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Alkylpyrazines and Other Volatiles in Cocoa
Liquors at pH 5 to 8, by Selected lon Flow
Tube-Mass Spectrometry (SIFT-MS)
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ABSTRACT: Cocoa beans were alkalized before or after roasting and made into cocoa liquor before analyzing by
SIFT-MS. In both alkalized-before-roasting and alkalized-after-roasting samples, there were significantly higher
concentrations of alkylpyrazines for the samples with pH above 7 than pH below 7. At pH 8, the concentrations of
2,3-, 2,5-, and 2,6-dimethylpyrazine (DMP), 2,3,5-trimethylpyrazine (TrMP), 2,3,5,6-tetramethylpyrazine (TMP),
and 2,3-diethyl-5-methylpyrazine (EMP) in the samples alkalized-before-roasting were higher than those in the
samples alkalized-after-roasting. Volatiles increased under conditions that promoted the Maillard reaction. The par-
tition coefficient was not significantly affected by pH from 5.2 to 8. The ratios of TrMP/DMP and DMP/TMP increased
while the ratio of TMP/TrMP decreased as the pH increased. The concentrations of Strecker aldehydes and other
volatiles followed a similar pattern as that of the alkylpyrazines. High pH favors the production of alkylpyrazines
and Strecker aldehydes.

Practical Applications: Cocoa beans alkalized-before-roasting had higher levels of many important chocolate aroma
volatiles than those alkalized-after-roasting. Thus, alkalizing before roasting should produce a stronger cocoa
aroma. The higher the pH, the higher the concentrations of these important volatiles. There was little change in
volatile concentration at acid pH. Above pH 7, volatile levels increased rapidly with increasing pH. To maintain the
recommended ratio of tetramethylpyrazine to trimethylpyrazine, a longer roasting time or higher temperature is
needed for cocoa liquor with a pH below 6.5, while a shorter roasting time or lower temperature is needed for cocoa
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liquor with a pH above 7.
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Introduction

hocolate is one of the most aromatic foods. The distinctive fla-

vor characteristics of chocolate are related to the cocoa bean
genotype and growing environment (Clapperton 1994). However,
chocolate flavor does not exist naturally in the beans; it is generated
by a series of procedures that begins with the postharvest fermen-
tation of the beans and continues through roasting (Martin 1987).
Fermentation is an important procedure to reduce off-notes such
as sourness, bitterness, and astringency in cocoa beans (Meyer and
others 1989; Biehl and others 1990). It is also a key step in the forma-
tion of reducing sugars and amino acids, which are the precursors
of the Maillard reaction during roasting. Roasting is an essential
process in developing chocolate flavor from the precursors formed
during fermentation. The flavors produced during roasting include
alkylpyrazines, aldehydes, ethers, thiazoles, phenols, ketones, alco-
hols, furans, and esters (Dimick and Hoskin 1981).

Amino acids and peptides are released from proteins during fer-
mentation of the cocoa beans. Fructose and glucose, derived from
sucrose hydrolysis (Lopez and others 1978), are the most abundant
reducing sugars in cocoa beans (Bonvehi and Coll 2002). These key
precursors of flavor compounds interact during roasting and de-
velop volatile heterocyclic compounds. The formation of these het-
erocyclic compounds is not fully understood but it is generally ac-
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cepted that aldol condensation and cyclization lead to the forma-
tion of alkylpyrazines (Afoakwa and others 2008). The actual struc-
ture of the alkylpyrazines is dictated based on the side group of the
dioxo compounds, one of the intermediates of the Maillard reac-
tion, and amino acids (Dimick and Hoskin 1999).

Heterocyclic aroma compounds are important volatiles to cocoa
aroma (Bonvehi 2005). Among these heterocyclic compounds,
the most dominant volatiles are the alkylpyrazines, which con-
tribute to the desirable chocolate aroma (Counet and others 2002;
Stark and Hofmann 2005). 2,3-Dimethylpyrazine has the sen-
sorial attribute of caramel and cocoa; 2,5-dimethylpyrazine
and 2,3,5-trimethylpyrazine (TrMP) are cocoa and roasted
nuts; 2,6-dimethylpyrazine is nutty, coffee, and green; 2,3,5,6-
tetramethylpyrazine (TMP) is chocolate, cocoa, and coffee
(Bonvehi and Coll 2002).

Alkalization is a treatment of the cocoa nib or liquor with alkali
solutions. The primary aim of alkalization is to enhance the solu-
bility of cocoa powders, but it also influences the color and flavor
of the cocoa because pH influences the formation of intermediates
in the Maillard reaction: acidic conditions favor 3-deoxyhexuloses
while basic or neutral pH favor the formation of dehydroreduc-
tone intermediates in cocoa (Afoakwa and others 2008). The de-
hydroreductone compounds are critical for flavor formation since
they can produce smaller dicarbonyl molecules or contribute to
Strecker degradation (Dimick and Hoskin 1999).

