMBR was placed on the

hotplate, set to 100 °C, and the stir bar agitation set to a speed of five. These steps helped
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maintain a near constant temperature of the water and ensured that the water was
continuously stirred prior to the addition of coffee.

The unit was connected to the air supply regulated to 10 +/- 1 kPa and with the pressure
on/off switch set to off. A sample mass of 100 +/- 0.5 g was loaded into the hopper attached to
the slide gate. At a water temperature of 91.5 +/- 1 °C, the slide gate valve was opened, the
coffee dropped into the WMBR, the gate was closed, and the pressure switch and Gilson
sample splitter were turned on.

The time between opening the slide gate and collecting the very first aliquot in the
Gilson was measured with a stopwatch and recorded for each experiment. The rotary sample
splitter captured 16 evenly spaced samples when held at a constant rotational rate. Additional

samples were collected 60 s, 180 s, 300 s, and 600 s for all experiments.

4.2.4: Effects of Stirring Speed in the WMBR
The effects of stirring speed were investigated early in the method development to
determine if the agitation decreased a portion of the mass transfer resistance in the system.

The particle relaxation time, 7,, was calculated using:

_(pe = pp)dy”

T, = Eqn 4.1

Where p; is the true density of the particle, p; is the density of the fluid, d,, is the diameter of
the particle, and py is the kinematic viscosity of the fluid. This was calculated for the largest
particle size measured in all experiments as t,, is directly proportional to the particle diameter
squared. A very short particle relaxation time, O(0.05 s) indicated the particle, relative to the
fluid, was in a stagnant medium [Litster 2016], and therefore it was assumed stirring speed had
a negligible effect on the observed mass transfer rate.

Two experiments were conducted with different stirring speeds to confirm the

assumption based on the calculation of the particle relaxation time. Figure 4.3 shows no

77



significant difference between the two stir speeds investigated. These results were consistent
with the results previously reported by Spiro and Page [1984] where agitation speed was found
to have no impact on the extraction kinetics of coffee particles. All future experiments had the
stir speed fixed to the highest stir speed possible to promote the wetting and entrainment of

the coffee particles during the start of the extraction event.

Figure 4.3: Caffeine extraction kinetics at two different stir speeds in the WMBR.

4.2.5: WMBR Design

The custom WMBR coffee extraction system described in section 4.2.1 was designed
and built to facilitate the exploration of early time-scale coffee extraction kinetics. The
inspiration for this custom extraction system was a result of coupling the two experimental
setups described by Corrochano [2017] and Kuhn et al. [2017], with adding an air-over-water
pump within the WMBR.

The deliberate addition of an air-over-water pump provided several benefits and
improved the experimental setups previously presented by others. Initially, the system was
designed with a peristaltic pump; however, back mixing of the coffee extract was observed

within the sampling tube due to the inherent oscillatory nature of a peristaltic pump [Reis et al.
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2010]. This was not observed with an air-over-water pump. Moreover, the air-over-water
pump resolved issues with discrete sampling frequency by removing a continuous stream of
coffee extract from the system. The volumetric flow rate of the continuous stream of coffee
extract was a function of the air pressure within the sealed batch reactor.

The use of a rotary sample splitter, as presented by Kuhn et al. [2017], facilitated the
fractionation of the continuous stream of coffee extract into an equal number of aliquots. The
frequency of fractionation was a function of the rotational rate of the sample splitter. This
piece of equipment enabled control of the sampling or fractionation frequency, unlocking high
resolution, time resolved coffee extraction analysis at the time scale of interest.

Another key consideration was the total volume of the well mixed batch reactor. The
removal of liquid extract during the experiment artificially increased the concentration of the
system over time. A large vessel reduced the impact of aliquot removal on the system during
an experiment. It was necessary to maintain very dilute bulk concentrations to minimize
external mass transfer resistance during the experiment [Stapley 2002].

The controlled additional of coffee into the WMBR was an important design
consideration as a critical assumption to the WMBR experiment was all particles wet
simultaneously such that no residence time distribution exists. The design of the custom lid
containing the slide gate and hopper, as mentioned in section 4.2.1, centered the ground coffee
over the vortex inside of the beaker containing hot water. The addition of coffee directly into
the liquid vortex promoted rapid particle wetting and dispersion. Moreover, the use of the
slide gate ensured a well-defined start to the experiment, and the ability to quickly seal and

pressurize the WMBR.

4.3: Selection of Specific Chemical Compounds to Measure Extraction
Kinetics

The concentration of five chemical compounds of interest were measured in each
extraction experiment. The specific compounds are listed in Table 4.1. These compounds

were selected for a variety of reasons, but primarily because of well-established testing
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capabilities and measurement methods readily available at Keurig Dr Pepper, and the prolific
body of literature on extraction of some of these compounds from coffee, specifically caffeine
and 3-CQA [Ludwig et al. 2012, Wang et al. 2016, Fuller and Rao 2017, Jeon et al. 2017,
Angeloni et al. 2019]. Additionally, as discussed in section 2.3.3, organoleptic properties in
coffee have been linked to these compounds [Buffo and Cardelli-Freire 2004, Farah et al. 2006].
Keurig Dr Pepper has also established proprietary relationships of favorable organoleptic

properties to organic acid concentrations and desired ratios in coffee.

Table 4.1: Chemical compounds of interest during coffee extraction [PubChem CID 2519,
PubChem CID 1794427, PubChem CID 311, PubChem CID 525, PubChem CID 6508].

Molecular Weight  Solubility in Water

Compound Molecular Formula (g/mol) at 25°C (g/L) Functional Groups
Caffeine CgH10N40, 194.19 21.7 (3) Methyl, (2) Carbonyl
Chlorogenic Acid (3-CQA) C16H1809 354.31 40.0 (1) Carboxylic, (5) Hydroxyl
Citric Acid CeHsO5 192.12 1750 (3) Carboxylic, (1) Hyrdoxyl
Malic Acid C4HgOs 134.09 592 (2) Carboxylic, (1) Hyrdoxyl
Quinic Acid C;H1,06 192.17 400 (1) carboxylic, (4) Hydroxyl

The chemical structures of the five compounds of interest are shown in Figure 4.4. Each
compound contains functional groups of which are either polar or non-polar. The carboxyl and
hydroxyl functional groups are polar, whereas methyl functional groups are non-polar. Polar
functional groups are hydrophilic as these groups readily form hydrogen bonds with water, and
the non-polar methyl groups are hydrophobic [McMurry 2008]. These structures and
functional groups give insight into their extraction kinetics from coffee.

The three simple organic acids, citric, malic and quinic acids, contain several H-bond
donor locations and are very soluble in water. Carboxyl groups dissociate more readily than
hydroxyl groups due to resultant carboxylate ion being stabilized by resonance of two similar
forms; however as the number of carbons in a carboxylic acid chain increase, or as the
molecular weight increases, solubility in water will decrease [McMurry 2008]. Caffeine is
mostly non-poplar due to the three methyl groups and its molecular structure, a flat

heteroatomic bicyclic ring, promoting hydrophobic faces, which limit its solubility in water
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[Tavagnacco et al. 2011]. Due to the chemical structures and molecular weights, it was
expected that the three simple organic acids would extract faster than the larger molecular

weight chlorogenic acid 3-CQA, followed by caffeine with the slowest kinetics.

Figure 4.4: Chemical structures of (a) Caffeine [PubChem CID 2519], (b) 3-CQA [PubChem
CID 1794427], (c) Citric Acid [PubChem CID 311], (d) Malic Acid [PubChem CID 525], and (e)
Quinic Acid [PubChem CID 6508].

4.4: Aliquot Sample Preparation for Analysis

The caffeine and chlorogenic acid concentrations (3-CQA) of each sample were
measured by HPLC, whereas organic acid concentrations of citric, malic, and quinic acid were
measured by LC-MS (see section 3.4). Sample preparation for the chromatography required
two separate 5 mL samples of each collected aliquot placed into 10 mL capped vials. The 5 mL
samples collected for caffeine and chlorogenic acid analysis were pretreated with 5 L of glacial
acetic acid (Fisher Scientific, USA), recapped, swirled, and were permitted to rest for 30

minutes. After 30 minutes, 2 mL test aliquots from the samples were transferred using a
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syringe and filter (13 mm, 0.22 um, PP) into test vials and capped. The 5 mL samples collected
for organic acid analysis did not require pretreatment and after 30 minutes 2 mL test aliquots

were transferred with a syringe and filter (13 mm, 0.22 um, PP) into test vials and capped.

4.5: Well-Mixed Batch Reactor Experimental Results

4.5.1: Absolute Concentrations at Equilibrium

Initial extraction experiments were conducted with regular, classified, roast and ground
coffee prepared as described in section 3.2.4 above. The specific material used in these first
experiments was a light roast (42 Agtron), burr ground coffee, classified between 1180 pum and
1000 um; this material will be referred to as Qa.

The maximum absolute concentrations for each chemical compound were frequently
observed at 300 s and 600 s (see Table 4.2 and Table 4.3). It was assumed that the system
achieved a state equilibrium and the extraction process was complete for the compound of
interest at 600 s, which is much shorter time scale than work previously reported by others
[Corrochano 2017, Spiro and Selwood 1984].

This was a valid assumption as this body of work investigated the kinetics of individual
chemical species and not a global concentration value such as total dissolved solids, which can
be comprised of dozens of specific molecules which affect the measured TDS value [Povey et al.
2020]. Moreover, as reported by Angeloni et al. [2019] and Jeon et al. [2017], most hot
brewing methods conclude well under 300 s, with only cold brew extraction methods exceeding

the experimental time scale of interest [Fuller and Rao, 2017], and therefore extraction times

beyond 600 s are out scope for this thesis.

Table 4.2: Absolute concentrations of caffeine and 3-CQA at times of 180 s, 300 s, and 600 s
for material Qa.

Caffeine (mg/L) 3-CQA (mg/L)
Sample ID Replicate #|t=180 (s) t=300 (s) t=600 (s)|t=180 (s) t=300 (s) t=600 (s)
1 361 388 398 167 189 206
QA 2 335 380 372 158 180 197
3 343 381 382 166 199 209
Mean 346 383 384 164 189 204
Standard Deviation 13 4 13 5 10 6
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Table 4.3: Absolute concentrations of citric acid, malic acid, and quinic acid at times of 180 s,
300 s, and 600 s for material Qa.

Citric Acid (mg/L) Malic Acid (mg/L) Quinic Acid (mg/L)
Sample ID Replicate #|t=180 (s) t=300 (s) t=600 (s)|t=180 (s) t=300 (s) t=600 (s)|t=180 (s) t=300 (s) t=600 (s)
1 189 202 225 56 57 63 210 220 277
QA 2 178 188 194 54 57 55 196 207 202
3 172 178 187 52 53 54 179 176 188
Mean 180 189 202 54 56 57 195 201 222
Standard Deviation 9 12 20 2 2 5 16 23 48

The values of absolute concentration at various times obtained from the initial WMBR
experiments are within the range of values work previously reported in the work by Fuller and
Rao [2017], Jeon et al. [2017] and Angeloni et al. [2019]. The comparison of extraction data
requires normalization across multiple factors that would impact absolute concentration in
coffee extraction. These factors include time, water temperature, coffee to water ratio, grind
size, and degree of roast. Table 4.4 lists the average absolute concentrations of caffeine and 3-
CQA obtained in the WMBR to the absolute concentrations obtained by others with various
brew methods under similar conditions. The reported concentrations by each author, including

the values from this body of work, were adjusted to an equivalent coffee to water ratio of 100

g/L.

Table 4.4: Comparison of caffeine and 3-CQA concentrations from extracted coffee by various

methods. Note: Reported concentrations were normalized to an equivalent coffee to water
ratio of 100 g/L.

