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Roasting is a key step in the production of a high-quality coffee. Roasting degree is directly related

to coffee chemical composition and may be determined objectively by weight loss after roasting.

Chlorogenic acids (CGA) are thermally labile phenolic compounds that play an important role in the

final cup quality and health benefits of coffee. Considering the interest in finding a reliable method to

predict weight loss and CGA content in coffee, models have been developed to estimate these

parameters during roasting. Weight loss was successfully modeled (r = 0.99) independent of the

instant temperature. CGA degradation followed first-order Arrhenius-compliant kinetic models with

good predictability (r = 0.98), especially for light to moderately dark samples. In both cases distinct

models for Coffea arabica and Coffea canephora were calculated, because of differences in

chemical composition and cell wall structure between these species. The proposed models may

become important predictive tools in the coffee industry.
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INTRODUCTION

The coffee industry is one of the most economically important
food industries in the world. Roasting is a key step for the
production of high-quality roast and ground coffees, because it
is during the roasting process that the desired color, aroma, and
taste of the beans are produced (1, 2). Roasting is a process
depending on time and temperature, in which physical and
chemical changes are induced by pyrolysis (3). The chemical
composition of roasted coffee is directly related to the roasting
degree and depends upon the characteristics of the coffee bean as
well as the roasting conditions (4). The roasting degree may be
determined by the color of the beans, weight loss, flavor and
aroma development, or chemical changes of certain compo-
nents (5). The use of sophisticated techniques, such as laser mass
spectroscopy (6) and gas chromatography (4), has been proposed
as possible, although expensive, alternative tools for the online
control of the roasting process. In the industry, however, to
deliver consistent quality one often trusts an experienced roaster
who, on the basis of his expertise and senses, uses a subjective and
empirical indicator such as visual color of the beans to control the
process (6). Alternatively, measurement of the beans’ weight loss
during the roasting process could be a simple and low-cost
nonsubjective way to assess roasting degree. However, because
it cannot be performed online during roasting, it cannot be
directly used as a process control parameter.

On the other hand, modeling weight loss may be considered a
useful tool to predict adequate process parameters to obtain, on a
regular basis, coffee beanswith the desired roasting degree.More-
over, such models would have implications in the assessment of
the thermally induced changes in various natural coffee compo-
nents and contaminants, which are degraded (chlorogenic acids,
trigonelline, bioactive amines, mycotoxins) (7-10) or formed
(chlorogenic acid lactones, niacin, melanoidins, polycyclic aro-
matic hydrocarbons) (7, 8, 11, 12) during coffee roasting.

Chlorogenic acids (CGA) are a class of phenolic compounds
formed by the esterification of certain trans-cinnamic acids with
(-)-quinic acid. The main subgroups of chlorogenic acid isomers
in coffee are the caffeoylquinic acids (CQA), feruloylquinic acids
(FQA), and dicaffeoylquinic acids (diCQA) (13), which together
account for 98% of total CGA composition (14). CGA represent
4-12% of green coffee constituents inmass and contribute to the
final acidity, astringency, bitterness, and overall cup quality of the
beverage (1, 15, 16). During roasting, CGA is lost as a conse-
quence of the thermal breakage of carbon-carbon covalent
bonds, resulting in isomerization in the initial roasting stages and
epimerization, lactonization, and degradation in the later
stages (14, 15). Several beneficial health effects have been attrib-
uted to CGA and their lactones, such as antioxidant, antimicro-
bial, antidiabetes, hepatoprotective, and antimutagenic activ-
ities (16-18).

Despite the relevance of measuring CGA isomers in coffee, most
studies investigating CGA content have focused exclusively on
5-CQA, the most abundant CGA isomer in coffee, for which
commercial standards are available.Although theFolin-Ciocalteu
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assay for total phenolics could be used for an alternative measure-
ment ofCGAcontent in coffee, it usually leads to anoverestimation
because other natural coffee reductant components are known to
interfere in the assay (19). In addition, as CGA comprise a large
class of compounds (14, 15), it is usually difficult and time-
consuming to obtain a satisfactory chromatographic separation
of all CGA compounds. Therefore, the possibility of predicting
coffee CGA content during roasting is of great interest.