Numerous studies have measured cocoa and chocolate volatiles
using gas chromatography-mass spectrometry, frequently with
solid phase microextraction or tenax trapping to concentrate the

Vol. 75, Nr. 1, 2010—JOURNAL OF FOOD SCIENCE C121



-
[—]
[—]
—
(]
—3
(-]
B
(7]
r—J
==
-

Alkylpyrazines and other volatiles. ..

volatiles. Selected ion flow tube-mass spectrometry (SIFT-MS) al-
lows highly sensitive, real-time analysis of complex mixtures of
volatile compounds without trapping or preconcentration (Spanel
and Smith 1999). Thus, artifacts or changes in relative proportions
are not introduced by the preconcentration steps. SIFT-MS has
been used in the analysis of volatiles in coffee, onion, garlic, ba-
nana (Smith and Spanel 2005), tomatoes (Xu and Barringer 2009),
and oxidation of olive oil (Davis and McEwan 2007).

The purpose of this study is to investigate the effect of alkaliza-
tion of cocoa beans before or after roasting on the formation of
alkylpyrazines and other volatiles in cocoa liquors with different pH
values.

Materials and Methods

Cocoa liquor samples

Fermented cocoa beans from the Dominican Republic (Hispan-
iola 07, Chocolate Alchemy Co.) were used. The cocoa beans were
weighed (1 kg) and roasted in a convection oven (Doyon model JA
14, Dayton, Ohio, U.S.A.) at 150 °C for 20 min. After cooling to room
temperature, the cocoa beans were cracked with a crankandstein
cocoa mill, winnowed by an air gun (Model HG 201 B, Master Appli-
ance Corp., Racine, Wis., U.S.A.) and ground by a juicer (The Cham-
pion, Plastaket Mfg. Inc., Lodi, Calif., U.S.A.) at 1725 R.PM. to cocoa
liquor. The alkalized-before-roasting cocoa liquor was prepared by
soaking the cocoa beans in 700 mL potassium carbonate (Sigma-
Aldrich, Inc., St. Louis, Mo., U.S.A.) aqueous solution for 30 min,
then removing the alkali solution by passing through a screen, and
drying at 70 °C for 2 h before roasting. The concentration of the al-
kali solution varied from 42 g/L to 204 g/L depending on the de-
sired final pH. The cocoa liquors were sealed and storedina —18°C
freezer before testing. The alkalized-after-roasting cocoa liquor was
prepared in the same way except the alkalization step occurred af-
ter the roasting step.

Commercial cocoa powders (ADM Co. Cocoa Div., Milwaukee,
Wis., U.S.A.) N-11-N (pH 5.74), D-11-A (pH 7.07), D-11-V (pH 7.39),
D-11-S (pH 7.84), and D-11-R (pH 8.04) with different degrees
of alkalization were also analyzed. N-11-N is natural cocoa with-
out alkalization; D-11-A is lightly alkalized; D-11-V is brown with
medium alkalization; D-11-S powder is deep red made by a red al-
kalization process; and D-11-R is dark red. All these cocoa powders
are claimed to have arich flavor and a fat percentage of 10% to 12%.

To determine the effect of pH on the partition coefficient, the
unalkalized cocoa liquor (20 g) was alkalized by addition of 50 mL
potassium carbonate solution to create different pH values. The
samples were warmed in a water bath at 40 or 70 °C for 2h before
being tested.

The pH of the sample was measured by placing cocoa liquor
(20 g) or cocoa powder (10 g) in a 150 mL beaker, slowly adding
with stirring 90 mL boiling hot distilled water, filtering, cooling to
20 to 25 °C, and then measuring with a pH meter (Accumet model
10, Denver Instrument Co., Denver, Colo., U.S.A.). The cocoa liquor
sample size was larger to keep the nonfat solids content the same
for all samples.

SIFT-MS

Each cocoa liquor sample (20 g) or cocoa powder sample (20 g)
was weighed without melting, transferred into 500 mL sealed
bottles (Pyrex 1395, Corning, N.Y., U.S.A.), and warmed at 70 °Cin a
water bath (Circulating bath model 260, Precision Inc., Winchester,
Va., U.S.A) for 1 h. The sample bottle was shaken and immediately
transferred into a temperature-protecting sleeve, where the cap of
the bottle was changed to a polytetrafluoroethylene-faced silicone
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septa (Pyrex 1395-45TS, Corning, N.Y., U.S.A.) so that the inlet nee-
dle of the SIFT-MS (Voice 100, Syft Technologies Ltd., Christchurch,
New Zealand) could pierce the cap and draw volatiles from the
headspace. The SIFT-MS instrument was described by Smith and
Spanel (2005). The inlet needle (14 gauge) had been passivated
to minimize reactions with the surface. Another long needle (14
gauge) was put at the bottom of the sample to circulate air inside
the sample bottle.

In the SIFT-MS, analysis was performed using selected ion mode
(SIM) scans, and the concentrations of volatile compounds were
quantified from their reactions with the precursor ions HsO™, O; ,
or NO* based on known kinetic parameters (Table 1). Applying the
predetermined reaction rate constant for the volatile with the pre-
cursor ion, and accounting for dilution of the sample gas into the
carrier gas, the concentration of the volatile was calculated (Smith
and Spanel 1996). Calibration is performed each morning with a
known concentration of benzene, toluene, ethylbenzene, and xy-
lene.