Brew Brew

Brew Method Origin Roast Grind Size Caffeine  3-CQA

Temp Time Source

(nm) °0) (s) (mg/L)  (mg/L)
WMBR Colombia Light 1180-1000 91.5 180 1255 595 This work
WMBR Colombia Light 1180-1000 91.5 300 1390 685 This work
V60 Pour-Over  Ethiopia * "Coarse" 93 170 1235 520 Angeloni et al. 2019
French Press Hawaii (Kona) Medium "Coarse" 98 360 970 460 Fuller and Rao 2017
Pour-over Brazil * Coarse (>1000) 100 120 1406 672 Jeon et al. 2017
Pour-over Kenyan * Coarse (>1000) 100 120 1430 780 Jeon et al. 2017
Pour-over Ethiopia * Coarse (>1000) 100 120 1330 852 Jeon et al. 2017
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4.5.2: Normalizing Absolute Concentrations

The absolute concentrations of the extraction kinetics for each chemical compound
need to be normalized as the range in values between compounds is large and necessary for
comparative purposes. The maximum observed absolute concentrations for each chemical
compound, at the longest time scales, were used to normalize the extraction data in each
experiment. Table 4.5 and Table 4.6 show the relative percent difference between the
maximum measured concentration of a given chemical compound, within a single experiment,
and each of the last data points at 180, 300, and 600 s. In most cases the average percent

relative difference between the last two data points, 300 and 600 s, was 5% or less.

Table 4.5: Percent relative difference of the maximum observed concentration and the 180,
300, and 600 s data points for caffeine and 3-CQA for material Qa.

Caffeine 3-CQA
Replicate #|t=180 (s) t=300 (s) t=600 (s)[t=180 (s) t=300 (s) t=600 (s)
1 9.3 2.5 0.0 18.9 8.3 0.0
2 11.8 0.0 2.1 19.8 8.6 0.0
3 10.2 0.3 0.0 20.6 4.8 0.0
Mean 104 0.9 0.7 19.8 7.2 0.0

Table 4.6: Percent relative difference of the maximum observed concentration and the 180,
300, and 600 s data points for citric acid, malic acid, and quinic acid for material Qa.

Citric Acid Malic Acid Quinic Acid
Replicate #|t=180 (s) t=300 (s) t=600 (s)[t=180 (s) t=300 (s) t=600 (s) |t=180 (s) t=300 (s) t=600 (s)
1 16.0 10.2 0.0 11.1 9.5 0.0 24.2 20.6 0.0
2 8.2 3.1 0.0 5.3 0.0 35 5.3 0.0 24
3 8.0 4.8 0.0 3.7 1.9 0.0 4.8 6.4 0.0
Mean 10.8 6.0 0.0 6.7 3.8 1.2 114 9.0 0.8
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4.5.3: Aliquot Sample Time Corrections

The concentration of each individual species was plotted as a function of time up to 600
seconds. As described in section 4.2.2, the first 16 data points were sampled with the rotary
sample splitter at 1.88 s intervals, and the remaining four data points were collected at the
exact time of interest. This broad spectrum of sampling over time covers nearly all beverage
brewing applications, with the exception of cold brew coffee beverages, which can have
extraction events on the order of hours [Fuller and Rao 2017]. Only the final four extraction
data points can be averaged for the three replicates as the samples were taken at exactly the
desired time, whereas the first 16 extraction data points are unique to each experiment as the
start time varied experiment to experiment.

The sample times for the first 16 samples were corrected based on the ratio of the
volume of the first aliquot removed and the volume of aliquots at steady state condition. This
ratio was multiplied by the 1.88 s time interval between samples obtained with the rotary
sample splitter. Additionally, the last aliquot removed with the sample splitter was time
corrected again based on the same process. These corrections account for any partial or
excessive sample volume collection on the first and last aliquots removed. A detailed example
of the data reduction process can be found in Appendix B. Figure 4.5 shows a comparison of

time corrected data to uncorrected data; the most notable shift occurred on replicates 2 and 3.

Figure 4.5: Comparison of time corrected data versus uncorrected data for caffeine extraction
kinetics in material Qa.
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4.5.4: Normalized Extraction Kinetic Curves

The normalized concentration C,/C,, plotted versus time for each chemical compound
in material Qa can be found in Figures 4.6 —4.10. All graphs of extraction data use the same
data shapes to distinguish which experiment the data originates, e.g. the square data points are
from the first experiment, the diamond data points from the second replicate, and the triangle
data points from the third replicate for any given material. The colored dotted lines are added
to guide the eye for the extraction curves. Two graphs are needed to identify any trends in the

kinetics data with the broad time scale of the extraction experiments, especially with three

quarters of the data below 35 seconds. Moreover, while helpful in comparing extraction

kinetics of different chemical compounds for a single material, such as citric acid to caffeine, a

majority of the data is overlaid, and the results will generally be presented with only one

chemical compound displayed.
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Figure 4.8: Citric acid extraction kinetics for material Qa.
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Figure 4.10: Quinic acid extraction kinetics for material Qa.
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The data of the three extraction replicates plotted in each graph (Figures 4.6 — 4.10)
are consistent for each of the five chemical compounds. As described in section 4.2.3 the first
16 data points of each experiment are collected with the rotary sampler. The data from these
16 samples of the three experiments for material Qa can be organized into 16 clusters of three
data points each, one from each replicate experiment. A closer view of the extraction data of
caffeine and malic acid at the earliest time scales can be seen in Figure 4.11. This figure

provides a visual of the spread of the data over short units of time.

Figure 4.11: A visual evaluation of the reproducibility of replicate extraction
data for malic acid and caffeine in material Qa at the earliest sample times.

The data set for material Qa is unique as the time differential between replicates 1 and 2
is on the order of a thousandths of a second, and a direct comparison between the
concentrations at each time point is possible. A careful examination of the malic acid data set
under 20 s reveals that there are five out of the first eight clusters where the measured
concentration was either identical or within 0.01 normalized concentration of each other; these

five points are numbered 1-5 in Figure 4.11 to aid the eye. This trend continues and can be
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observed in 9 of the 16 clusters (see Figure 4.9). The third replicate for malic acid, which lags
the first two replicates by three quarters of a second, is consistently within 0.01 normalized
concentration of the other data points in each cluster, with the exception of the third and ninth
cluster, where the spread in the normalized concentration is about 0.04. The caffeine data set
has more variation between replicates 1 and 2 than the malic acid; however, the greatest
difference in the data is within 0.10 normalized concentration occurring in cluster six at a time
of about 15 s. These small spreads in measured, normalized concentration data over time is
only possible with a robust system demonstrating excellent reproducibility.

In each experiment the sampling times are unique except for the last four samples as
those samples were removed at a specific time. Therefore, these 16 clusters of extraction data
cannot be averaged as each data point from each replicate experiment is tied to a unique time.
An analysis of the experimental error and the sources of variation will be presented in chapter 6

where the data will be fit with an empirical model.

4.5.5: Observations from Extraction Kinetic Curves

There are significant differences in extraction kinetics for the different compounds, both
gualitatively and quantitatively. The extraction kinetics for caffeine and 3-CQA exhibit a delay
in extraction (see Figure 4.6 and Figure 4.7 respectively). By visual inspection of the caffeine
data (Figure 4.6), nearly 4 s elapsed prior to observing any measurable concentration in bulk
fluid. Similarly, 3-CQA has an approximate a 3 s delay. While the data suggests delays in
extraction of for these two compounds, without data during the first five seconds of extraction
in the WMBR, it is possible that these compounds are extracting at very low concentrations.

These observations were in stark contrast to the citric, malic, and quinic acid extraction
profiles, which reasonably pass through the origin. Citric and malic acid also demonstrated a
remarkable 42% and 46% extraction of the total citric and malic acid concentrations,
respectively, in under 10 s.

These unexpected observations have never been previously reported in literature and
were only captured due to this unique extraction system. It is postulated that the rapid
extraction kinetics for citric and malic acids are a result of their respective chemical structures,

being water soluble, polyprotic acids, with relatively low molecular weights. These
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observations in aggregate are due to the chemical structure of these compounds and the
hydrophobic or hydrophilic interactions with the coffee matrix itself. It is not solely molecular
weight driven as citric acid, quinic acid and caffeine have nearly identical molecular weights but

have vastly different extraction behavior.

4.5.6: Steady State First Order Extraction Model

A simple first order diffusion model for coffee extraction was developed by Spiro and
Selwood [1984] (equation 2.2 presented in section 2.5.2). The data from the extraction
experiments obtained for material Qa were plotted on a semi log plot for each of the five
chemical compounds. Figure 4.12 shows the extraction data for 3-CQA fit with a simple linear
trend line. The linear trend line is the Spiro and Selwood [1984] long term approximation

model where the slope is equal to ks the observed mass transfer rate constant.

Coo
ln(C — C) =kopst +a Eqn 2.2
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It is clear from Figure 4.12 that the simple long term approximation model does not properly fit
the data especially at the earliest time scales. Moreover, it is clear from the plot that there is
curvature in the data which shows there are two different extraction regimes occurring during
the extraction event in the WMBR. The semi-log plots for the other four chemical compounds
exhibited curvature in the data as well.

It is hypothesized that the custom extraction system has captured a rapid extraction
regime where the chemical compounds are being extracted predominately from the surface of
the coffee particles, and a slower extraction regime where the diffusion process is slowed or
hindered by the complex internal particle structure of coffee; this added resistance to the mass
transfer is commonly referred to as a hindrance factor [Spiro and Selwood 1984, Corrochano
2017, Melrose et al. 2019]. Therefore, an empirical model containing the sum of two first order

exponentials, which captures both the fast and slow extraction regimes will be introduced in

chapter 6.
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Figure 4.12: Semi-log plot of 3-QCA extraction data for material Qa.
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4.6: Conclusions

A custom coffee extraction system was developed by creating a WMBR with an air over
water pump and coupling that to a rotary sample splitter for continuous sampling of early time
scale coffee extract. The ability to measure extraction kinetics on a short time scale is critical
given the prevalence of single serve coffee products in North American and around the world.
Despite the popularity of the single serve coffee market, very little literature has reported more
than a few data points of coffee extraction under 30 s, whereas this custom system can
measure over a dozen, which has not been previously done before.

The custom extraction system demonstrated it was robust and capable of measuring
coffee extraction kinetics of five different chemical compounds with very repeatable results.
The system captured the vastly different extraction kinetics for the five chemical compounds
measured. The data from this method showed caffeine and 3-CQA had a delay in extraction,
which has never been reported in literature. The system also captured the impressive speed of
extraction for both citric and malic acid, where more than 40% of the total concentration of
each compound extracted within the first 10 s of contact with water.

As the first of its kind to measure multiple data points at early time scales, the data
collected demonstrated two distinct stages in extraction kinetics, a faster extraction followed

by a slower extraction.
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Chapter 5: Effect of Processing on Coffee Structure
and Extraction Kinetics

5.1: Introduction

This chapter will present all coffee physical characterization results for all materials to
understand how coffee extraction kinetics are affected by these properties. The extraction

kinetics will be presented for regular roast and ground coffee for various particle sizes as well as

for different degrees of roast. |G
1
-

5.2: Physical Characterization of Roast, Ground [ NG

Coffee Materials

5.2.1: List of Coffee Materials

In total, 60 extraction events were completed for 21 different materials. In chapter 4,
material Qa was described in detail and Table 5.1 below summarizes the key material
differences, degree of roast, sieve fraction, and ||l treatment, for the other 20
materials evaluated.

Two materials, Qr and Qu, were the same roasted whole beans (see section 3.2.2)

ground to different particle size distributions with the Mahlkonig VTA-6-SW disc burr grinder.