In the past two decades, a series of independent studies dealing
with the effect of roasting onweight loss andCGAcontent in coffee
have been performed by our research group (1, 7, 14-16, 20-22).
During these studies, the existence of a relatively regular behavior
pattern in relation to the kinetics of CGA degradation was noted.
Considering the potential importance of finding a reliablemethod
to estimateweight loss andCGAcontent in coffee, the objective of
this study was to develop models to predict these parameters
during roasting.

MATERIALS AND METHODS

Database. The considered database consisted of two coffee samples
(Coffea canephora and Coffea arabica, both from Guaxupé, Minas
Gerais, Brazil), which were roasted at four different temperatures
during six different time periods, totaling 48 experiments. C. arabica
and C. canephora samples were separated into two sets of experiments,
and distinct model parameters were determined for each coffee species.
To validate themodels, experiments were further randomly divided into
a learning database (total of 32 experiments) to compute model
parameters and a validation database (total of 16 experiments) to test

the prediction ability of the models. The database included CGA data
on both green and roasted samples as well as weight loss data during the
roasting process.

Roasting. All coffee samples (30 g) were roasted in a commercial
spouted bed roaster (i-Roast2 model 40011, Hearthware Home Prod-
ucts, Gurnee, IL) operating at set temperatures of 170, 180, 190, or

200 �C for 4, 5, 6, 7, 8, or 9 min, followed by a fixed 4 min air-cooling
period. A thermometer probe continuously monitored the air tempera-
ture inside the roasting chamber, which was recorded at 1 min intervals.
The repeatability of the roasting process was evaluated in a six-replicate
experiment, where the coffee sample was roasted at 170 �C for 6 min.
The obtained coefficient of variation for percent weight loss was very
low (0.6%). Therefore, we found it appropriate to roast coffee beans
once in each condition. The color of coffee samples was determined by

comparison with color disks from the “Roasting Color Classification
System” (Agtron-SCAA, Reno, NV; 1995), following the standards
used by the Brazilian Coffee Industries Association (ABIC).

Weight Loss. The percent weight loss (%WL) of coffee beans after
each roasting condition was calculated using the equation

%WL ¼ ðWbr -WarÞ
Wbr

� 100 ð1Þ

whereWbr andWar are the weights before and after roasting, respectively.
Water Content. To express the amount of CGA on a dry basis (db),

the water content of freshly ground green and roasted coffee beans was
determined gravimetrically according to the AOAC method (23).

Chlorogenic Acids Analysis. Chlorogenic acids in the green and
roasted coffee samples were analyzed in duplicate using liquid chroma-
tography techniques according to themethods described byFarah et al. (7)
and Perrone et al. (14). A total of nineCGA compoundswere quantified in
all samples: 3-, 4-, and 5-CQA, 3-, 4-, and 5-FQA, and 3,4-, 3,5-, and 4,5-

diCQA. The sum of these compounds, hereafter referred as total CGA,
was used for modeling CGA degradation.

Weight LossModeling. The weight loss models were developed using
the roasting curves and weight loss measurements of the coffee samples,
assuming that the weight loss rate was either independent or linearly
dependent on roasting temperature.

Model 1: Weight Loss Rate Independent of Temperature. The first
developed model hypothesizes that the weight loss rate is independent of

the roasting temperature. In this simplest model one can assume

d½ΔmðTðtÞÞ�
dt

¼ a ð2Þ

whereΔm(T(t)) is the weight loss (%) at a certain time t (min) when coffee
is being roasted at a temperature of T (�C) and a is a constant.

After integration of eq 3 on the time interval between 0 and tf, which
corresponds to the final roasting time (tR) plus the 4 min standard cooling
period (tf = tR þ 40), we obtain

Δm ¼
Z tf

0

a dt ¼ a½tf � ð3Þ

From the relationship above wemay write the variance associated with
the parameter value a as

f ðaÞ ¼
Xi¼nexpt

i¼1

½ðtf Þa-Δm�2 ð4Þ

where nexpt is the number ofmeasurements performed.Fromminimization
of this variance we obtain an estimate for the value of a:

a ¼
Xi¼nexpt

i¼1

Δmðtf Þðtf Þ=
Xi¼nexpt

i¼1

ðtf Þ2 ð5Þ

Substituting this value of a into eq 3, the weight loss predicted by themodel
can be finally obtained.