Different volatiles can produce the same mass/charge (m/z)
value, which creates conflicts that must be removed otherwise
the results must be reported as a mixture. Thus, the m/z val-
ues produced by reaction with one of the 3 precursor ions were
carefully chosen based on published data for each compound
(Table 1). The m/z values in Table 1 were chosen because they
were not produced by other compounds in the sample and,
thus, uniquely measured the stated compound, with the excep-
tions of 2,3-, 2,5-, and 2,6-dimethylpyrazine (DMP); and 2- and
3-methylbutanal, which were reported as mixtures. Compounds
without known reaction kinetics, and compounds that had con-
flicts, except the ones just mentioned, were not reported in this
study.

The parameters of the SIFT-MS were set as: inlet flow rate
120 cm®/min, scan time 60 s, calculation delay time 5 s, prod-
uct sample period 100 ms, precursor sample period 20 ms, heated
inlet temperature 120 °C, carrier gas argon pressure 200 kPa, he-
lium pressure 30 psi. The flow tube vacuum pressure was 0.038 +
0.003 Torr.

Statistical analysis

One-way analysis of variance (ANOVA) with Tukey’s honestly sig-
nificant difference (HSD) was performed to analyze for statistical
differences between samples with different pH values, and a ¢-test
was used to compare the samples alkalized-before-roasting and
alkalized-after-roasting but having similar pH values. Significance
was defined as P < 0.05.

Results and Discussion

lkylpyrazines and aldehydes are among the main compounds

formed through the Maillard reaction and Strecker degrada-
tion during roasting, and both are major contributors to choco-
late flavor (Dimick and Hoskin 1999; Bonvehi and Coll 2002). Many
of these volatile compounds have relatively low threshold levels
(Table 2), have an important influence on chocolate flavor, and can
be used as aroma quality indicators for chocolate products.

Alkylpyrazines in cocoa liquors

When the pH was above 7, there was a significant increase in the
concentration of all the alkylpyrazines for both alkalized-before-
roasting and alkalized-after-roasting cocoa liquors, because alkali
conditions favor the formation of alkylpyrazines (Figure 1 and 2).
The Maillard reaction can be divided into 3 stages: sugar-amine
condensation and Amadori rearrangement; sugar dehydration and
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fragmentation and amino acid degradation; and formation of hete-
rocyclic nitrogen compounds (Davies and Labuza 1997). Reducing
sugars in the open-chain configuration and amino groups in the
-NH, form are active reactants for the 1st stage of the Maillard re-
action (Martins and others 2001). Basic conditions were more effec-
tive than acid in promoting the open ring formation of the reducing
sugar at 70 °C (Yaylayan and others 1993). Also, basic condition fa-
cilitates the deprotonation of the amino group on the protein into
the more reactive -NH, form (Davies and Labuza 1997). Therefore,
the increase of the reactants (open-chain reducing sugar and amine
in -NH; form) under alkali conditions accelerates the 1st stage re-
action.

The alkali pH also alters which intermediates are formed dur-
ing the 2nd stage. Basic pH favors the formation of dehydrore-
ductone intermediates (1-deoxyhexuloses) and fission products
including acetol, pyruvaldehyde, and diacetyl (Martins and oth-
ers 2001). These dicarbonyls react with amino acids to yield the

Strecker aldehydes and aminoketones that are converted via dimer-
ization to alkylpyrazines (Davies and Labuza 1997). Thus, at high
pH the 1st stage is accelerated and more alkylpyrazine precursors
are formed in the 2nd stage so more alkylpyrazines are formed than
at low pH.

In the basic pH range, both alkalized-before-roasting and
alkalized-after-roasting samples have increased levels of volatiles,
but there is a greater increase in the alkalized-before-roasting sam-
ples (Figure 1 and 2). Comparing the samples around pH 8, there
are significantly higher levels of volatiles in the alkalized-before-
roasting samples. Most alkylpyrazines form during the Maillard re-
action, which is accelerated at temperatures above 100°C (Koehler
and Odell 1970). An increase in temperature leads to an increase
in the reactivity between the sugar and the amino group (Martins
and others 2001), thus the roasting process at 150 °C promotes
this reaction. During roasting, the pH of the alkalized-after-roasting
sample was only 5.2, which is the natural pH of cocoa beans,

Table 1 — Information of selected volatile compounds for SIFT-MS analysis.