I/ dditional coffee materials not tested for extraction, but

for physical characterization are Qv, Qw, and Qx. Material Qv was light roast, ground coffee,
sieved between 500-600 um. Materials Qw and Qx were micro ground light roast beans and

dark roast beans, respectively.
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Table 5.1: List of coffee materials for extraction testing.

Sample ID  Roast Degree Sieve class (um)

Qu Light 1000-1180

Qg Light 710-1000

Qc Light 600-710

Qp Dark 710-1000

Q¢ Light 1000-1180

Q¢ Light 710-1000

Qg Light 600-710

Qy Light 1000-1180

Q, Light 710-1000

Q, Light 600-710

Qy Light 1000-1180

0, Light 710-1000

Qu Light 600-710

Qy Dark 710-1000

Qo Dark 710-1000

Q, Dark 710-1000

QQ Light Full Partice Size Dist.
QR Light Full Partice Size Dist.
Qs Light Full Partice Size Dist.
QT Light Full Partice Size Dist.
QU Light Full Partice Size Dist.

5.2.2: SEM Imaging of Coffee Particles

Figure 5.1 shows SEM images that compares regular roast and ground coffee ||}
B 2cross various magnifications. Distinct differences in particulate structure
can be seen between the treated particles and the control particles. Regular roast and ground

coffee particles show an ordered cellular matrix, and resemble a structure of a sponge; a very
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porous open structure at the surface of the particles. Moreover, the control particles show the

numerous tiny particles adhering to the surface and within the surface of cleaved coffee cells.

A :;2?2,;-“ :
. Jos a
¥l

)

Figure 5.1: (a), (b), and (c) Roast and ground coffee | N NENEGTNRNGEGNGNNEEEEEEE
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The coffee particle structure has a distribution of cleaved cell diameters and pores.
Figure 5.2 shows a range of cleaved cell diameters (20-60 um) and smaller pores (0.3-8 um)
within the individual coffee cell. The various cell diameters observed could both be of the true
structure, but also due to the plane of the milled interface randomly bisecting the cells. The
possible value of these diameters would be equivalent to any chord length of a circle, where it

is known that all chord lengths will be smaller or equal to the diameter of that circle.

(b)
Figure 5.2: SEM image of a particle from material Qg. (a) Coffee cell diameters vary between
20-60 um; (b) pores within a single cell wall vary in size of 3 um to 300 nm.
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5.2.3: Particle Size Distributions—Impact of Measurement Technique

The particle size distributions were measured for all materials using two different
dispersants and methods as described in section 3.3.2. The particle size distributions of
additional roast and ground coffee reference samples were measured to elucidate coffee
processing effects on particle structure and morphology. A complete list of all materials
characterized and important particle size distribution statistics for both liquid and air dispersion

methods can be found in Table 5.2.
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Table 5.2: Comparison of particle size distribution statistics and results for all coffee
materials measured with laser diffraction by liquid and air dispersion methods.

Dx50 [Median] D[4,3] [Vol. Mean] D[3,2] [Surface Mean]  Volume Fraction
Sample ID

(um) (um) (um) <186um
Dispersant| Air Liquid Air Liquid Air Liquid Air Liquid
QQ, | 1455 1818 | 1575 1849 1355 495 000  0.02
Qg 1023 1318 | 1117 1435 966 427 000  0.04
Qc 777 852 | 823 919 739 270 0.00  0.05
Qp 1015 1224 | 1113 1351 962 338 0.00  0.04
Q¢ 1187 1371 | 1297 1391 723 271 0.03  0.06
Qr 877 966 | 929 1086 533 252 004 0.1
Qg 719 685 | 745 725 460 175 004 0.5
Qy | 1110 1262 | 1212 1420 569 275 0.04  0.09
Q, 884 925 | 942 1190 518 262 0.05  0.09
Q, 669 641 | 690 701 395 201 0.05  0.06
Q¢ | 1093 1318 | 1197 1422 565 262 004  0.10
Q, 883 990 | 943 1077 498 210 005  0.10
Qv 691 676 | 717 670 399 188 006 0.1
Qy 874 1035 | 922 1205 512 279 0.05  0.06
Qo 863 1051 | 913 1192 439 232 0.06  0.09
Q, 801 1056 | 844 1195 381 236 007 0.1
Qq 628 508 | 677 656 212 50 017 031
Qg 633 503 | 695 689 210 48 016 033
Q) 638 472 | 684 640 211 44 0.16  0.34
Q; 892 1151 | 979 1245 370 221 009 0.1
Q, 694 762 | 731 875 309 98 010 0.5
Q, 648 681 | 686 683 615 224 0.00  0.08
Q * 40 * 97 * 16 * 0.82
Qy * 34 * 68 * 15 * 0.91
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Figure 5.4 shows the particle size volume frequency distributions for materials Qa
through Qp. The fines tail of the distribution is enlarged to show the overall particle size
distribution for ground coffee was bimodal, which is consistent with the work reported by

others [Uman et al. 2016, von Blittersdorff and Klatt 2017].
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Figure 5.4: Particle size distributions for materials Qa through Qp measured with laser
diffraction (liquid dispersion method).

It is noticeable that the two laser diffraction data sets do not generate similar results, as
the measurement methods are different. This is consistent with the work of others [Melrose et
al. 2019, Hartegan et al. 2020, Corrochano 2017]. In many cases the liquid dispersion method
has higher values for the median particle diameter and the volume mean particle diameter than
the air dispersion data set. This observation is counterintuitive and is inconsistent with other

reported work [Melrose et al. 2019, Hartegan et al. 2020, Corrochano 2017].
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It is clear in Table 5.2 the liquid dispersion method measures more of the fine particles
than the dry dispersion method. This is due to the reduction of van der Waals and electrostatic
forces by the liquid dispersant, thus removing the fines from the surface of larger particles
[Litster 2016]. Therefore, the measurement of more fine particles should shift the overall
statistics of the distribution to a smaller particle size. The data in Table 5.2 shows that the delta
between the two dispersion method statistics narrows as the material particle size decreases.
Figure 5.5 compares the two data sets with the greatest delta between the dispersion method

particle size statistics.

Figure 5.5: Comparison of particle size distributions from both dispersion methods for
materials Qa and Qs.

A possible explanation for this observation could be the orientation of the particles in

the respective dispersants when measured by the laser beam and detector in each of the
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different methods. In the liquid dispersion method, where the particles are coupled with the
dispersant, particles with a known shape factor, such as an ellipsoid, are consistently oriented
perpendicular to the laser beam due to the velocity profile of the fluid flow in a laminar regime
[Scott 2019]. In contrast, particles with a shape factor in a turbulent flow regime, such as the
one created by the Aero S air dispersion unit on the Malvern, will have a random orientation
when passed by the laser beam. Thus, depending on the internal calculations and averaging by
the instrument, it is possible the reported particle size for the material could be smaller than
that of one measured in a laminar flow regime.

Figure 5.6 shows particle images of material Qa taken with a Keyence VHX2000 digital
microscope. Table 5.3 lists the approximate particle lengths and widths measured within the
Keyence software. While not exhaustive, these few particles measured individually do show

that all particles in material Qa have aspect ratios greater than one.

Table 5.3: Measurement of particles in
" Figure 5.6.
E
. Length Width  Estimated
A . Particle (um) (um)  Aspect Ratio
2 D A 2253 1216 1.85
B 2310 1368 1.69
C 1952 1324 1.47
D 2116 1437 1.47
B E 1933 1311 1.47
F 1236 1209 1.02
— G 1749 1572 1.11

Figure 5.6: Particles from material Qa.

It is also important to remember that the particle size results listed in Table 5.2 are

almost exclusively from tightly sieved coffee fractions. In the case where the particle shape and
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the orientation affects the measurement due to the flow regime, this effect would be amplified
with very coarse, tightly sieved coffee versus coffee with a full particle size distribution. This
conclusion is supported by the particle sphericity data reported by Corrochano [2017] where
the smallest measured particle sphericity values, i.e. large shape factors, were found with the

largest particle sizes.
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5.2.4: The Creation of a Hybrid Particle Size Distribution

The issues from each of the two particle size measurement dispersion methods
necessitated the creation of a hybrid particle size data set which combines data from both the
liquid dispersion and air dispersion methods. This was necessary as the air dispersion method
does not sufficiently measure the true fine particle volume fraction. The liquid dispersion data

for the sieved, coarse particles is biased due to the aspect ratio of those particles causing

longitudinal alignment in laminar flow during the measurement. || KGN
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The fine particle size data from the liquid dispersion method and the coarse particle size
data from the air dispersion method were combined and appropriately weighted to create a
hybrid distribution. It is important to note, the Malvern software uses 100 native particle size

class bins to calculate particle size distributions.

The cumulative volume fraction of the hybrid particle size distribution is:

( ]
Z Viliquid forj <75
i=1
0 : Eqn 5.1
R . qn 5.
hybrid] Ofines (liquid) T z Viair (1 = Bpines qiquiy) ~ for 76 < j < 100
i=76
\ Hfines (liquid) + Hcoarse (air) = 1 fOT'j =100

Where 844, is the combination of the fines volume fraction from the liquid dispersion and
the coarse volume fraction from the air dispersion particle size distributions.

The total fines volume fraction is:

75

Ofines (liquia) = z Vitiquia Eqn5.2
-1

Where Ofines (1iquia) 1S the total volume fraction of all particles below 186 pum, and v; j;gyiq is
the measured particle size distribution volume fraction in each class bin for the liquid dispersion
data set, where the 75 class bin has a mean particle diameter of 186 pm.

The total coarse volume fraction is:

100

ecoarse (air) = Z Vi air (1 - efines (liquid)) Eqn 5.3
i=76
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Where 8.4rse (air) is the total volume fraction of all particles above 186 pum, and v; 44, is the
measured particle size distribution volume fraction in each class bin for the air dispersion data
set.

Table 5.4 lists the key particle size values for the hybrid particle size distribution for each
coffee material. These values will be used in all analyses from this point forward, except where

specifically noted.

Table 5.4: Key particle size values for hybrid particle size distribution for all coffee materials.

D[4,3] [Vol. Mean] D[3,2] [Surface Mean] Volume Fraction

Sample ID (um) (um) <186um
Q, 1540 460 0.02
Qg 1080 392 0.04
Qc 782 260 0.05
Qp 1068 321 0.04
Q¢ 1249 399 0.06
Qr 866 244 0.11
Qg 669 172 0.15
Qy 1155 306 0.09
Q, 899 286 0.09
Q, 687 340 0.06
Qy 1120 256 0.10
0, 889 244 0.10
Qv 680 232 0.11
Qy 909 307 0.06
Qo 877 283 0.09
Q, 809 253 0.11
Qq 558 50 031
Qg 556 48 0.33
Q) 537 44 0.34
Q0 951 211 0.11
Q, 685 97 0.15
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5.2.5: Loose Bulk Density and Particle Density

The loose bulk density, p;, and the particle density, ps for each material was measured
as described in section 3.3.3 and 3.3.4 respectively and the results are compiled in Table 5.5.
Figure 5.9 shows the loose bulk density versus particle size for ||| | | | N NI
sieved materials. Figure 5.10 shows the measured particle density for ||| | | NN
I sicV<d coffee materials versus particle size.

Table 5.5: Loose bulk and measured particle density of each coffee material.
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Figure 5.9:

The loose bulk density decreased as particle size decreased in |||} NN coffee

materials Qa through Qp, with the dark roast control, Qp, being slight lower in loose bulk density

than its equivalent light roast control Qs. |GGG
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The values obtained in the helium pycnometry measurements for ||| NN
sieved, roast and ground coffee were particle size dependent (Figure 5.10), which is evidence
that the coffee particles have closed cell porosity, or pockets of volume inaccessible by helium
or any other gas [Mateus et al. 2007]. Materials Qw and Qx measured particle density values of
1.27 g/cm? were well within the range of previously reported values [Singh et al. 1997, Bustos-
Vanegas et al. 2018]. Ground coffee samples that are only comprised of particles less than 100
um diameter (Qw and Qx), and are at most two coffee cells in diameter, should not have any

closed cell porosity.