Model 2: Linear Temperature Dependence. This version of the model
hypothesizes that the weight loss rate is linearly dependent on the roasting
temperature:

d½ΔmðTðtÞÞ�
dt

¼ aþ bTðtÞ ð6Þ

whereΔm(T(t)) is the weight loss (%) at a certain time t (min) when coffee
is being roasted at a temperature of T (�C) and a and b are constants.

After integration, this equation becomes

Δm ¼
Z tf

0

½aþ bTðtÞ� dt ¼ a½tf � þ b

Z tf

0

TðtÞ dt ð7Þ

where

Z tf

0

TðtÞ dt

corresponds to the area under the roasting curve (areatf), which can be
estimated using the trapezoidal rule for numerical integration. We have,
then

Δmexpt ¼ a½tf � þ b� areatf ð8Þ

which leads to an expression for the objective function

f ða;bÞ ¼
Xi¼nexpt

i¼1

f½ðtf Þaþ areatf � b�-Δmg2 ð9Þ

which, after minimization with respect to a and b, leads to a set of two
equations

Xi¼nexpt

i¼1

ðtf Þ2
2
4

3
5aþ Xi¼nexpt

i¼1

areatf ðtf Þ
2
4

3
5b ¼

Xi¼nexpt

i¼1

Δmðtf Þðtf Þ ð10Þ

Xi¼nexpt

i¼1

areatf ðtf Þ
2
4

3
5aþ Xi¼nexpt

i¼1

ðareatf Þ2
2
4

3
5b ¼

Xi¼nexpt

i¼1

Δmðtf Þ � areatf ð11Þ

which can be numerically solved to obtain the values of a and b. Using eq 8,
the theoretical weight loss can be finally obtained.
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In a similar spirit, more complicated models were tested, such as a
quadratic temperature dependence model. However, the use of such
models did not improve prediction of the weight loss during roasting.

Kinetic Calculations for CGA Degradation. The kinetic model
proposed in this study (eq 13) was chosen because of the balance between

its simplicity and the good fitting of experimental data it provided. We

assumed that the kinetic parameters followed the Arrhenius law.
A general reaction rate expression for the degradation kinetics can be

written as (24-26)

- d½C�=dt ¼ k½C�m ð12Þ

where [C] is the quantitative value of the component under consideration,

k is the reaction rate constant, and m is the order of the reaction.

Degradation of CGA has been reported to follow first-order kinetics (27),

of which the integrated rate equation can be expressed as

lnð½C�t=½C�0Þ ¼ - kTt ð13Þ

where [C]0 and [C]t are the concentrations of CGA at time zero and time t

(min), respectively, and kT is the temperature-dependent degradation rate

constant, defined by the Arrhenius equation

kT ¼ A0 expð-Ea=RTÞ ð14Þ

where Ea is the activation energy of the reaction (kJ mol-1), R is the

universal gas constant (8.3145 J mol-1 K-1), T is the absolute tempera-

ture (K), and the pre-exponential factor constant A0 is the frequency

factor (min-1).

Figure 1. Typical time-temperature roasting curves, represented by
those obtained when coffee samples were roasted at a set temperature
of 180 �C for 4, 5, 6, 7, 8, or 9 min, followed by a fixed 4 min air-cooling
period. Y-axis shows the air temperature inside the roasting chamber.

Table 1. Experimental and Calculated Weight Loss Values for the C.
canephora Sample Using Models Assuming That the Weight Loss Rate
Was Independent (Model 1) or Linearly Dependent (Model 2) on the Roasting
Temperaturea

calculated wt loss (%)

roasting time

(min), tR

experimental

wt loss (%), Δm(tf ) model 1

relative

error (%) model 2

relative

error (%)