Volatile compounds Precursorion k (10°° cm®/s) m/z Product ion Reference
Pyrazines
2,3-, 2,5-, and 2,6-dimethylpyrazines (DMP)  O; 2.7 108 CeHsN; Syft 2009
2,3,5-trimethylpyrazine (TrMP) O3 2.5 122 C7HioN; Syft 2009
2,3,5,6-tetramethylpyrazine (TMP) O; 25 136 CgHi2Ng Syft 2009
2,3-diethyl-5-methylpyrazine (EMP) o5 25 150 CoHyaN; Syft 2009
Aldehydes
phenylacetaldehyde NO* 25 120 CgHs O Syft 2009
2- and 3-methylbutanal H;O* 3.7 69 + 87 C5H9*, C;Hy;O"  Spanel and others 2002
2-methylpropanal O; 3.0 72 C4HsO* Spanel and others 2002
2,4(6)-nonadienal NO* 2.5 168 CyH4,Oe NO* Syft 2009
2,4-decadienal NO* 4.2 151 CioHys0™ Spanel and others 2002
2-nonenal NO* 3.8 169 CgHis0O e NO* Spanel and others 2002
Heptanal NO* 3.3 113 C,;H;;07 Spanel and others 2002
Nonanal O; 3.2 138 CioHig Syft 2009
Furans
furaneol NO* 2.5 128 CsHs O3 Syft 2009
5-methylfurfural NO* 3.1 110 CsHsO; Wang and others 2004b
Ketones
delta-decalactone NO* 25 200 CioHis0, @ NO* Syft 2009
acetone NO* 1.2 88 C3HsO @ NO* Spanel and others 1997
2-nonanone NO* 2.7 172 CoHisO e NO* Smith and others 2003
2-heptanone NO* 3.4 144 C,H,OeNO* Smith and others 2003
acetoin NO* 25 118 C4HgO, @ NO* Syft 2009
Alcohol
n-amyl alcohol NO* 25 87 CsHy,OF Spanel and Smith 1997
maltol NO* 25 156 CeHsO; @ NO+ Syft 2009
guaiacol NO* 2.5 124 C,HsO; Syft 2009
Nitrogen Compounds
benzonitrile H;O* 5.3 122 CgHsCNe H* Spanel and Smith 1998a
3-methylindole NO* 25 131 CoHgN* Wang and others 2004b
indole H;O* 3.3 118 CgHgN* Wang and others 2004b
Sulfur Compounds
dimethyl trisulfide o5 2.2 126 C.HsS; Wang and others 2004a
Hydrocarbons
toluene NO* 1.7 92 C.H; Spanel and Smith 1998b
phenol NO* 2.0 94 CeHs O™ Spanel and Smith 1997

Table 2-— Odor thresholds in water of some alkylpyrazines and aldehydes.

Compounds Odor description

Threshold level (ppb)

Reference

2,3-dimethylpyrazine
2,5-dimethylpyrazine
2,6-dimethylpyrazine
2,3,5-trimethylpyrazine
2,3,5,6-tetramethylpyrazine
2,3-diethyl-5-methylpyrazine

Nutty

Strong nutty

Green nutty

Musty, nutty, caramel, sweet
Walnuts, green

Earthy, bitter, green, tallow

2-methylbutanal Malty
3-methylbutanal Malty
2-methylpropanal Malty

phenylacetaldehyde Honey, sweet

80 Mihara and Mssuda 1988
38 Fors and Olofsson 1985
57 Fors and Olofsson 1985
38 Fors and Olofsson 1985
120 Fors and Olofsson 1985
4 Fors and Olofsson 1985
140 Rychlik and others 1998
13 Rychlik and others 1998

0.1-2.3 Fors 1988

4 Buttery and others 1988
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thus the formation of alkylpyrazines is slow. However, in the
alkalized-before-roasting samples, the pH is above 7 during roast-
ing, and the high pH accelerates the 1st stage and favors the
formation of alkylpyrazines in the 2nd stage of the Maillard reac-
tion (Martins and others 2001). Therefore, higher concentrations
of alkylpyrazines were detected in alkalized-before-roasting cocoa
liquors than alkalized-after-roasting liquors.

The Maillard reaction occurs rapidly at the high temperature of
roasting, but this reaction also occurs at relatively moderate tem-
peratures when basic conditions are present, for example, during
drying (70 °C for 2 h) after alkalization. Thus, in the alkalized-after-
roasting samples, the cocoa liquors with a pH higher than 7 have
higher concentrations of alkylpyrazines than those with a pH lower
than 7 (Figure 1 and 2). The Maillard reaction is known to be signif-
icant at moderate temperature and high pH. For instance, the rate
of formation of Amadori products at 80 °C increased as the pH in-
creased above 7 (Ge and Lee 1997). At 75 °C, the rates of pyrazine
formation and the number of types of alkylpyrazines increased as
pH increased from 5 to 9 (Leahy and Reineccius 1989). At 72 °C, the
level of the volatiles produced by the Maillard reaction increased
from pH 6 to 8 (Blank and others 2003).

When the pH was below 7, no significant differences were found
in the concentrations of alkylpyrazines in cocoa liquors alkalized-
before-roasting and alkalized-after-roasting (Figure 1 and 2). Since
the formation of alkylpyrazines is slow at acidic pH, there was no
significant difference between the samples.