5.2.6: Surface Area

The measured specific surface area for each material was measured as described in

section 3.3.5 and the results are compiled in Table 5.6. Figure 5.11 shows the measured

specific surface area versus particle size for || NG ;i< cd coffee

materials.
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Table 5.6: Specific surface area for all coffee materials measured by krypton gas
adsorption. Specific surface area values are reported as average * standard deviation.

Sample ID Roast Degree Sleve class Specific Suzrface Area
(um) (cm”/g)
Qa Light 1000-1180 61+15
Qg Light 710-1000 84 +3.3
Qc Light 600-710 98 + 1.9

Dark 710-1000 85+1.9
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The measured surface area for the_sieved coffee materials (Qa - Qp, and

Qv) followed the trend that surface area increased as particle size decreased. |||} | NN
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The specific surface area (SSA) (m?g?) for a particulate material can be theoretically
calculated based on the measured particle size distribution, the measured particle density, and

assuming the particulate material is comprised of spheres. The theoretical specific surface area

was calculated by:

6
SSA = ————— Eqn 5.4
Ps D[3'2]dry

Where pg is the measured particle density of that material, and the D[3,2] is the measured
Sauter mean diameter from the Malvern dry dispersion method [Rhodes (Ed.) 2008, Litster

2016]. Table 5.7 is the comparison of the theoretically calculated values to the measured

values for_ sieved coffee.

Table 5.7: Comparison of measured and calculated specific

surface areas for_ sieved coffee materials.

SSA (cm?/g)  SSA (cm’/g)

Sample ID (Measured) (Calculated) % Difference
Qa 61 57 6.37
Qg 82 77 6.45
Q¢ 98 98 0.44
Qp 85 84 1.1
Qy 116 113 2.73
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The specific surface area values obtained from using equation 5.4 are remarkably similar
to the measured values from the Tristar Il Plus for sievedijj Il coffee materials. The
values derived from the equation slightly under predict the measured values. This slight
difference is reasonable given the particles are not spheres, which have the minimum specific

surface area of any comparable sized shape, and coffee particles have a textured surface

whereas the theoretical calculation assumes a smooth surface.
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Nonetheless, this comparison gives a high degree of confidence in the measurement data
obtained for all coffee samples, as no published literature was found on measurements of

specific surface area of roast and ground coffee particles for comparative purposes.

5.2.7: Mercury Intrusion Porosimetry

Mercury intrusion and extrusion testing was performed on a select number of the
materials presented in this chapter. Replicate testing was not done in triplicate due to the costs
of third party lab services, and reported values are from a single characterization event.
Materials Qa - Qc, Qn - Qj, and Qk - QOm were tested in addition to roasted whole beans from
both the light roast and the dark roast batches; the whole bean samples were used as a
reference. Figure 5.12 shows the cumulative and frequency pore size distributions for both

light and dark roast whole beans.

(a) (b)

Figure 5.12: (a) Cumulative and (b) frequency pore size distributions for light roast and dark
roast whole bean coffee.
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The data shows the most significant portion of pore sizes are between 35 and 20 nm in
diameter, for dark and light roast respectively. The slight shift to the left in both distribution
curves for the dark roast whole bean data set was expected as bean expansion during roasting
occurs at higher temperatures [Geiger et al. 2004, Bustos-Vanegas et al. 2018]. The values for
the pore size distribution are also consistent with the findings and structural analysis by
Schenker et al. [2000] who investigated roasting speed impact on the coffee microstructure,
with fast roast coffees having average pore diameters of 27 nm and slow roasted coffees having
average pore diameters of 22 nm.

The mercury intrusion measurements of the whole bean samples provide a robust
baseline of coffees internal structure to compare with regular roast and ground coffee JJjj
I 't s important to recall that coffee is a plant-based material with an
ordered cellular structure where large pockets of empty volume exist within each cell, which
are remnants of the vacuole and that cells are primarily connected via plasmodesmata.
[Robards and Lucas 1990].

Adjacent coffee cells connected via plasmodesmata present as an hourglass like
structure. This structure must be taken into consideration when analyzing pore size
distribution data. Without context, the pore size distribution data suggests that coffee is a
highly mesoporous material. Particles with pore structures like an hourglass, or where a
constricted neck opens to large voids, will assign all intrusion volume to the neck diameter
[Allen 1997b]. The only indication of any underlying structure from these plots is the large
hysteresis between the intrusion and extrusion curves, as other purely mesoporous materials,
like alumina silicate, do not demonstrate such large hysteretic behavior [Matthews 2010]. A
network of interconnected, complex pore shapes, such as an hourglass like network, would
describe the hysteresis observed [Allen 1997b, Litster 2016] in Figure 5.12a.

Figure 5.13 shows the cumulative pore size distributions for light roast coffee materials
Qa - Qc. The figure is broken down into three distinct regions to describe the portion of the

structure of the coffee filled during the intrusion process.
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Figure 5.13: Cumulative pore size distributions for light roast coffee materials Qa - Qc and light
roast whole bean.

In the first region, |, the void fraction of the coffee is being filled; this region stops up to
the point of a single coffee cell, which was assumed to be 45 um in diameter for consistency
purposes. However, the size of individual coffee cells has been reported to vary between 10-70
pm within a single bean [Pittia et al. 2011]. In the second region, Il, pores smaller than a single
cell within the coffee particle are being filled. This small increase in volume within the region Il
could also be the onset of material compression due to the increasing pressure during the
measurement [Johnston et al. 1990]. In the third region, at approximately 50 nm, is where the
plasmodesmata within the first cellular layer are being filled with mercury [Schenker et al.

2000, Wang and Lim 2014]. This large spike in mercury intrusion volume is due to the empty
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space of the adjacent, connected cells being filled, and this process repeats until the core of the
particle is reached.

In region | in Figure 5.13, as particle size decreases, a greater volume of mercury is
needed to fill to void fraction of the material in the penetrometer bulb. This difference in initial
intrusion volume, for each material, needs to be subtracted from the measured cumulative
intrusion and extrusion values to compare the pore size distributions across the materials.

Figure 5.14 shows the corrected cumulative pore size distributions for light roast coffee

materials Qa - Qc and light roast whole bean.

Figure 5.14: Corrected cumulative pore size distributions for materials Qa - Qc with
intrusion volume filling the void fraction removed.

The general trend is still the same compared to the uncorrected graph in Figure 5.13;
however, the differences in the hysteresis are less pronounced. Figure 5.15 shows the pore

frequency distribution for the corrected mercury intrusion data set for materials Qa - Qc.
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Figure 5.15: Pore size frequency distribution for materials Qa - Qc.

As the particle size decreases the primary peak centered at 25 nm decreases (see Figure

5.15 above), and the small secondary peak occurring in between 1-15 um is increasing

minimally. The data below 10 nm in diameter is quite noisy across all pore size plots as this

portion of the data approaches the detection limits of the method and will be subsequently

ignored in the analysis going forward. The linear increase in intrusion volume versus pore size

at the end of the measurement (see Figure 5.14), occurring between 300 to 415 MPa, is

indicative of material compression [Johnston et al. 1990].

119




Figure 5..16: |
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Figure 5.17:




The corrected envelope density, p, correctea, the total particle porosity, €, and both
the open and closed porosity for each material were calculated as described in section 3.3.6

and the results are compiled in Table 5.9.

Table 5.9: Particle porosity values calculated from mercury intrusion data.

Sieve class Corrected Envelope Particle Density Total Particle Closed Particle Open Particle
Sample ID Roast

(um) Density (g/cm’) (p) (g/cm®)  Porosity (€,) Porosity (€ oseq) POrosity (€gpen)
QA Light 1000-1180 0.702 0.78 0.447 0.176 0.271
QB Light 710-1000 0.709 0.81 0.442 0.162 0.279
Qc Light 600-710 0.634 0.83 0.501 0.176 0.325

Whole Bean Light * 0.708 * 0.443 * *

Whole Bean Dark * 0.549 * 0.568 * *

[y
N
w



5.2.8: Summary of the Coffee Particle Morphology

The results for the physical characterization of all coffee materials demonstrated that
coffee processing strongly affects the particle structure. There were strong relationships of
particle density and surface area with particle size in the |||} |} JJEEEE sicveo, roast and
ground coffee materials. As particle size decreased both specific surface area and measured

particle density increased.

I icht and dark roast coffee materials had distinct structural differences.
The roasted whole bean mesopore diameters for the dark roast coffee were about 40% larger
than the light roast coffee at 32 nm versus 23 nm, respectively. The measured particle density
and the loose bulk density for the ||} I o2rk roast coffee were 9% and 21% lower

respectively, than the light roast material, despite both materials having nearly identical

particles sizes. |

I T <se differences are consistent with

previously reported data, which has directly linked the dissimilarities of coffee structure to the

thermal treatment of the coffee beans in the roasting process [Schenker et al. 2000, Geiger et

al. 2004, Bustos-Vanegas et al. 2013]. |G
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5.3: Extraction Kinetics_ and Influence of

Particle Size

The extraction kinetics of the five chemical compounds for each sieve fraction of the

light roast, ||} coffee materials (Qa - Qc) were compared. Figures 5.18 to 5.22 are
the normalized extraction kinetic curves for materials Qa - Qc for each of the chemical

compounds measured.
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Figure 5.18: Caffeine extraction kinetics for light roast materials Qa, Qs, and Qc.
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Figure 5.19: 3-CQA extraction kinetics for light roast materials Qa, Qs, and Qc.
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Figure 5.20: Citric acid extraction kinetics for light roast materials Qa, Qg, and Qc.
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Figure 5.21: Malic acid extraction kinetics for light roast materials Qa, Qg, and Qc.
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Figure 5.22: Quinic acid extraction kinetics for light roast materials Qa, Qs, and Qc.
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The data shows that smaller particles have faster extraction kinetics than larger particles
at long times, i.e. 2 25 s. This result is expected due to the increase in surface area for the
smaller particles and the reduced mass transfer resistance for the extraction of the compounds
from within the particle due to shorter diffusion distances. At the earliest time scales, < 15,
the data demonstrates that the influence of particle size is minimal, as the data points from
each of the three materials are overlapping on one another. This observation was consistent
for all five chemical compounds. This portion of the extraction kinetic curves has captured the
so-called “washing phase” [Zanoni et al. 1992, Spiro 1993] of the surfaces of each coffee
particle and the rapid extraction of all fines adhered to the surface of these large particles. This
is the first data set to capture this rapid extraction regime or “washing phase” of extraction.
Additionally, the delay in extraction for both caffeine and 3-CQA was consistently observed in
all three materials.

A consistent order of relative extraction speed was observed for all three sieve fractions,
where malic acid had the fastest kinetics, followed by citric acid, quinic acid, caffeine, and 3-
CQA. The observed, relative extraction speed order generally aligns well with molecular
structure, and solubility of each of the compounds (section 4.3). The molecular weight was not
a good predictor of extraction order, as both citric acid and caffeine have nearly identical
molecular weights but the extraction kinetics are very different; caffeine extracted much slower
than citric acid. Table 5.10 provides a comparison normalized concentrations at approximate

times for the three_ coffee materials Qa - Qc.
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Table 5.10: Normalized chemical compound extraction concentrations for coffee materials Qa -
Qc. Time of 60 s and 180 s are the average values across all three replicates. The 10-30 s data
is comparative data where the max time differential between the three coffee materials are
within 0.5 s of one another and within 1 s of the listed time.