170 �C

4 11.99 11.51 -4.0 12.03 0.3

5 13.22 12.94 -2.1 13.25 0.2

6* 14.18 14.38 1.4 14.50 2.3

7 16.03 15.82 -1.3 15.59 -2.7

8 16.54 17.26 4.4 16.89 2.1

9* 17.78 18.70 5.2 18.01 1.3

180 �C

4* 13.00 12.30 -5.4 13.44 3.4

5 14.47 13.84 -4.4 14.74 1.8

6 16.14 15.37 -4.8 15.88 -1.6

7* 16.77 16.91 0.8 16.94 1.0

8 18.42 18.45 0.1 18.10 -1.7

9 18.98 19.98 5.3 19.29 1.7

190 �C

4* 12.85 12.94 0.7 14.03 9.1

5 14.90 14.56 -2.3 15.28 2.5

6 16.53 16.18 -2.1 16.59 0.3

7 18.57 17.80 -4.2 17.82 -4.0

8* 19.56 19.41 -0.7 19.02 -2.8

9 19.87 21.03 5.8 20.20 1.7

200 �C

4 20.42 19.50 -4.5 20.43 0.0

5* 21.76 21.94 0.8 22.37 2.8

6* 23.36 24.37 4.3 24.59 5.3

7 26.46 26.81 1.3 26.77 1.2

8 29.82 29.25 -1.9 29.04 -2.6

9 30.89 31.69 2.6 31.34 1.5

aCoffee samples marked with an asterisk comprised the validation database of
the models.

Table 2. Experimental and Calculated Weight Loss Values for the C. arabica
Sample Using Models Assuming That the Weight Loss Rate Was Independent
(Model 1) or Linearly Dependent (Model 2) on the Roasting Temperaturea

calculated wt loss (%)

roasting time

(min), tR

experimental

wt loss (%), Δm(tf ) model 1

relative

error (%) model 2

relative

error (%)

170 �C

4 12.63 12.22 -3.2 12.80 1.3

5* 14.15 13.75 -2.8 14.12 -0.2

6* 15.72 15.28 -2.8 15.53 -1.2

7 17.25 16.81 -2.6 16.82 -2.5

8 18.43 18.33 -0.5 18.22 -1.1

9 19.15 19.86 3.7 19.60 2.4

180 �C

4 13.33 12.91 -3.1 13.76 3.3

5 15.41 14.53 -5.7 15.14 -1.8

6* 16.30 16.14 -1.0 16.35 0.3

7 18.10 17.76 -1.9 17.62 -2.7

8* 18.77 19.37 3.2 18.99 1.2

9 19.83 20.99 5.8 20.16 1.6

190 �C

4 13.73 13.21 -3.8 14.03 2.2

5* 16.30 14.87 -8.8 15.40 -5.5

6* 16.88 16.52 -2.1 16.78 -0.6

7 19.03 18.17 -4.5 18.33 -3.7

8 19.47 19.82 1.8 19.69 1.1

9 20.75 21.47 3.5 20.96 1.0

200 �C

4 16.98 17.25 1.6% 17.20 1.3%

5* 19.72 19.41 -1.6% 19.38 -1.7%

6 21.95 21.56 -1.8% 21.56 -1.8%

7 23.94 23.72 -0.9% 23.73 -0.9%

8 25.53 25.88 1.4% 25.90 1.5%

9* 27.32 28.03 2.6% 28.08 2.8%

aCoffee samples marked with an asterisk comprised the validation database of
the models.
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RESULTS AND DISCUSSION

Weight Loss Modeling. Coffee samples were roasted at 170,
180, 190, or 200 �C for 4, 5, 6, 7, 8, or 9 min. Air temperature
inside the roasting chamber was monitored at 1 min intervals,
yielding time-temperature roasting curves. Typical roasting
curves obtained for both samples with the set temperature of
180 �C are depicted in Figure 1. The experimental and calculated
weight loss values for the C. canephora and C. arabica coffee
samples using the two models proposed are presented in Tables 1

