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THERMAL ANALYSIS OF THE REACTIONS AND
KINETICS OF GREEN COFFEE DURING ROASTING

Vladimir Strezov
Graduate School of Environment, Macquarie University, New South Wales,
Australia

Tim J. Evans
HIsmelt Co., Kwinana Western Australia, Australia

Green coffee was subjected to thermal study of the reactions evolved during the roasting
process. Specific heat, heats of reactions, pressure drop, and permeability of the packed
coffee powder were obtained from the measurements. The sample was dried, thevefore the
thermograms showed no evidence of occluded water present in the coffee. The results
showed predominant endothermic reaction in the range of 100 and 245°C mainly due to
the formation of phenolic and nitrogen containing heterocyclic compounds. The reactions at
temperatures above 245°C exhibited a double trough exotherm related to fracturing of the
matrix and formation of cracks as a result of the decomposition of the lignin. The largest
pressure build up and consequently lowest permeability was observed in this temperature
range. The decomposition reactions were completed at 430°C.

Keywords: Green coffee, Thermal analysis, Specific heat, Reactions.

INTRODUCTION

Over 100 volatile products are evolved during roasting of green coffee beans in
a range of complex reactions and reformations. The distinguished aroma and flavor
of the coffee is a thermochemical process. When heated, the beans are undergoing
pyrolysis and decomposition of the polymeric lignocellulose matrix forming typical
volatile products. Some of the gaseous products contain volatile organic compounds,
nitrous oxides, and the oxides of carbon.

During roasting the beans significantly alter their physical properties
increasing the volume up to almost a double of the original size, losing between
15 and 25% of the weight and continuously changing the color. Essentially, the
desired aroma and beverage flavor of the brew is determined by the degree of
the roasting, which depends on the final temperature of the beans and roasting time.
The degree of roasting is usually monitored through visual means by the ground
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102 STREZOV AND EVANS

bean light reflectance.!’! However, visual determination of the degree of roasting
has been argued by Dutra et al.’”! as beans having different aromas could have the
same reflectance, depending on the chemical composition. Gas analysis techniques,
such as gas chromatography have been proposed to aid in the studying of the
roasting degree and flavor of the coffee beans. Similarly, a mass spectroscopy™ and
'H NMR™ have also been applied in the study of the volatile products developed
during roasting.

A range of designs of coffee roasters are currently in use some consisting of
rotating cylinder with internal baffles for mixing and tumbling beans. fluidized bed
roasters and roasters using spouted bed technology.” In general, the coffee beans are
heated for a period of approximately 5-15min during which the temperature of the
roasted coffee should not exceed the maximum of 250°C at the end of the process.
New designs of the roasters have mainly been applied to shorten the roasting time.
Only recently, the polluting effect of the volatile emissions during the roasting has
been considered as a driving point in the considerations for designs of the new
roasters.’

While there is a considerable data provided for the gas composition measure-
ments and its relation with the roasting degree, the information on the thermal
reactions evolved during the roasting process is scarce. This work is concerned with
the thermal investigation of the coffee beans, measurement of the heats of reactions
during roasting and specific heat of the beans. As the information available for the
specific heat of the coffee beans is limited to temperatures below 15()““(_”,{(‘“7J which 1s
considerably lower than the temperatures achieved in the conventional roasting, the
necessity for these type of measurements arouse when optimization of the roasting
process was required. Furthermore, the data on the thermal properties of coffee
beans are essential for the future designs and operations of the new roasters. The
reactions developed during the roasting could, on the other hand. provide an
additional input in determination of the roasting degree.

MATERIALS AND METHODS
Sample

Green Arabica coffee beans were selected for this study. The samples were
finely grinded and dried under vacuum at 80°C for the period of 2 h. Moisture is one
of the major constituents in the coffee beans, however its presence is highly variable
and dependent on the ambient temperature conditions. To ensure that no overlap
occurs in the reactions between the moisture evaporation and the decomposition
of the stronger chemical bonds in the coffee, it was decided to remove the occluded
water from the material. Grinded coffee beans weighing 2 ¢ were packed inside a
silica tube as shown in Fig. 1.