Caffeine 3-CQA Citric Acid Malic Acid Quinic Acid

Time (S) QA QB Qc QA QB Qc QA QB Qc QA QB Qc QA QB Qc

10 0.21 030 023 (020 029 0.22 | 044 045 048|048 057 049|027 0.37 0.36
15 0.28 041 032|026 038 030|048 052 055|053 068 057033 045 043
20 037 052 050033 048 045|054 059 066|060 071 069|041 0.58 0.58
25 0.42 059 061|037 053 055|057 064 073|063 074 0.76 | 046 0.57 0.67
30 0.45 062 067|039 056 060|059 065 0.77 (065 0.77 0.80 (048 0.61 0.76
60 063 080 09 (055 071 081|069 079 087|077 085 091|062 0.76 0.92
180 | 090 097 099|080 091 095|089 093 097|094 097 100 |0.89 090 0.98

The spread in the extraction kinetic values between the three coffee materials, Qa - Qc,
varies between the five chemical compounds, and at different points in the extraction curve.
The spread in normalized concentration for citric and malic acid is smaller than the spread for
quinic acid, 3-CQA, and caffeine. The data shows a maximum range of 0.15 for malic acid
and 0.18 for citric acid at 30 s. In contrast, the maximum range was 0.27 for caffeine, 0.26 for
3-CQA, and 0.30 for quinic acid, all occurring at 60 s. Comparison of model parameters in

chapter 6 will explore these observed differences further.
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Figure 5.24: I
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133



134



Figure 5.3 1. |
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Figure 5.33:
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5.4.3: Effects of Degree of Roast on Extraction Kinetics

The effect of degree of roast on extraction kinetics was explored, but only for a single

sieve fraction N - <. 5.36 shows the

extraction kinetics for caffeine, 3-CQA, citric acid, and malic acid for light and dark roast

controls, Qg and Qp, respectively.

138



1.0 T SE—— = 1.0 P m——— ™
0.9 7 0.9 LR
0.8 'ﬁ = 0.8 2T
; A
0.7 / 0.9 0.7 ,a 0.9
0.8 o 0.8
& 0.6 0.7 = 3) 0.6 0.7
. ﬁl 0.6 ]
~05 3 06 umi"? ~~0.5 & w#’
= ~o0s5 aaﬂfﬁ;:” 4 = ~o05 }??A '\
Q 04 Z 04 e A Q04 Soa 'ﬁ?'?‘“ A
0.3 0.3 y 0.3 0.3 "‘53“
‘ 0.2 - . ' o5 9‘ °
0.2 0.1 -- Caffeine Qg (Light Roast) 0.2 0‘1 e 3-CQA Qg (Light Roast)
0'0 _____ oy -- Caffeine Qp (Dark Roast) ’ o --3-CQA Qp (Dark Roast)
0.1 : 0.1 0.0 ==
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
0.0 Time (s) 00 ! Time (s}
A N -
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s) Time (s)
(a) (b)
N — - 2 1.0 Y — o
e ? = 4 i’ 1 g 8
0.9 e A 0.9 8.
P, >
ek 'ﬂ"’ 1.0 08 '@ 1.0
0.7 / 0.9 0.7 0.9 "
0.8 0.8
7Yy | RX‘A _o®
3 06 0.7 * 0"‘"“4' 3 06 0.7 &A":““pf‘: &a
' ' a é"@&%"ﬁﬁ ) : e Y
~05 § 06 £ ~0s5 3 06 PTG I
- 2 e — U a’%b
) = Aaay o OB < s ¥ ans
Q 04 504 5{% ° Q 04 g 04 s ;(a' *
S
03 f zj l,yg'k 03 § Z: / $
02 | n‘] A -- Citric Acid Qg (Light Roast) 02 | 0'1 i -- Malic Acid Qg (Light Roast)
§ 1 | 4 : 1 |4
! - s -- Citric Acid Qp (Dark Roast) ' ’.' -- Malic Acid Qp (Dark Roast)
01 | 2 01 ! 0.0
i 0 5 10 1 z’o 25 30 35 i 0 5 1 15 2 3 N3
ime (s | i
00 ! ¢ 00 ! ime (s)
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600

Time (s)

Time (s)

(c)

(d)

Figure 5.36: Comparison of || sicved. light roast coffee material Qg and sieved,
dark roast coffee material Qp extraction kinetics for (a) caffeine, (b) 3-CQA, (c) citric acid, and

(d) malic acid.

The extraction kinetics of the equivalent light and dark roast particle sizes were

compared for the two control materials. There was no difference in extraction kinetics

observed for caffeine, 3-CQA, and very small differences in the extraction kinetics for the

organic acids, most notably in the malic acid curves (Figure 5.36 (d)). The minimal difference in

results are in contrast to the previously reported differences in coffee structure between light

and dark roast coffees (section 5.2), where the dark roast material had 40% larger mesopore

diameters within the coffee cell walls. These small differences in extraction kinetics between
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sieved, light and dark roast coffees is evidence that the changes in the

mesoporous structure have only a minimal effect on coffee extraction kinetics.
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Figure 5.38:

The absolute concentrations for each of the last three time points for each set of

replicate extractions for a single material were averaged and compiled in Table 5.11. In most
cases, the maximum absolute concentration was observed at either 300 or 600 s, and the
maximum observed value in each replicate was used to normalize the data from that specific
extraction event. In rare cases, the maximum chemical concentration was measured at an

earlier time, such as 60 or 180 s.
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Table 5.11: Average and standard deviation of absolute concentrations for each chemical compound, for each coffee material at
180, 300, and 600 s.

Sample ID Caffeine (mg/L) 3-CGA (mg/L) Citric Acid (mg/L) Malic Acid (mg/L) Quinic Acid (mg/L)
Time (s) 180 300 600 180 300 600 180 300 600 180 300 600 180 300 600

QA 346 +13 383+4 384+13| 164+5 189+10 204+6 | 135+9 142+12 151+20| 542 55+2 57+5 |195+16 201+22 222+48
QB 340+3 3495 351+6 | 179+2 191+2 197+3 |144+23 150+16 148+10| 619 50+4 61+7 |172+20 181+11 1694
QC 355+8 3596 3605 | 2045 212+4 214+4 |147+17 148+11 149+20| 62*6 50+5 62+6 |175+22 172+14 172+25
QD 349+6 3586 3594 | 871 90 +2 92+2 [ 104+5 1074 108+6 (39+0.1 39+1 39+0.2| 1426 1444 1437
QE 339+2 357+2 372+15| 169+1 184+2 193+2 | 1044 1074 108+2 | 484 46 +1 45+1 (141+10 149+18 139+8
QF 353+1 362+1 363+2 | 1751 185+1 188+1 | 126+4 128+2 130+4 | 48+3 52+4 50+7 | 145+5 143+4 1427
QG 357+4 360+3 359+2 |186+11 191+11 191+12(133+12 135+12 131+9 | 43+6 44+ 6 45+8 [(158+14 154+6 150+12
QH 340+1 353+2 355+2 | 180+1 190+1 195+1 | 107+2 113+8 115+1 | 44+2 49%05 47+1 [ 128+2 142+12 141+2
Q| 360+15 371+15 372+15|198+0.3 209+0.2 212+2 | 136+6 1386 140*7 | 554 56 +4 53+1 | 143+9 143+6 1429
QJ 356+9 353+2 352+2 | 194+3 197+2 196+2 | 131+3 134+13 118+1 | 57+3 57+7 55+5 155+2 164+18 163+0.5
QK 346+2 356+2 358+0.1| 179+1 187+1 190+04| 110+*6 113+7 117+11| 50*6 53+3 54 +3 149+3 149+12 158+22
QL 353+10 356+1 355+1 | 184+1 192+1 193+1 | 131+9 131+6 132+10| 55%*3 52+3 51+7 | 163+5 158+11 160+ 13
QM 344+2 3472 346+2 | 185+1 188+1 187+1 (130+12 128+7 131+13| 52+5 52+1 53+4 |144+11 141+3 145+13
QN 349+1 357+2 3571 | 784 82+5 82+4 (104+12 108+17 107+15| 37+2 37+2 36+2 [138+10 151+12 139+12
Qo 352+2 356+3 3562 | 802 831 82+1 [ 104+2 108+11 105+8 | 37+1 37+2 36+2 | 135+6 1397 135%9
Qp 354+3 357+4 3574 | 781 79+1 79+1 [ 100+5 102+6 101+6 | 36+1 361 35+1 | 134+5 139+9 1348
QQ 337+2 3443 344+3 | 192+1 199+1 200+2 | 118+2 120+8 119+6 | 52+3 52+2 52+2 | 1265 125+4 1273
QR 332+3 341+2 342+2 | 184+1 190+1 191+2 | 115+8 1159 119+9 | 48%*2 46+ 4 49 +3 124+5 128+3 129+9
QS 350+7 351+1 349+1 | 180+1 184+0.4 182+0.5(133+15 133+1 137+10| 534 51+1 52+2 |173+13 156+11 175+18
QT 309+19 323+21 332+29|169+11 182+12 191+14 * * * * * * * * *
QU 346 +3 3473 348+3 | 1903 194+3 195+3 |145+31 148+22 154+45| 606 58+6 58+6 |145+29 141+19 152+37
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The maximum concentration values of each compound were found to converge to
similar values across the control materials, except for the dark roast coffee control, material Qp,
which had lower concentrations for each acid. The lower acid values for Qp is consistent when
comparing dark roast coffees to light roast coffees [Jeon et al. 2017, Clarke (Ed.) 2012a]. This
difference is due to the acid degradation during coffee roasting, where greater acid degradation
and decomposition is directly proportion to the temperature and time the coffee is subjected to

in the roasting process, where longer roasting times are required to yield a dark roast coffee

(Clarke (Ed.) 2012a).

Table 5.12; I
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5.6: Conclusions

I coffee extraction was found to be independent of particle size in the
first several seconds of extraction, but a strong dependence on particle size was observed at
times >25 s. This data set is the first to capture the “washing phase” of extraction due to the

unique ability to measure early extraction times.

I 21k roast coffee had nearly identical extraction kinetics as light roast
coffee for the chemical compounds studied. The structural changes of the coffee particle due

to thermal treatment are insufficient to materialize differences in extraction kinetics. -
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Chapter 6: An Empirical Model to Describe Coffee
Extraction Kinetics

6.1: Introduction

Previous studies have developed mathematical models to describe coffee extraction
kinetics in well-mixed batch reactors and in packed beds of coffee (section 2.5). Models
developed for a well-mixed batch reactor are based on first order, non-steady state diffusion
out of a sphere. However, previous available data has failed to capture the important short
time kinetics. This chapter will introduce the application of a new empirical model containing

the sum of two exponentials describing the two regimes of coffee extraction. || EGEG

6.2: Empirical Model Development

6.2.1: A Model to Describe Two Extraction Regimes

The extraction kinetic curves in the well-mixed batch reactor experiments demonstrated
the presence of two extraction regimes, and as presented in section 4.5.6, a single regime
model is insufficient to describe the data set. The semi-log plot in Figure 4.12 (section 4.5.6)
demonstrated a distinct change in slope of the data indicative of a transition point, where two,
linear lines would intersect. Figure 6.1 is the same extraction kinetic data of 3-CQA for material
Qa plotted with two linear regression lines. The intersection point differentiates the total
contribution of extract concentration from the fast extraction regime and the slow extraction

regime.
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Figure 6.1: Semi-log plot of the 3-CQA extraction kinetics for i}
I sicved (1180-1000 um), light roast coffee material Qa.

The sum of these two regimes describe the total extraction kinetics:

c -t -t
= (,,(1 - eal) +(1-9) (1 —elz) Eqn. 6.1

The coffee extraction kinetic model in equation 6.1, is the sum of two, first order exponentials
weighted by the concentration contributions from each regime as established by the
intersection point; this intersection value is denoted as ¢. The two model parameters A1 and A
are the time constants for each extraction regime, these correspond to the model presented by

Spiro and Selwood [1984].