The effect of pH on partition coefficient

When cocoa liquor was alkalized and held at 40 °C, there was
no significant change in the concentration of alkylpyrazines with
pH from 5.2 to 8. Given that alkylpyrazines are basic, it would seem
logical that volatility would decrease at low pH, but in this study,
pH itself, without an increase in temperature to create the Maillard
reaction products, did not produce a significant effect on volatile
concentrations in the gas phase. When samples were held at 70 °C,
TrMP, 2- and 3-methylbutanal, and phenylacetaldehyde increased
when pH increased above 7 (Figure 3), indicating that the Maillard
reaction occurred rapidly in alkali conditions at this temperature.
The other compounds did not change. However, the concentrations
of the alkylpyrazines and Strecker aldehydes in the alkalized cocoa

300000
—&— Before-TrMP
—i— Before-DMP
250000 ~ —O— After-TrMP
—{— After-DMP
& 200000 [
Q
=3
c
2
‘® 150000 (-
T
[
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[ =
o
O 100000 [
50000 -
o [T — ==
5 55 6 6.5 7 7.5 8 8.5
pH

Figure 1 —2,3-, 2,5-, and 2,6-dimethylpyrazines (DMP) and
2,3,5-trimethylpyrazine (TrMP) in cocoa liquors alkalized-
before-roasting or alkalized-after-roasting to different pH
values, with 95% confidence interval error bars.
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liquor samples were much lower than that in the alkalized cocoa
bean samples, because the beans were heated much longer than
the liquor, promoting the Maillard reaction.

The effect of pH on the ratios between alkylpyrazines
In the alkalized-before-roasting cocoa liquors, the ratio of TrMP
to DMP increased from 0.79 to 2.29, and the ratio of DMP to TMP
increased from 0.3 to 2.3 when the pH increased from 5.9 to 7.9
(Figure 4). The same trend was found in alkalized-after-roasting
samples, where the ratio of TrMP to DMP and DMP to TMP in-
creased when the pH increased from 6 to 8.4 (Figure 5). The change
in the ratio of the different alkylpyrazines demonstrates that in-
creasing pH favors the formation of TrMP and DMP, followed by
TMP Either the precursors or intermediates for forming TrMP and
DMP must be more available than those for forming TMP as pH in-
creases. Many of the amino acids have been shown to be precursors
to TrMP and DMP, but not many are precursors for TMP. TrMP and
DMP can be formed from alanine, valine, leucine, phenylalanine,
and threonine (Arnoldi and others 1988; Amrani-Hemaimi and oth-
ers 1995). TtMP can also be formed from glycine and DMP from
lysine, asparagine, and glutamate. However, leucine is the only
identified amino acid precursor for TMP (Arnoldi and others 1988).
Bonvehi and Coll (2002) found the ratio of TMP to TrMP increased
as the pH increased, opposite to our results. However, they used a
different variety of cocoa beans, removed most of the cocoa but-
ter, added water, and then roasted at a lower temperature for a
longer time. Thus, the variety and/or exact conditions during roast-
ing greatly affect the rate of formation of different alkylpyrazines.
Sensory evaluation has determined that the degree of roasting is
normal if the ratio of TMP/TrMP is close to 1, in which case the co-
coa liquors show a normal aromatic quality (Hashim and Chaveron
1994). If this ratio is greater than 1, the cocoa aromatic quality is
poor because the concentration of TMP has not yet declined and
not enough TrMP has developed (Hashim and Chaveron 1994). A
ratio less than 1 indicates trimethylpyrazine is overdeveloped and a
burnt flavor is present (Hashim and Chaveron 1994). No one has
tested whether this ratio also works for alkalized cocoa, but if it
does, the roasting conditions need to be adjusted for pH changes.
For the samples with a pH below 6.5, a longer roasting time or
higher temperature is necessary to increase the concentration of
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0
5 55 6 6.5 7 75 8 8.5
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Figure 2-2,3,5,6-tetramethylpyrazine (TMP) and 2,3-
diethyl-5-methylpyrazine (EMP) in cocoa liquors alkalized-
before-roasting or alkalized-after-roasting to different pH
values with 95% confidence interval error bars.
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4000 35000 Figure 3 — Alkylpyrazines and
—Oo—phenylacetaldehyde 70 C Strecker aldehydes in cocoa liquor
A—trimethylpyrazine 70 C alkalized to different pHs. 2- and

3-methylbutanal is plotted on the

3500 ~#—phenylacetaldehyde 40 C 30000 right hand axis with 95% confidence
——trimethylpyrazine 40 C interval error bars.
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TrMP. For the samples with a pH above 7, the roasting time should
be shorter or the temperature lower.