Thermal Analysis

A novel computer aided thermal analysis technique was employed for the
purpose of this study. The technique has been detailed elsewhere,™ and here it is only
briefly described. The sample was packed to a density of 755 kg/m” inside 4 10.6 mm
ID quarts sample tube and insulated on the sides with alumina ceramics. The quarts
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thermocouple positions

graphite heating element

gas in I gas + volatiles out

packed coffee powder

Figure 1 Schematic diagram of the experimental set-up.

glass tube was then covered with carbon soot on the outer surface to ensure uniform
emissivity is achieved throughout the glass. The glass tube with the packed sample
was inserted into the center of a graphite heating element, as shown in Fig. I. The
system was placed inside an infrared furnace and both the heating element and
the sample were kept under inert atmosphere with separate flows of argon gas. Using
the flow of the carrier gas, a positive pressure was maintained across the sample to
ensure that the gases generated by the decomposition process were promptly
removed from the heated zone.

Three chromel-alumel thermocouples were used during the measurements, one
embedded inside the graphite tube and used to control the heating rate of the furnace
at 20°C/min and two thermocouples placed on the surface and in the center of the
sample. The heating was carried out until the graphite temperature reached 500°C,
which was enough for completion of the decomposition of the coffee. The
temperature logging was achieved at 1 Hz logging rate and the data were stored in
a computer.

The thermal analysis in this work was performed with the stored temperature
data by a numerical approximation of the heat conduction Eq. (1) based on the
inverse thermal modeling technique:

oT o[ aT
e vl — | e |
S =, (r ar) ()

where v=specific volume (m*/kg), C,=specific heat (J/kgK), k= thermal con-
ductivity (W/mK), T'=temperature (K), ¢=time (s), r =radius (m). The sample was
first numerically divided into a number of nodes () across the radius. For each node
an estimate was made based on the heat balance principle (i.e., heat accumulated in
the node equals to the difference between the incoming and outgoing thermal
energies). The boundary conditions of the system were the temperatures measured
at the centre and surface of the sample, and the heat flux calculated assuming
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the heat transfer from the graphite to the sample was achieved by radiation
according to Eq. (2):

Q = Fi0(Ty = T)) 2)

where O = heat flux (W/m?), o = Stefan Boltzmann constant (5.67E-8 wW/m K%,
T, =graphite temperature (K), T,=sample surface temperature (K). and
F,_,=radiation shape factor (—) estimated through calibration as a function of
the graphite term)erature.[gs A computational matrix was then generated using Eq. (3)
to the estimate of the volumetric specific heat of the heated sample. For closer
famil%;z(r%sing with the equation evaluation procedure the reader is referred to the
Refs.7

C,=
2un AxQ(1)
(AX I /AANT{— T4 N4 AxTr) Adn—1 /40T~ Th ’)+§::’:1! QraAxi/ AT =T
(3

The specific heat estimated by Eq. (3) has apparent values, which means that
the heats evolved during decomposition (AH) of the heated sample are included in
the specific heat data (C,=C, + AH/AT). The thermal analysis technique was
previously tested on a range of calorimetric calibration materials and the accuracy
of the method was found to be approximately in the order of £2° .18

Pressure Drop Measurements

Pressure drop measurements were also carried out with an absolute pressure
cell connected on the inlet of the sample tube. Pressure drop is an additional
indicator of the thermal changes that are occurring in the heated sample material
which are occurring either due to the physical changes in the volume or pressure
development during volatile release. The permeability n of the packed coffee powder
was estimated with the measured data according to the Darcy’s rule expressed by
the Eq. (4):

=" )
where u = viscosity of the gas (Ns/m?), U = velocity of the gas (m/s), L = thickness of
the packed bed (m), and AP = pressure drop (Pa).

RESULTS

Figure 2 shows the time temperature history of the heated coffee powder from
this measurement. When the temperature of the coffee exceeds 220-250°C generally
over-roasting occurs. In a conventional roasting process it is unlikely the coffee
beans would exceed these temperatures, however the current work aimed to depict
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Figure 2 Roasting tlemperature vs. L.

the reactions during the entire decomposition range and the heating was performed
until the decomposition was entirely completed. The result on Fig. 2 shows that
while the surrounding graphite heating clement was heated at a constant heating
rate. the coffee established deviations during the temperature rise due to the
decomposition and chemical reactions. The changes in the temperature rise affected
the surface heat flux @, which was estimated according to Eg. (2) and is shown in
Fig. 3. The surface heat flux achieved the maximum of 1.8 kW/m® at 200°C
decreasing rapidly to 0.75kW/m” at approximately 400°C.