C, ~(t=1) ~(t-1)
R4 l—-e 4 |+ (Q-9@)|1—e % Eqn. 6.2
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In the observed extraction kinetics of caffeine and 3-CQA, where the extraction kinetics
exhibited a delay, an additional parameter is needed. The extraction delay time, denoted as T,

is a shift on the time axis (Eqn. 6.2).

6.2.2: Conceptual and Physical Model Explanation
The model equation 6.2 operates under several key assumptions.

1) The particles are spherical.

2) Hydration is not a rate limiting step and the particles are considered rapidly saturated at

the start of the experiment.

3) Very dilute conditions exist in the bulk liquid.

4) The solute completely extracts from the matrix and the solute does not reabsorb to the

matrix.

5) The solute diffusion is constant and is treated as an averaged effective diffusivity.

The five assumptions for the empirical model are consistent with modeling coffee
extraction kinetics with a first order, steady state diffusion model [Voilley and Simantos 1980,
Spiro and Selwood 1984, Sano et al. 2019]. The first assumption of spherical particles greatly
reduces the true geometric complexity of ground coffee particles, and simplifies the geometric
aspect of the mathematical equations down to a function in terms of only the particle radius.

The second assumption of rapid wetting of the particles establishes a well-defined start
to the extraction of all coffee particles. The assumption of rapid hydration, coupled with the
assumption of complete saturation, eliminates the possibility of a residence time distribution of

the hydration of the particles and of various starting extraction times for the particles. The
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validity of this assumption can be checked by approximating the time of hydration as estimated
from the Lucas-Washburn equation for wicking in swelling porous materials [Masoodi and Pillai

(Eds.) 2012]. The hydration time can be estimated using equation 6.3:

Vlvaore COS(Hd) ¢

h =

Eqn.6.3

Where h, is the penetration distance into the capillary pore of a solid, y'” is the surface tension
of the liquid, Ry, is the capillary pore radius, 6 is the dynamic contact angle between the
liquid and the solid, uy is the dynamic viscosity of the liquid, and t is time. The values for the
other variables are listed in Table 6.1. The choice of an extremely small capillary pore radius,
Ryore highlights the extreme case where the time to penetrate would be at a maximum. The
value chosen was taken from the measured pore sizes of the plasmodesmata reported by

Schenker et al. [2000] for the LTLT roasted coffee.

Table 6.1: Variable values for estimating hydration time of large
coffee particles.

Variable Value Units Reference
ha, 7.7x10™ m This work
hq, 3.44x10™ m This work
i 6.082x10°  N/m Vargaftik et al. 1983
K¢ 9.0x10” Pas Kestin et al. 1978
Rpore 1.12x10°® m Schenker et al. 2000
04 80 ° Estimate from Corrochano 2017

The hydration time, the time required for the liquid to penetrate the solid a distance of
h, was calculated to be 0.79 and 1.78 s for coffee particles with a radius of 344 and 770 um
respectively, which correspond to the mean volume particle radius of material Q; and material
Qa. These are the smallest and largest particle sizes measured in all of the coffee materials

tested. The hydration time for material Qa is the worst case scenario as it is the largest particle,
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and given that the hydration time is smaller than the ability to measure any coffee extraction, it
is reasonable to treat all materials as fully saturated at the start of the experiment. Moreover,
the estimated hydration time difference between the largest and smallest particles is one
second, which is a very small difference in the overall extraction kinetics.

The well-mixed batch reactor and extraction experiments were intentionally executed
with a low coffee to water ratio of 0.028 to ensure a dilute system existed in the bulk liquid, to
include at long times where several milliliters of liquid volume were removed in the sample
collection process. This assumption of a dilute system and deliberate experimental execution is
important as it ensures the external mass transfer resistance due to the bulk liquid
concentration over time is as low as possible. A very dilute system also supports a larger
partition coefficient of each respective chemical compound, and this model assumes that the
partition coefficient is one, which is the fourth assumption of this model.

The final assumption states that the two extraction regimes initially observed in section
4.5.6 and in section 5.3 are assumed to have constant diffusivities with respect to distance, and
that the diffusivity is not time dependent. This permits a defined transition point in the
extraction curves where the concentration contribution from one extraction regime can be
differentiated from the other, and the diffusivity of each regime is a simply a fixed constant
rather a function of time and position within the particle. This assumption also assigns the
effects of any treatment solely on the slow extraction regime time constant.

Figure 6.2 provides a visual of the physical understanding of the extraction process
ultimately described by equation 6.2. The model in equation 6.2 describes the extraction
kinetics as the sum of the kinetics from the fast extraction regime and the slow extraction
regime. The model parameter ¢ distinguishes the transition point between the two extraction
regimes as mentioned in section 6.2.1. It is necessary to determine the volume of the coffee
solids contributing to the total concentration observed within the fast extraction regime versus

the volume of the solids contributing to the slow extraction regime.
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Normal Assume concentric Coffee particle is wetted The particle volume of the
coffee particle layers, each the  rapidly and is fully saturated  proken layer (layer 1) and the
assuming spherical  thickness of single at the start of the
geometry. coffee cell (dc). experiment. The first
concentric layer is the broken

layer, layer 1, and the first
intact layer is layer 2. is highlighted in a lighter color.

first intact layer (layer 2)
extract rapidly with the fine
particles. This particle volume

Figure 6.2: A conceptual model for two stage coffee extraction.

The volume of coffee solids contributing to fast extraction is a combination of the fine
particles adhered to the surface of more coarse particles, in conjunction with the surface layer
of the coarse particles themselves. The spherical particle assumption facilitates a consistent
way of calculating the surface volume fraction of the coarse particles contributing to the fast
extraction regime. This volume fraction can be determined by discretizing a spherical coffee
particle into an N number of layers, where the width of each layer is the thickness of an
individual coffee cell. Fiori et al. [2009] reported that the first two layers be considered as part

of the rapid extraction phase (section 2.5.4.3).

6.2.3: Parameter Reduction

The four parameter model (Eqn. 6.2) was simplified by fixing T and developing a
predictive method for the determination of ¢ from the particle size measurements. The value
of T was fixed by visual inspection of the extraction data for caffeine and 3-CQAto4sand3s

respectively (section 4.5.5).
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The definition of what constitutes a “fine particle” in terms of particle size can be
reasonably estimated by calculating the mass transfer Biot number Bi,,, which relates the
internal mass transfer resistance to the external mass resistance, and the Fourier number for

mass transport Fo,,, which relates time to the time scale of diffusion:

kR
Bi, =—2 Eqné6.4
Deyr

Dsoln

k=5

Eqn 6.5

The Biot number was estimated using equations 6.4 and 6.5, where k is the mass transfer
coefficient, Rp is the radius of the particle, and D, is the effective diffusivity within the
particle. The mass transfer coefficient k, can be estimated as the diffusivity of the chemical
compound in a bulk fluid, D,,;,, divided by the thickness §, of a boundary layer surrounding the

particle, shown in equation 6.5.

Dysr t
Fo,, = ;f’; Eqn 6.6

P

The Fourier number was estimated using equation 6.6, where t, is time, Rp is the radius of the
particle, and D¢ is the effective diffusivity within the particle. Table 6.2 lists the values of the

variables in equations 6.4, 6.5, and 6.6.

Table 6.2: Variable values for estimating Bi,, and Fo,,.

Variable Value Units Reference
Dson  2.3x10°  m%/s Spiro et al. 1989
Degs 7.67x1071° mz/s Estimate from Corrochano 2017
) 9.0x107 m Assumed
Rp 9.0x107 m Assumed
t 15 S Time at Transition point
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Sufficiently large Fourier numbers, O(>1), describe a mass transport event where
adequate time has passed and the concentration gradient within a particle and a bulk solution
is near zero. Small Biot numbers, O(0.1-10), where the internal diffusion resistance is less than
or approximately equal to the external diffusion resistance, describe a particle which undergoes
a fast extraction event [DeWitt et al. 2007]. The Fourier number was estimated to be equal to
1.4 using equation 6.6 and an approximate value of the Biot number was estimated to be equal
to 3 with a particle radius of 90 um. The value of § was assumed to be equal to the particle
radius as it is largest when the particle is considered to be in a stagnant medium and it is
typically on a similar length scale of the particle radius [Adrian 2007].

The fines volume fraction is assumed to be the volume fraction of all particles below 186
um, given the estimated values for the Biot and Fourier numbers. This volume fraction value
was taken from the combined particle size distribution data obtained, where the fine fraction
was determined with the liquid dispersion method. This maximum fine particle size describes a
coffee particle with a radius of two coffee cells, assuming a coffee cell diameter of 45 um
(section 5.2.6). Moreover, the volume fraction of the coarse particles contributing to the fast
extraction kinetics needed to be calculated. The proportion of the coarse particle volume
contributing to fast extraction was determined by using the combined particle size distribution
data, where the coarse volume fraction was determined with the air dispersion method. It is
important to note, the Malvern software uses 100 native particle size class bins to calculate

particle size distributions.

The fraction of total concentration available for fast extraction is:

Y = ev,fines + ﬁv,coarse Eqn.6.7

Where ¢ is the combination of the fines volume fraction and the surface volume fraction of the

coarse particles contributing to fast extraction.
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The fines contribution is:

75

Hv,fines = Z Vi liquid Eqn.6.8

i=1

Where 8, rines is the total volume fraction of all particles below 186 um, and v; j;4yq is the
measured particle size distribution (liquid dispersion) volume fraction in each class bin, where

the 75 class bin has a mean particle diameter of approximately 186 pm.

The coarse contribution is:

N (&, — 2d,)°
19v,coarse = Z Vi air (1 - <lf—3€>> Eqn 6.9
1

i=76

Where 9, coarse is the total volume fraction of the surface of coarse particles contributing to
fast extraction, v; 4;, is the measured particle size distribution (air dispersion) volume fraction
within an individual class-bin, X is the arithmetic mean diameter of the upper and lower
particle sizes of that class bin, and d,. is the diameter of a single coffee cell assumed to be 45
um.

The value of ¢ was calculated for each material using equations 6.7, 6.8 and 6.9. A
sphere with a diameter of x, was discretized into an N number of concentric layers of d.. , each
45um thick (Figure 6.2). The volume fraction of the first two layers in each sphere was
calculated and multiplied by the class bin volume fraction for coarse particle size distribution;
these volume fractions were summed over the 24 coarse particle class bins (Eqn. 6.9). The
calculation of the volume of two layers versus a single layer is consistent with the findings of
Fiori et al. [2009] who reported a double shell model fit supercritical fluid extraction data more
appropriately. Table 6.3 contains the values for @, 8, fines, and 9y, coarse for all coffee materials

modeled.
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Table 6.3: Calculated values for @, 0,, fines,
and ﬁv,coarse-

Sample ID ev,fines 19v,coarse P
Qp 0.025 0.332 0.356
Qg 0.035 0.433 0.468
Qc 0.053 0.523 0.576
Qp 0.045 0.430 0.475
Q¢ 0.063 0.382 0.445
Q: 0.109 0.447 0.556
Qg 0.148 0.491 0.639
Qy 0.087 0.396 0.483
Q, 0.089 0.456 0.545
Q, 0.061 0.568 0.628
Qg 0.101 0.394 0.495
Q, 0.103 0.450 0.553
Qm 0.110 0.526 0.636
Qo 0.093 0.464 0.557
Qp 0.106 0.481 0.587
Q 0.108 0.444 0.551
Qy 0.154 0.494 0.648

6.2.4: Influence of Model Parameters and Physical Interpretation

The empirical model in equation 6.2 was simplified into a two parameter regression
model, where the parameters are representative of the time constants for each of the two
extraction regimes. The impact of each individual parameter on the model for the coffee
extraction curve was explored to obtain an initial understanding of the model sensitivity to each
respective parameter. The time constant for the fast extraction regime, A1 or Asst, describes the

extraction kinetics for the fines and the surfaces of the coarse particles. It is logical that this
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value is constant regardless of the value of ¢, because there is limited mass transfer resistance
due to the absence of coffee structure.