Alkylpyrazines in commercial cocoa powders
Commercial cocoa powder samples followed a similar trend of
alkylpyrazines increasing with increasing pH (Figure 6). There was
no significant change in the concentrations of alkylpyrazines be-
tween the samples at pH 5.74 and 7.07, while the alkylpyrazines in-
creased for the samples at pH 7.39 and 7.84. But the alkylpyrazines
at pH 8.04 were not higher than those with lower pH values
(Figure 6). The commercial samples cannot be expected to match

40
—&— TrMP/DMP
35 | —&— DMP/TMP
—&— TMP/TrMP
3.0
25 -
Re]
® 20
o
15 ¢
1.0
0.5 -
0.0
5.5 6 6.5 7 7.5 8
pH
Figure 4-—The ratio between alkylpyrazines in
cocoa liquors alkalized-before-roasting (DMP-
dimethylpyrazines, TrMP-trimethylpyrazine, TMP-tetra-
methypyrazine).

the laboratory results exactly since each commercial sample was
made by a different, proprietary method unknown to these authors.
However, it is known that the cocoa powder sample at pH 5.74 is un-
alkalized. The samples with pH 7.07, 7.39, 7.84 are probably made
with 1% to 6% potassium carbonate at moderate temperatures for
30 to 60 min, while 4% to 6% sodium hydroxide with an oxidizer
and compressed air at a higher temperature for 1 h is probably used
to produce the pH 8.04 sample (Ellis 1992). The pH 8.04 sample,
a dark red cocoa powder, is intentionally made to have less flavor
(Ellis 1992), which is shown by the lower level of alkylpyrazines.

Strecker aldehydes in cocoa liquors
Strecker aldehydes such as 2- and 3-methylbutanal, 2-

methylpropanal, and phenylacetaldehyde, are products of
35
—0— DMP/TMP
3.0 | —o— TrMP/DMP
25 | —a— TMP/TIMP
o 20
T
15 |
1.0 ¢
05
0.0
5.5 6 6.5 7 7.5 8 8.5
pH

Figure 5—The ratio between alkylpyrazines in cocoa
liquors alkalized-after-roasting (DMP-dimethylpyrazines,
TrMP-trimethylpyrazine, TMP-tetramethylpyrazine).
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Figure 6 —2,3-,2,5-, and
2,6-dimethylpyrazines (DMP),
2,3,5-trimethylpyrazine (TrMP),
2,3,5,6-tetramethylpyrazine (TMP),
and 2,3-diethyl-5-methylpyrazine
(EMP) in commercial cocoa powders
with 95% confidence interval error
bars.
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Table 3 — Concentrations (ppb) of aldehydes and other volatiles in cocoa liquors with different pH values.

Alkalized-before-roasting

Alkalized-after-roasting

pH 5.9 6.43 6.98 7.39 7.87 5.97 6.46 7.03 8.06 8.41
Aldehydes
Phenylacetaldehyde 596 1604 1774 10836 31862 699 3062 4966 22302 51462
2- and 3-methylbutanal 43307 20490 14830 66730 84830 28227 23090 25270 74070 122390
2-methylpropanal 2638 3719 4099 8185 17769 3046 5233 5529 13779 46889
(E,Z)-2,6-nonadienal 183 162 157 315 438 124 270 208 216 274
(E,E)-2,4-decadienal 596 828 924 1030 1281 642 1126 1092 907 882
(E)-2-nonenal 599 511 718 978 990 519 1111 961 820 864
Heptanal 162 176 196 253 352 195 324 266 289 254
Nonanal 13268 13767 15387 44207 89567 11222 22027 23287 67647 203607
Furans
Furaneol 548 492 567 683 798 478 840 680 596 608
5-methylfurfural 196 217 221 391 1039 207 393 327 480 1009
Ketones
delta-decalactone 122 105 158 236 281 129 376 188 215 246
Acetone 6627 7564 6522 11684 13010 6637 9200 7192 6662 6608
2-nonanone 358 347 374 511 840 374 692 536 494 603
2-heptanone 735 659 806 913 1091 787 1252 931 921 676
acetoin 5936 4335 4819 6595 8955 7352 10997 6835 6397 5057
Alcohol
n-amyl alcohol 1300 1737 2039 2205 2367 1396 2417 2331 2265 1765
maltol 724 334 378 1260 1043 400 664 630 603 760
guaiacol 456 635 766 1189 2553 453 1002 1092 1851 3535
Nitrogen Compounds
benzonitrile 323 974 1011 11331 42479 311 1963 3315 25979 116339
3-methylindole 2971 4609 5181 5167 5513 3497 6153 5793 4853 3469
indole 347 395 386 694 1273 380 492 457 813 2023
Sulfur Compounds
dimethyl trisulfide 2709 3544 4244 6986 12192 2849 6238 6072 9232 24044
Hydrocarbons
toluene 1404 947 717 2641 7797 1170 1999 1355 2167 6113
Phenol 2413 2946 3358 3988 5754 2881 5602 5204 5070 6878

roasting but are already present in the unroasted cocoa due
to their biochemical formation during growth and fermentation
(Granvogl and others 2006). The effect of pH during roasting on
the formation of Strecker aldehydes showed a similar pattern to
that of alkylpyrazines. In the samples with pH values below 7,
there were no significant changes in the concentrations of 2- and
3-methylbutanal, 2-methylpropanal, and phenylacetaldehyde in
either alkalized-before-roasting or alkalized-after-roasting sam-
ples, while the concentrations of these aldehydes increased when
the pH was above 7 (Table 3). Since alkali conditions favor the
formation of dicarbonyl compounds during Strecker degradation,
a significant increase in Strecker aldehydes was expected in cocoa
liquors with a pH above 7.
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Other volatiles such as furans, ketones, alcohols, nitrogen com-
pounds, sulfur compounds, hydrocarbons, and phenol also showed
an increase in concentration with increasing pH for both alkalized-
before-roasting and alkalized-after-roasting cocoa liquors
(Table 3). Many of these volatile compounds are formed dur-
ing the Maillard reaction and hence, are promoted under alkali
conditions.