The apparent specific heat was estimated numerically from the surface heat
flux and measured temperatures. The specific heat, shown in Fig. 3, was around
1400 J/kgK at room temperature with a steady rise up until 100°C after which a
sharp increase in the specific heat was evident, An endothermic reaction having a
peak at 1207C was apparent as d contributor to the increase in the specihic heat, This
event was followed by two clear exothermic troughs at 340 and 400°C. The reactions
were found to be completed at 4307C with a steady specific heat at approximately
1450 J/kegK for temperatures heyond this point.

To estimate the heats of reactions a straight line baseline connecting the starl
and the end point of the reactions in the specific heat data was assumed. The
reactions, shown in Fig. 4, were extracted by subtracting the apparent specific heat
data from the assumed straight line baseline. Clearly, three regions were determined
where the first endothermic reaction was in the range of 100-245°C. The integral
underneath determines the amount of heat consumed for the reaction to oceur and
was estimated at 100 kJ/kg. The second region was exothermic and ranged between
245 and 370°C, followed by the second exothermic reaction which was completed
at 430°C. The estimated heats were —60 kJ/kg for the first exothermic reaction and
—20kJ/kg for the second.

Measured heats of reactions were used to determine the activation energies of
the reactions. The activation energies and kinetics of degradation of food have been
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Figure 3 (a) Calculated (ransient surface heat flux of the roasted coffee beans. (b) Apparent specific heat
of coffee bean powder.
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Figure 4 Rate of change in heat of reactions with respect to temperature determined by subtracting the
specific heat from the baseline.

a subject of interest for a long period and were recently applied in determination of
color change and degradation of various foods.'" In the current work, similar
approach was adopted where the thermal changes in coffee degradation were
assumed to occur with a series of first order kinetics mechanisms. The change in heat
of reactions was at first integrated in respect with time and plotted cumulatively as a
degree of reaction. The degree was set to 0 before the reaction was found to
commence and 1 when it finished. A first order reaction kinetics was assumed with a
rate constant varying with the temperature according to the Arrhenius relationship:

w—Jtm = A4 x exp(~ 7{7) X (5)
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where «, = degree of the reaction () A= pre-exponential factor (S#I); E = activation
energy (J/mol); R = gas constant (8.314 J/mol); and T = temperature (K).

The activation energy E for each of the reaction regions can be estimated
from the heats of reactions data by taking the logarithm of the Eg. (5):

. (doz,-/ dr) A — i ©
oy RT

Finally, the left side of Eq. (6) was plotted against 1/T, as shown in Fig. 5.
A linear trendline was fitted through each curve and for the three reaction regions
the estimated activation energy was 70 kJ/mol for the endothermic region and 90
and 315kJ/mol respectively for the two exothermic reactions. Summary of
the temperature regions of decomposition of the selected coffee sample with the
corresponding heats and activation energies are summarized in Table 1.

Liberation of the volatiles and changes in the volume of the particles
consequently alter the pressure across the bed of the packed coffee particles.
In this work the pressure drop across the sample was measured with an absolute
pressure cell and is shown in Fig. 6. The pressure drop was caused by the resistance
to the flow of the gas flown across the bed. The maximum pressure of 10kPa was
achieved at 300°C. The permeability of the coffee was calculated according to
Eq. (4) and is plotted against the temperature in Fig. 7. The permeability was
at 107" m? at room temperature and the minimum degree of the permeability
was at around 107" m* at 300°C.

10+

In{(d,/dty/ ]
(=2}
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0 0.001 0002 0003 0.004
T

Figure 5 Calculation procedure for activation energies based on the measured rate of change in heat

of reaction.



e

108

STREZOV AND EVANS

Table 1 Temperature region of thermal decomposition of green coffee with
corresponding heats of decomposition and activation energies

Temperature region (°C) 100245 245-370 370430
AH (kl/kg) 100 ~60 ~20
E {(kJ/mol) 70 90 315
InA 252 22.5 60.5
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Figure 6 Pressure drop measured across roasted coffee powder with an absolute pressure cell.
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Figure 7 Permeability of the coffee powder during roasting estimated according to Darey’s rule.
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DISCUSSION