There could be potential variation in this time constant value as the particle size
distribution of the fines is treated as lumped value, 6, fin.s. Different particle size distributions
within the boundary conditions describing fine particles, 0.1—180um, could exist which would
result in different values for Az if those distributions were substantially differentiated between
materials. The value of Asst should also be reflective of the extraction kinetics of the individual
chemical compound, where slower extracting compounds will have relatively larger values of
Asast than faster extracting compounds. Figure 6.3 shows the effect of Asns: for fixed values of ¢
and Asiow. It is very clear that smaller values of Arst achieve the transition point or value of ¢ in
shorter times. As Asst continues to increase and approach the value of Agow, a single

exponential model begins to form.
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-
O 0.4
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0.2 ast =12 (s)
Forg = 0.5and ., =75(s) ‘ — Apase =15 (s)
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Time (s)
0
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Time (s)

Figure 6.3: Influence of model parameter As.st On extraction kinetics.
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The time constant for the slow extraction regime, A; or Asow, describes the extraction
kinetics for the majority of the volume fraction within the coarse particles. The value of this
time constant will change as the coffee structure changes as it is directly related with the mass
transfer resistance of diffusion. Figure 6.4 shows the influence of Aqow for fixed values of Asqst
for and @. It is clear from Figure 6.4 that as Aslow decreases, the time to achieve total extraction
is reduced. Given the relationship of Asow With coffee structure, it is expected that as particle
size decreases, as particle porosity increases, as surface area increases, or as degree of roast
increases (i.e. darker roasts), a decrease in the value of Asow should be observed, as each of
these relationship reduce the complexity of the coffee particle structure and therefore reduce

the mass transfer resistance for diffusion.

1
0.9
0.8
0.7
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Figure 6.4: Influence of model parameter Aqow On extraction kinetics.
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The calculated values of ¢ are based on the physical measurements of the material and
identify the point in normalized concentration where the fast extraction regime transitions to
the slow extraction regime. Mathematically, ¢ bounds model equation 6.2 between a
completely fast extraction event, where ¢ = 1.00 and a completely slow extraction event
where ¢ = 0. Areal scenario where ¢ = 1.00 is the brewing of a Turkish ground coffee, where
the median particle size is approximately 100um [von Blittersdorff, M. and Klatt, C. 2017]. A
scenario where ¢ = 0 is not practical as every particle has surface area, but ¢ would be at an
absolute minimum value if coffee was extracted as roasted whole bean. This absolute
minimum can be estimated from average roasted coffee bean dimensions calculated by Severa
et al. [2012] and assuming the coffee bean as an ellipsoid with a result of ¢ = 0.07. Figure 6.5

shows the influence of ¢ for fixed values of Asow and Afast.
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Figure 6.5: Influence of predicted model parameter ¢ on extraction kinetics.
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6.3: Parameter Values and Model Fit

The values for Asast and Asiow, along with the 95% confidence intervals for each
parameter, the coefficient of determination for the model, and the mean absolute percent
error of the model are found in Table 6.4 and Table 6.5 for each material and each of the five
chemical compounds. In most cases the fit of the model is excellent, resulting in mean percent
errors averaging 6% for 3-CQA and 4% for citric acid, and similar values for the other three
compounds. A small correlation between the two parameter estimates, Asast and Asiow, existed
within the model for each material. The correlation of estimates is on average between 0.40

and 0.60 for each of the various chemical compounds.

Table 6.4: Model parameter values with 95% confidence intervals, coefficient of determination,
and mean percent error for caffeine and 3-CQA extraction kinetic models.

Caffeine 3-CQA

Mgt Lower Upper (A, . Lower Upper R? MPE Ag,¢ Lower Upper (A, Lower Upper R? MPE

sample ID 0, 0, 0, 0, 0, 0, 0, 0,
(s) 95%CI95%C (o 95%CI95%CH () (%) | (5 95%C95%C (i 95%C95%C () (%)

QA 9.2 82 10.4 | 109 99 119 [0.95 6.9 (109 101 11.2 | 158 148 169 |0.97 5.5
QB 106 9.3 12.2 57 49 66 (0.92 16.0 |11.2 10.2 123 93 81 106 (0.94 10.8
QC 19.1 148 355 29 13 43 10.88 12.6 (183 16.0 221 59 42 76 (092 9.3
QD 15.7 145 17.2 50 45 55 (098 3.7 |13.0 122 140 | 79 72 87 |(0.97 4.0
QE 58 54 6.2 104 97 111 [0.99 34 | 68 64 7.2 129 121 137 |0.99 3.0
QF 9.2 80 10.6 68 55 84 (086 93 |103 93 11.5 97 80 117 |0.90 8.1
QG 9.1 8.0 10.5 46 36 59 (085 9.7 |10.2 9.1 115 72 56 93 |(0.87 8.9
QH 45 41 4.9 67 63 71 1098 3.2 | 54 49 5.5 92 85 99 10.99 3.2
Q| 81 7.2 9.2 78 65 93 |(0.89 129 | 95 86 10.5 97 82 115 (0.91 10.3
QJ 78 74 8.3 33 31 36 |098 34 | 88 83 9.4 41 37 46 1097 4.1
QK 29 26 31 50 48 53 (099 24 |37 34 3.9 65 62 69 099 23
QL 73 7.0 7.6 62 58 65 1099 3.1 | 84 81 8.6 78 74 82 1099 25
QM 9.0 7.7 10.9 27 20 35 |0.85 9.7 |10.0 8.7 11.9 35 26 45 (0.86 10.3
Qo 12.8 109 164 33 24 41 (0.0 7.7 (11.8 104 136 | 43 35 51 0.92 6.2
Qp 70 6.1 8.1 34 28 40 |0.86 7.4 | 7.0 6.2 7.9 38 32 44 10.88 5.9

QT 11.2 104 12.0 | 98 86 111 (0.98 3.7 (122 116 119 | 139 125 155 (0.99 3.2

QU 85 80 9.1 35 31 39 |097 3.8 |91 86 9.7 57 50 64 (097 3.9
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Table 6.5: Model parameter values with 95% confidence intervals, coefficient of determination, and mean percent error for citric
acid, malic acid and quinic acid extraction kinetic models.

Citric Acid Malic Acid Quinic Acid

sample ID Mg Lower Upper|A . Lower Upper R? MPE Apast Lower Upper|A,,, Lower Upper R? MPE Mgt Lower Upper|A ., Lower Upper R? MPE
(s) 95% Cl 95% CI (s) 95% Cl 95% Ci () (%) (s) 95% Cl 95% Ci (s) 95% Cl 95% CI () (%) (s) 95% Cl 95% Cl (s) 95% Cl 95% Cl () (%)
QA 3.0 2.5 3.4 65 62 68 |0.97 3.0 | 24 15 3.2 44 42 46 (095 4.0 |12.0 106 1338 90 81 99 10.94 125
QB 6.3 5.6 7.1 57 52 62 |093 50 | 64 5.4 7.5 35 31 39 (0.89 5.5 |119 95 15.5 60 45 77 (0.76 16.8

Qc 10.0 9.2 10.8 44 40 48 (0.97 3.2 | 9.8 8.8 111 34 30 38 (0.94 5.4 * * * * * * * *
QD 5.2 4.7 5.7 42 41 44 10.97 23 | 40 3.6 4.5 25 24 26 |0.98 1.8 |14.7 126 184 35 28 40 |0.94 3.7
QE 3.1 2.4 3.7 35 32 37 1096 3.5 | 2.8 1.6 3.8 26 23 30 |0.88 6.0 | 6.4 5.1 8.0 61 51 72 |0.89 8.5
QF 5.8 5.1 6.6 44 39 49 1091 49 | 4.1 2.8 5.5 41 34 51 |0.61 10.0 | 10.8 8.9 135 41 31 51 ]0.80 8.5
QG 7.3 6.5 8.3 37 31 43 (091 5.1 | 5.2 4.2 6.4 23 19 28 10.84 7.0 |126 99 25.2 27 7 40 |0.78 10.5
QH 3.3 2.5 4.1 40 36 43 1096 4.1 | 23 * 3.5 25 23 28 1091 53 | 54 43 6.8 55 47 65 ]0.92 6.9
Q| 5.6 5.0 6.3 44 40 48 |(0.92 5.0 | 49 4.1 5.9 33 29 38 |0.82 69 | 9.9 8.5 12.0 38 31 46 (0.85 8.0
QJ 6.7 6.0 7.4 30 26 33 1094 3.1 | 6.9 5.4 8.6 23 18 28 |0.83 53 |103 8.7 12.8 33 24 43 (0.84 5.8
QK 2.7 1.9 3.4 28 26 31 |095 3.8 | 2.2 1.0 3.0 25 23 28 (093 44 | 53 4.3 6.4 46 41 53 (0.92 5.7
QL 5.7 5.2 6.2 34 31 36 (095 2.6 | 49 4.1 5.8 32 28 36 |0.85 4.9 |103 838 12.4 44 65 54 10.84 6.6

QM 7.8 6.9 8.9 24 20 28 |091 4.0 | 6.6 5.7 7.9 21 17 25 |0.85 5.1 * * * * * * * *

Qo 6.7 5.8 7.7 32 28 36 |0.90 4.8 | 45 3.8 5.2 21 19 23 |093 34 * * * * * * * *
Qp 5.7 4.9 6.6 20 17 22 |090 4.1 | 46 3.7 5.7 13 10 15 |0.88 4.0 (113 8.1 20.9 18 7 27 |0.70 9.4
QU 7.1 5.9 8.7 43 32 57 (0.70 8.7 | 7.1 6.3 8.2 16 13 19 |095 29 | 9.1 6.9 * 34 * 54 10.47 12.7
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The predicted value of ¢ was plotted on the semi-log plot of the extraction kinetic data
to confirm that the predicted value aligned with the change in slope between the two
extraction regimes. Figure 6.6 shows the predicted point identified in dotted lines and the
actual point identified in solid black lines. In a majority of the cases, the predicted value is well
within 5% of the actual value. On occasion the predicted value of ¢ was not well aligned with
the transition point in the kinetics. Figure 6.7 shows an example of where the predicted value

and the actual value are approximately 10% different.

(a) (b)

Figure 6.6: Predicted value of ¢ vs actual for (a) material Q, and (b) material Qu.

Figure 6.7: Predicted value of ¢ vs actual for material Qa.
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Extraction kinetic data presented in chapter 5 are plotted with the respective models,
represented in the dotted line, and the upper and lower confidence intervals in the solid lines.
Figure 6.8 shows the extraction kinetics of coffee material Qa, Qs and Q¢ for 3-CQA and citric

acid, with the model and confidence intervals.
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(b)

Figure 6.8: Extraction kinetics of ||| I 'icht roast, sieved coffee materials Qa, Q8
and Qc for (a) 3-CQA and (b) citric acid with the model (dashed lines) and confidence
intervals (solid lines).
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The empirical model demonstrates a good fit for the three untreated coffee materials.
The model fit for the 3-CQA data is excellent, with only minor over/under estimations occurring
as specific times in material Qa, whereas the model for citric acid generally overestimates the

extraction kinetic data at times beyond 60 s for all three materials.

Figure 6.9
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Across many of the aforementioned figures, several data points are outside of the 95%
confidence intervals for each of the respective extraction kinetics models. This observation
coupled with the slight overestimation in the citric acid could be due to fixing ¢ to a single
value and not carrying through the error propagation from the particle size distribution
measurements. If the particle size distribution error was propagated to the model, the 95%
confidence interval for the model would broaden. Additionally, the error and difference from
the ¢ calculation to the actual transition point in the data would result in either an

overestimation or underestimation.