Conclusions
he concentration of alkylpyrazines in cocoa liquor increased
as the pH increased, and cocoa liquors with higher pH have a
higher concentration of aroma compounds. Altering the pH alone
did not affect the concentration of aroma compounds in the gas
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phase, except when samples were heated, which promoted the
Maillard reaction. The ratios of TrMP/DMP and DMP/TMP in-
creased while the ratio of TMP/TrMP decreased as the pH in-
creased. The roasting conditions may be adjusted based on pH
changes to produce optimum aroma.

Acknowledgments
The authors would like to acknowledge Archer Daniels Midland Co.
for providing the commercial cocoa powder samples for this study.

References

Afoakwa EO, Peterson A, Fowler M, Ryan A. 2008. Flavor formation and character in
cocoa and chocolate: a critical review. Crit Rev Food Sci Nutr 48:840-57

Amrani-Hemaimi M, Cerny C, Fay LB. 1995. Mechanisms of formation of
alkylpyrazines in the Maillard Reaction. J Agric Food Chem 43:2818-22.

Arnoldi A, Arnoldi C, Baldi O, Griffini A. 1988. Flavor components in the Maillard re-
action of different amino acids with fructose in cocoa butter-water. Qualitative and
quantitative analysis of pyrazines. ] Agric Food Chem 36:988-92.

Biehl B, Meyer B, Said M, Samarakoddy RJ. 1990. Bean spreading: a method for pulp
preconditioning to impair strong nib acidification during cocoa fermentation in
Malaysia. J Sci Food Agric 51:35-45.

Blank I, Devaud S, Matthey-Doret W, Robert F. 2003. Formation of odorants in Mail-
lard model systems based on L-proline as affected by pH. J Agric Food Chem
51:3643-50.

BonvehiJS. 2005. Investigation of aromatic compounds in roasted cocoa powder. Eur
Food Res Technol 221:19-29.

Bonvehi JS, Coll V. 2002. Factors affecting the formation of alkylpyrazines during
roasting treatment in natural and alkalinized cocoa powder. J Agric Food Chem
50(13):3743-50.

Buttery RG, Tumbaugh JG, Ling LC. 1988. Contribution of volatile to rice aroma. J
Agric Food Chem 36(5):1006-9.

Clapperton JE 1994. A review of research to identify the origins of cocoa flavour char-
acteristics. Cocoa Growers’ Bull 48:7-16.

Counet C, Callemien D, Ouwerx C, Collin S. 2002. Use of gas chromatography-
olfactometry to identify key odorant compounds in dark chocolate. Comparison
of samples before and after conching. J Agric Food Chem 50:2385-91.

Davies K, Labuza TP. 1997. The Maillard reaction: application to confectionery prod-
ucts. In: Zeigler G, editor. Confectionery science. Pennsylvania: Penn State Univ.
Press. p 35-66.

Davis BM, McEwan MJ. 2007. Determination of olive oil oxidative status by selected
ion flow tube mass spectrometry. J Agric Food Chem 55:3334-8.

Dimick PS, Hoskin JM. 1981. Chemico-physical aspects of chocolate processing - a
review. Can Inst Food Sci Technol J 4:269-82.

Dimick PS, Hoskin JC. 1999. The chemistry of flavour development in chocolate. In:
Beckett ST, editor. Industrial chocolate manufacture and use. 3rd ed. Oxford, U.K.:
Blackwell Science. p 137-52.

Ellis LD, inventor; Consolidated Flavor Corp., assignee. 1992 May 19. Process for mak-
ing dark cocoa. U.S. patent nr 5,114,730.

Fors SM, Olofsson BK. 1985. Alkylpyrazines, volatiles formed in the Maillard reaction.
I. Determination of odour detection thresholds and odour intensity functions by
dynamic olfactometry. Chem Senses 10:287-96.

Fors SM. 1988. Sensory properties of volatile Maillard reaction products and related
compounds- in the Maillard reaction in foods and nutrition. In: Waller GR, Feather
MS, editors. ACS Symposium Series 215. Washington: ACS. p 185-286.

Ge SJ, Lee TC. 1997. Kinetic significance of the Schiff base reversion in the early-stage
Maillard reaction of a phenylalanine-glucose aqueous model. J Agric Food Chem
45:1619-23.

Granvogl M, Bugan S, Schieberle P. 2006. Formation of amine and aldehydes from

parent amino acids during thermal processing of cocoa and model systems: new
insights into pathways of the Strecker reaction. J Agric Food Chem 54:1730-9.