The reactions developed during the roasting process are clearly consequent to
the chemical reactions and thermal decomposition of the compounds present in the
green coffec. The product volatiles consist of a vast multiplicity of compounds.
The major constituents of the green coffee beans are polysaccharides, lipids, and
proteins. Free amino acids, chlorogenic acids, trigonelline, and sugars are also found
in the green coffee. which are considered as an essential source of the coffee aroma.l'?
In the conventional roasting. the green coffee beans are heated under air at constant
temperature. Although the surrounding of the coffee beans is air, the conditions are
pyrolytic due to the large amounts of liberated carbon dioxide. The carbon dioxide is
evolved as a product of decarboxylation of the organic acids and prevents from
oxidative degradation of the formed volatiles. This is of significant importance as it
provides protection to the flavors developed during the roasting.m The separation
methods for investigating the coffee aroma were detailed by Silwar!™ and the
chemical background of the coffee flavor was extensively reviewed by Grosch.!'
It was confirmed that the key aroma compound of the coffee is 2-furfurylthiol.
Other contributors are 4Ahyd1‘0xy-2,5-dimethyl-2(2H)«t‘ul”cmone, 2-ethyl-3,5-
dimethyl-pyrazine, 2-3-methylbutanal, diacetyl. guaiacol, and other volatiles.

There have been reports of four regions of decomposition of the green coffee
beans: dehydration, hydrolysis, desmolysis, and catalysis.!"”! The endothermic
dehydration reaction depends on the amount of free moisture present in the
beans. The increase of specific heat due to the moisture content and temperature has
been well documented for various cases of binary aqueous solutions using
calorimetric techniques.'®! In the case of green coffee, this reaction is also well
known and was excluded from the results shown in the current work by drying the
beans prior to the measurements to avoid overlap with the following decomposition
reaction.

The decomposition started at 100°C with a significant endothermic reaction
apparent throughout the temperature range where roasting is normally performed.
The same reaction was reported clsewhere™ by observing a drop in the temperature
during the roasting process as a consequence of the endothermic energy consump-
tion of the pyrolytic reactions. When calculating the activation energy, this reaction
was assumed to be of a single order. However, it comprises of complex matrix of
structural bond rupture reactions and chemical reformations, so the reaction is more
than likely of a multiple order. Major contributor to the thermal endothermicity is
formation of phenols. The chlorogenic acid (CGA) commonly found in the green
coffee firstly decomposes to caffeic and chianaic acids,'” which further form
phenolic compounds such as phenol, dihydroxybenzenes, guaiacol, 4-vinylguaiacol,
and 4L-ethylguaiacol.[31 Depending on the type of the green coffee, it could contain
between 6 and 10% CGA on a dry matter basis. Decomposition of CGA oceurs with
8-10% being lost for every 1% loss of dry matter.'® The CGA decomposition is not
finalized during the conventional roasting as substantial amounts are still commonly
found in the brews and commercial coffee powders.

The second reaction which occurred during the same temperature region is the
rogen containing heterocyclic compounds such as indol and caffeine.

formation of nit
are found in the off gas measurements causing environmental

Nitrous oxides
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concerns. Caffeine, which evolves in a liquid state can be dragged off by the water
vapour,{ZJ however a certain quantity is retained by absorption. Water, formed from
chemical decomposition and secondary reactions, is also absorbed by the porous
coffee beans.

The thermal decomposition reaction was found to shift towards an exotherm at
245°C. There was a substantial resistance to the flow of the gas resulting in the
pressure build up across the heated bed. This is consequent to the release of high
molecular weight liquid phase products. Oils and flavor related substances are
unstable and deteriorate at this point. The lignin, which is a highly polymerized
aromatic, also decomposes at higher temperatures resulting in a severe damage to the
cell walls of the matrix.!"”! Darker roast and cracks in the beans occur due to the
fracturing of the matrix. Therefore, roasting at temperatures where reactions shift
towards the exotherm should be avoided. The exothermicity is clearly marking the
over-roasting temperature region. Some catalytic effect of the minerals on the
pyrolytic reactions is also expected to occur at larger tempcraturcs.[‘SJ

CONCLUSIONS
From the current work the following conclusions have been driven out:

The specific heat of green coffee was found to be around 1400 J/kgK at room

temperature.

e The thermal decomposition of dried green coffee was endothermic in the
temperature range of 100-245°C with a peak at 120°C. This reaction was
estimated at 100 kJ/kg having activation energy of 70 kJ/mol.

e The endothermicity was related to the formation of phenols by decomposition of
chlorogenic acid and to the formation of nitrogen containing heterocyclic
compounds.

o In the temperature range of 245 and 430°C, the decomposition was exothermic
undergoing two reaction modes with heats estimated at —60 and —20kJ/kg and
with activation energies of approximately 90 and 315kJ/mol. This region was
related to the formation of higher molecular weight liquid phase products
resulting in extensive pressure build-up and decrease in the permeability of the
coffee during roasting. This region was an indicator of the over-roasting
temperature range.
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