6.4: Comparison of Parameter Values and Physical Characterization

The two time constant model parameters were plotted against the treatments as well as
specific raw material physical characterization values to evaluate the parameter value
relationship with coffee material structure. Figure 6.13 are the plots of the two parameter
estimates, Asast and Asiow, for 3-CQA against the volume mean particle diameter, and the

measured specific surface area for all modeled coffee materials.
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(a) (b)

(c) (d)

Figure 6.13: Parameter values for 3-CQA models vs physical characteristics. (a) Asast Vs particle
size, (b) Asast Vs specific surface area, (c) Asiow VS particle size and (d) Asiow Vs specific surface area.

The average value of Asqst for 3-CQA is 9.8 s and the error bars in Figure 6.13 are
representative of the 95% confidence interval for the parameter values. As presented in
section 6.2.3, Asast does not have a strong relationship with either particle size or measured
specific surface area, and is relatively constant across all materials as predicted. There is some
variation in the parameter values of Asst, which is due to the spread of the data within
individual materials and the error from the calculation of ¢. The value of Asiow for 3-CQA has a
strong dependence on coffee structure as seen in Figure 6.13 (c) and (d), where Asow decreases
by over 60% as particle size decreases from 1550 um to just under 700 um and as specific

surface area increases from 60 cm?g™* to 185 cm?g™.
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Parallel observations are seen in the model parameter values for citric acid. Figure 6.14

are the plots of the two parameter estimates, Asast and Asiow, for citric acid versus the volume

mean particle diameter, and the measured specific surface area. The average value of Asst is

5.7 s for citric acid. Figure 6.14 (a) shows a strong relationship of Asst to the mean particle size

of materials, whereas no practical relationship exists between Asst and specific surface area in

Figure 6.14 (b). The strong relationship observed in Figure 6.14 (a) is not aligned with the

predicted independence between Asnst and coffee structure.
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Figure 6.14: Parameter values for citric acid models vs physical characteristics. (a) Afast VS

particle size, (b) Asst vs specific surface area, (c) Asiow Vs particle size and (d) Asiow Vs specific
surface area.
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Figure 6.15 is the plot of Asqst parameter values for citric acid versus mean particle size,
where materials Qa, Qg, Qu and Qx are plotted independent of the other materials. Further
investigation of the values for As.st versus particle size for citric acid showed that the values for
the coarsest particles, materials Qa, Qf, Qn and Qk, had much lower As.st values and were likely
exhibiting leverage on the overall data set. When the coarsest materials are plotted
independent of the other materials, the predicted independence of Asnstand particle size is clear
in both cohorts of materials, with only a weak relationship between As.st and coffee structure in
the other materials. The average value for Asst in materials Qa, Qg, Qn and Qkis 3 s, whereas the

remaining materials had an average value of 6.7 s.

Figure 6.15: Figure 6.14(a) replotted into two distinct
groups of materials.

The time constant for the slow extraction regime, Asiow for citric acid also has a strong
correlation on coffee structure as seen in Figure 6.14 (c) and (d), where Aqow decreases by over

50% as particle size decreases and as specific surface area increases.
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Figure 6.17:
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6.5: Conclusions

An empirical mathematical model of a sum of two exponentials was developed to
describe the extraction kinetics of any chemical compound extracting from coffee in a well-
mixed batch reactor. The model originated as a four parameter model comprised of two time
constants, a time shift parameter to reflect observed delays in extraction, and a parameter
identifying the transition between fast and slow extraction regimes for the chemical compound.
The transition point between extraction regimes was successfully predicted by identifying the
total volume fraction contributing to each regime. This total volume fraction is based on the
data from the measured particle size distribution of the coffee.

The empirical model fits generally had excellent agreement with the observed data with
mean percent errors of less than 10% across all five chemical compounds. The values of the
time constants, the correlation (or lack thereof) with physical measurements of the material,
aligned well with the physical and conceptual understanding of the coffee extraction process in
a well-mixed batch reactor.

In most cases there was no relationship between the physical structure of the material

and the fast extraction time constant as predicted. Strong dependencies were found between

coffee structure and the slow extraction time constant paramete | |} Q|

These results provide a high degree of confidence in the value and application of the

empirical model developed in this body of work. This model has demonstrated that it can be
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used to measure the efficacy of various coffee treatments aimed at altering extraction kinetics.
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Chapter 7: Conclusions and Future Work

There are no previously developed experimental methods which could fundamentally measure
and capture the efficacy of various coffee processing treatments on roast and ground coffee,

and their effects on coffee extraction at time scales under 60 seconds.

7.1: Major Conclusions

A well-mixed batch reactor coupled to an automated sample splitter provided a robust
and very repeatable method to sample extraction kinetics of brewed coffee at time scales
between 5 - 30 s and beyond. The sample aliquots collected were analyzed for specific
chemical compound concentrations, yielding a time resolved extraction curve for five individual
chemical compounds. Two distinct coffee extraction regimes were present for each compound,
and future models of coffee extraction should reflect these two regimes going forward.

Individual chemical compounds with nearly identical molecular weights have vastly
different extraction kinetics as exhibited by the caffeine and citric acid extraction curves. These
kinetic differences were likely due to chemical structure and the specific functional groups of

these compounds. Effective diffusivities calculated by fitting models to extraction data solely
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grouped by molecular weight, or any other lumped parameter would not appropriately capture
the behavior of important, individual chemical compound extraction kinetics.

Caffeine and 3-CQA exhibited a delay in extraction, an observation that has not been
reported previously. Moreover, the extraction kinetics of citric and malic acid revealed that up
to 50% of the absolute citric acid concentration and 60% of the absolute malic acid
concentration was extracted within 10 s in regular roast and ground coffee. These results
clearly identify the importance of understanding early extraction kinetics and were obtained as

a direct result of the uniquely developed well-mixed batch reactor extraction system. ||}

An empirical model comprised of the sum of two, first order exponentials weighted by
the concentration contribution from the two extraction regimes fitted to the experimental data
yielded an excellent representation of the extraction kinetics with mean percent errors under
10% for all five chemical compounds modeled. The empirical model effectively described the
important early time scale extraction kinetics, which previously published, single-term diffusion

models failed to capture.
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7.2: Future Work

7.2.1: Improvements to the Extraction System and Method

The work in this thesis established a robust, initial prototype to continuously sample
coffee during an extraction event in a well-mixed system extraction, but it did have some
limitations. Further refinements to improve the precision of the extraction setup include:

1) Improving the accuracy of the time measurement from the initial drop of the coffee into
the WMBR when the slide gate opens, to the time the first sample is collected.

2) Consideration of adopting a linear track of test tubes on a belt conveyor to collect
aliquots of sample. The setup employed was limited to 16 test tubes and fixed RPM
intervals built into the rotary sample splitter. A belt conveyor with multiple test tubes
could also collect aliquots at a variable rate, and it would be much easier to expand the
number of collection tubes in a linear direction, whereas a rotary system the diameter is
the limiting dimension. Moreover, the use of photogates or similar sensors could
capture all relevant times of start, beginning of collection, and each collection time of
each test tube. This would improve the temporal resolution and accuracy.

3) Upgrading the coffee hopper to be a stainless-steel mass flow hopper intentionally
designed for the flow properties of finer, more cohesive coffee grinds. The extraction
system is currently limited to more granular, free flowing coffee grinds.

4) It was observed in early extraction rig design process that the coffee would occasionally
float on the surface of the water as it struggled to be completely entrained in the
agitated liquid. One option could include adding a surfactant to the water to promote
the wetting of the coffee powder upon initial contact. A small amount of Isopropyl
alcohol was used in the liquid dispersion particle size measurements for this exact
problem. Caution would need to be exercised in the selection of an appropriate

surfactant, so as to not interfere with the chemical analysis of the coffee extract.

183



7.2.2: Additional WMBR Extraction Studies
The compounds studied in this body of work were relatively limited to a narrow range of

molecular weights. It would be useful to study the time-resolved kinetics of larger compounds

with slower diffusion rates. |G

Furthermore, expanding upon the research presented in this work, studying coffee
extraction at commercial cold brew processing temperatures could provide significant value
into improving and formulating ready-to drink coffees and coffee concentrates for commercial
use, as many commercial processing units are large continuously stirred batch reactors.
Moreover, the application and viability of the empirical model needs to be challenged with
higher coffee to water ratios. Higher ratios are more representative of ready-to-drink
manufacturing (~5% coffee to water) and coffee concentrate manufacturing (15-20% coffee to

water).
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Figure 7.1:

Figure 7.2:

186



187



Appendix A: Corrected System Concentration Calculations

The WMBR experiments constantly remove liquid extract during the sampling process
which increases the measured concentration of the system during the experiment. The system
concentration needs to be corrected at each sample time to account for the volume removed.
This correction requires the calculation of the absolute mass of the chemical compound at each
specific sample time.

The volume of liquid in the system at sample time ¢; is:
j-1

Vsys,j = Vsys,0 — Valiquot,i Eqn A.1

=1

Where
Valiquot,o =0 EqnA.2

o Vsys1 = Veyso  EqnA.3

Vsys,o0 is the total volume of liquid in the WMBR at the start of the experiment, and Vyigu0t,i IS
the volume of the liquid aliquot removed previously at interval i. The system volume at the
first sample time is equal to V,,s o (equation A.3) as no previous aliquot is removed.

The absolute mass of a chemical compound in the system at sample time ¢; is:
j-1
msys,j = (Caliquot,j)(Vsys,j) + Z(Caliquot,i * Valiquot,i) Eqn A4

=1

Where
Caliquot,O =0 EqnA.5

Where Cgyiiquot,j is the measured chemical compound concentration of the aliquot removed
and Cyiguot,; is the concentration of the liquid aliquot removed at each interval preceding ¢;.

The corrected concentration of a chemical compound in the system at sample time ¢; is:

j-1
Csys,j = (Caliquot,j)(Vsys,j) + Z(Caliquot,i * aliquot,i) /Vsys,O fOT' 1 Sj <20 Ean- 6

=1
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Appendix B: Time Correction of Aliquot Samples

The volume of the first aliquot collected with the rotary sample splitter is often not the
same volume obtained during the steady state sampling of the subsequent aliquots. This is due
to two factors, the first is the initial position of the sample tube relative to the first test tube in
the sample splitter. The second factor is when the rotary sample splitter is turned on (too early
or too late). These two factors could result in an initial aliquot volume being smaller or larger
than the steady state sampling volumes, which means the sample time of when the aliquot is
collected is not equal to the number of test tubes divided by the rotational rate. The volume of
the last aliquot obtained is similarly compromised if the air pressure to the WMBR is shut off
prematurely or too late. This error would also result in the volume of the last aliquot being
lower than steady state flow (premature shut off) or larger than steady state flow (too late)
being collected. The average volume of aliquots removed during steady state flow and sampling

is:

14
Vie = ) Vatiquot /11 Eqn B.1
i=3

The corrected sample time for the first aliquot collected with the rotary sample splitter is:

tl,corrected = tO + (1-88 * (Valiquot,l/ Vss)) Eqn B.2

Where ¢, is the measured time from adding the coffee to the WMBR and flow first flowing out
of the sampling tube, Vyjiu0¢,1 is the volume of the first aliquot removed, and V; is the average

volume of aliquots removed during steady state flow and sampling.

The corrected sample times for the 2" to the 15% aliquots are:
ticorrectea = t1 t (1-88 * (I — 1)) Eqn B.3
Where
i €Z:2<i<15

The corrected sample time for the last aliquot collected with the rotary sample splitter is:

t16,corrected = tls,corrected + (1-88 * ((Valiquot,16/ Vss))) Eqn B.4
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