Hashim L, Chaveron H. 1994. Extraction and determination of methylpyrazines
in cocoa beans using coupled steam distillation-microdistillator. Food Res Int
17:537-44.

Koehler PE, Odell GV. 1970. Factors affecting the formation of pyrazine compounds
in sugar-amine reaction. J Agric Food Chem 18:895-8.

Leahy MM, Reineccius GA. 1989. Kinetics of the formation of alkylpyrazines: effect
of pH and water activity. In: Parliament TH, McGorrin RJ, Ho CT, editors. Ther-
mal generation of aromas. ACS symposium series 409. Washington, D.C.: American
Chemical Society. p 196-208.

Lopez AS, Lehrian DW, Lehrian LV. 1978. Optimum temperature and pH of invertase
of the seeds of Theobroma cocao L. Rev Theobroma 8:105-12.

Martin RA. 1987. Chocolate. In: Chichester CO, Mark EM, Schweigert BS, editors. Ad-
vances in food research, vol 31. New York: Academic Press. p 211-342.

Martins SIFS, Jongen WMF, van Boekel MAJS. 2001. A review of Maillard reaction in
food and implications to kinetic modeling. Trends Food Sci Tech 11:364-73.

Meyer B, Biehl B, Said MB, Samarakoddy RJ. 1989. Post harvest pod storage: a method
of pulp preconditioning to impair strong nib acidification during cocoa fermenta-
tion in Malaysia. J Sci Food Agric 48:285-304.

Mihara S, Mssuda H. 1988. Structure-odor relationships for disubstituted pyrazines.
J Agric Food Chem 36:1242-7.

Rychlik M, Schieberle P, Grosch W. 1998. Compilation of odor thresholds, odor qual-
ities and retention indices of key food odorants. Garching, Germany: Deutsche
Forschungsanstalt fur lebensmittelchemie.

Smith D, Spanel P. 1996. The novel selected-ion flow tube approach to trace gas anal-
ysis of air and breath. Rapid Commun Mass Spectrom 10:1183-98.

Smith D, Spanel P. 2005. Selected ion flow tube mass spectrometry (SIFT-MS) for on-
line trace gas analysis. Mass Spectrom Rev 24:661-700.

Smith D, Wang T, Spanel P. 2003. Analysis of ketiones by selected ion flow tube mass
spectrometry. Rapid Commun Mass Spectrom 17:2655-60.

Spanel P, Smith D. 1997. SIFT studies of the reaction of H;0*, NO* and O," with a
series of alcohols. Int ] Mass Spectrom Ion Proc 167/168:375-88.

Spanel P, Smith D. 1998a. SIFT studies of the reactions of H;0", NO* and O,"
with several amines and other nitrogen containing molecules. Int ] Mass Spectrom
176:203-11.

Spanel P, Smith D. 1998b. SIFT studies of the reactions of H;0", NO* and O, ™ with
several aliphatic and aromatic hydrocarbons. Int ] Mass Spectrom 181:1-10.

Spanel P, Smith D. 1999. Selected ion flow tube-mass spectrometry: detection and
real-time monitoring of flavours released by food products. Rapid Commun Mass
Spectrom 13:585-96.

Spanel P, Ji'Y, Smith D. 1997. SIFT studies of the reactions of H;O", NO* and O, " with
a series of aldehydes and ketones. Int ] Mass Spectrom Ion Proc 165/166:25-37.

Spanel P, Van Doren J, Smith D. 2002. A selected ion flow tube study of the reaction
of H;0", NO" and O, " with saturated and usaturated aldehydes and subsequent
hydration of the productions. Int ] Mass Spectrom 213:163-76.

Stark T, Hofmann T. 2005. Structures, sensory activity, and dose/response functions
of 2,5-Diketopiperazines in roasted cocoa nibs(Theobroma cacao). J Agric Food
Chem 53:7222-31.

Syft Technologies Inc. 2009. Kinetics library database. Christchurch, New Zealand:
Syft Technologies Inc.

Wang TS, Smith D, Spanel P. 2004a. Selected ion flow tube, SIFT, studies of the re-
actions of H;0", NO* and O," with compounds released by Pseudomonas and
related bacteria. Int ] Mass Spectrom 233:245-51.

Wang TS, Spanel P, Smith D. 2004b. A selected ion flow tube, SIFT, study of the reac-
tions of H;0", NO* and O, ® * ions with several N- and O-containing heterocyclic
compounds in support of SIFT-MS. Int ] Mass Spectrom 237:167-74.

XuY, Barringer SA. 2009. Effect of temperature on lipid-related volatile production in
tomato puree. J Agric Food Chem 57(19):9108-13.

Yaylayan VA, Ismail AA, Mandeville S. 1993. Quantitative determination of the ef-
fect of pH on the keto Form of D-Fructose by FT IR Spectroscopy. Carbohydr Res
248:355-60.

Vol. 75, Nr. 1, 2010—JOURNAL OF FOOD SCIENCE (C127

==
=
—
4]
=
a
=
()
=
S
S
[