and 2, respectively. As a consequence of the differences in their
chemical composition and cell wall structure (28), different model
parameters were determined to predict weight loss for C. arabica
and C. canephora beans. Satisfactory correlations (r > 0.99)
between calculated and experimental weight losses were obtained
using both models (Figure 2). Residual analysis showed that
residues were normally distributed and homoscedastic. Consider-
ing both samples, the average relative error was 2.9% in the case
of model 1 and 2.0% for model 2. The quadratic temperature
dependence model of the weight loss rate, not presented here, led
to an average relative error of 1.7% Although the tested models
showed similar efficiency in terms of correlation between experi-
mental and calculated values and of relative error, the results
clearly suggest the adoption of the quadratic temperature depen-
dence model, but because of simplicity, good prediction, and
the fact that knowledge of instant temperature is not needed,
model 1 may be preferred. This means that once a series of roast-
ing curves are obtained at certain process parameters (set tem-
perature for a specific roasting equipment, roasting batch mass,
and species), the model parameters proposed here may be calcu-
lated. Then, future predictions ofweight loss could bemade solely
on the basis of the roasting time, with no need to monitor the
instantaneous temperature inside the roaster’s chamber during
the process.

Chlorogenic Acids Degradation Kinetic Models. Table 3 shows
the concentrations of total CGA in green and roasted coffee
samples used to compute the degradation kinetic models. Total
CGA contents in green C. canephora and C. arabica were 10.16
and 8.28 g/100 g dwb, respectively, which are in agreement with
various studies in the literature (13-16, 20, 21, 29). From the
CGA results, it was evident that samples roasted at higher
roasting temperatures presented more pronounced CGA losses,
as expected.

Using linear regression analysis, the degradation data were
analyzed using the standard integrated rate equation to determine

the overall order and rate constant for the degradation reaction.
A correlation coefficient r > 0.98 in all samples confirmed
that CGA degradation followed first-order reaction at all tem-
peratures tested, as expected from previous papers in the
literature (27).

Figure 3 shows the first-order plots of CGA degradation in
C. canephora andC. arabica samples at 170, 180, 190, and 200 �C.
The half-life time (t1/2), required forCGA todegrade to 50%of its
original value, was calculated from the rate constant kT, as t1/2=
ln 2/kT. The average rate constants for CGA degradation in C.
arabica andC. canephora, respectively, increased from0.2665 and
0.4116 min-1 at 170 �C to 0.5875 and 0.9691 min-1 at 200 �C.
A corresponding decrease in half-life, from 2.60 and 1.68 min at
170 �C to 1.18 and 0.72 min at 200 �C, was observed.

Figure 4 shows the Arrhenius plot for total CGA degradation
inC. canephora and C. arabica. The linear nature of the obtained
plots (r>0.96) indicates that thermal degradation of total CGA
conforms to the Arrhenius equation (eq 14). Apparent activation
energy Ea (kJ mol-1) was calculated as a product of the gas
constant R (8.3145 J mol-1 K-1) and the slope of the graph
obtained by plotting lnk versus 1/T. The apparent activation
energies for CGA thermal degradation in C. arabica and
C. canephorawere found to be 44.4 and 48.4 kJ mol-1, respectively.
Using a tubular reactor operatedunder approximately isothermal
conditions, Sharma et al. (27) reported an apparent activation
energy of 79 kJ mol-1 for 5-CQA pyrolysis, which is of the same
magnitude as the value calculated in this study. The slightly
higher activation energy for CGA degradation in C. canephora
compared toC. arabica could be explained by intrinsic differences

Figure 2. Comparison of experimental and calculated weight losses (%)
in roasted coffee samples using models assuming that the weight loss rate
was independent (model 1) or linearly dependent (model 2) on the roasting
temperature.

Table 3. Total CGA Content in Green and Roasted Coffee Samples Used To
Compute the Degradation Modela

chlorogenic acid content (g/100 g dwb)

temp (�C) time (min) C. canephora C. arabica

green 0 10162.2( 76.4 8277.4( 121.5

170 4 4942.5( 50.5 3931.9( 242.7*

5 3741.5( 1.3* 2566.1( 8.4

6 2516.3( 54.9* 2285.9( 18.8

7 1147.5( 18.9 1374.7( 46.2*

8 1032.4( 2.9 1175.0( 29.6

9 606.1( 19.2 944.1( 23.4

180 4 4595.3( 284.1 4036.2( 21.9

5 2945.3( 3.0 3002.7( 39.2

6 1780.8( 6.3* 1911.4( 85.4*

7 1088.2( 15.1 1675.4( 0.7

8 493.8( 7.2 1206.0( 12.5*

9 507.8( 50.8* 840.0( 6.7

190 4 3703.0( 21.5* 3035.7( 20.8

5 2559.0( 7.7 2088.1( 8.2

6 1088.3( 3.3 1378.6( 10.1

7 579.5( 29.6 1186.1( 17.6*

8 371.3( 5.0* 771.7( 17.6*

9 162.9( 2.6 460.8( 0.3

200 4 1524.7( 63.4 1483.7( 16.1*

5 183.9( 0.4* 666.4( 1.2*

6 123.9( 0.9 331.2( 0.3

7 30.1( 0.3* 154.2( 0.5

8 19.4( 1.7 84.9( 1.8

9 13.0( 0.2 57.0( 0.8

aCGA values are presented as the mean ( SD of two replicates of analysis.
Coffee samples marked with an asterisk comprised the validation database of the
models.
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in the cell wall structures of both species (15, 16, 28). The
frequency factors A0 (min-1) were calculated as the exponential
of the intercept of the Arrhenius plot at 1/T= 0 and found to be
4.27� 104 and 2.10� 105 min-1 forC. arabica andC. canephora,
respectively. Taken together, Ea and A0 indicate the number of
successful collisions that have enough kinetic energy to lead the
reaction of CGA degradation.

To predict the degradation of total CGA during coffee roast-
ing, eq 14 was used together with the determined rate con-
stants for CGA degradation, kT. A strong correlation (r=0.98)
between experimental and calculated values was obtained
(Figure 5). Residual analysis showed that residues were normally
distributed and homoscedastic. Even though an average relative
error of 16.5% was found between experimental and calculated
values, this was mostly attributed to the dark-roasted samples. In

these samples, very low amounts of total CGA were found (from
0.184 to 0.013 g/100 g dwb), causing higher deviations for
calculated values. However, when these deviations are translated
into absolute values, their significance is irrelevant. When only
mild roasting conditions were considered, the proposed model
predictions were shown to be good. Prediction of CGA content
for samples with contents of >0.2 g/100 g dwb, for example,
showed an acceptable relative error, on average, 10.6%. Consider-
ing coffee samples that presented weight losses of up to 18%
(moderately light to moderately dark, depending on species),
whichare themost relevant roastingdegrees for the coffee industry,
an average relative error of 12.9%was found. This relative error is
in line with values reported by other modeling studies found in the
literature (25,26). When modeling the degradation of β-N-oxalyl-
L-2,3-diaminopropionic acid, a nonprotein neurotoxic amino acid
in grass pea flour, Tarade et al. (26) reported an average relative
error of 18.4% using first-order Arrhenius-compliant kinetic
models. In this way, the proposed model in the present study is
suitable for the prediction of total CGA degradation during coffee
roasting.Although only one sample of each coffee species was used
to generate the present CGA degradation models, on the basis of
our previous experience with CGA loss during roasting, it is
possible to say that, most probably, model predictions will be
valid for different coffee cultivars of the same species, given that the
same roasting conditions are maintained. Actually, the proposed
model approach was applied to data from previous independent
studies (1, 7, 14-16, 20-22), which comprised seven C. arabica
and threeC. canephora cultivars, and we observed that weight loss
and CGA degradation of all cultivars of a single species could be
predicted by its respective model.

In conclusion, coffee weight loss during roasting was success-
fully modeled independently of the instant temperature during
the process. CGA degradation during coffee roasting followed
first-order reaction kinetics. Amathematical model was developed,

Figure 3. First-order plots of total CGA degradation in coffee samples at 170, 180, 190, and 200 �C.

Figure 4. Arrhenius plot for total CGA degradation in C. arabica and C.
robusta.
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using the apparent activation energy of CGA degradation and
the temperature-dependent reaction rate, which complied with
the Arrhenius equation. This model was capable of predicting the
thermally induced degradation of CGA, especially for light to
moderately dark-roasted coffee samples. Altogether, the pro-
posed models may become important predictive tools in the
coffee industry.
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Figure 5. Comparison of experimental and calculated total CGA content
(g/100 g dwb) in roasted coffee samples using a kinetic model based on a
first-order reaction rate and the Arrhenius law.


