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A B S T R A C T

Opaque beer traditional to African communities undergoes quick deterioration and is consumed within 7 days of
its production. The current study has utilized a stir bar sorptive extraction technique followed by GC-HRT
determination to trace variations of 84 volatile compounds in four opaque beers commonly brewed in South
Africa over the 7-day shelf life period. The major fruity esters were observed to increase up to Day 4 and
eventually decreasing until Day 7 where their levels were finally lower than Day 1. Aldehydes reduced drastically
and were less than 50% on Day 2 and becoming almost undetectable at Day 7. The common beer alcohols
(phenylethyl alcohol and 3-methyl-1-butanol) decreased during beer shelf life while phenolics with undesirable
medicinal tastes (creosol and p-cresol) increased up to 24-fold by Day 7. This study might open future research
perspectives around opaque beer traditional to African rural communities.
1. Introduction

The presence of volatile compounds in beer especially ketones, al-
dehydes, esters and fatty acids is of importance as they are responsible
for organoleptic experiences of beer. The characteristic flavour that
defines the smell and taste of a specific beer is as a result of a mixture of
these compounds existing at varying concentrations (Andr�es-Iglesias
et al., 2015; Alvim et al., 2017). Determination of the variations of
these volatile compounds over time as the beer matures before con-
sumption becomes an essential step in beer production in order to
understand flavour stability (Andr�es-Iglesias et al., 2016; Kobayashi
et al., 2008). In this regard, studies on volatile compounds responsible
for flavour and how their variations over time affect flavour stability
have been mentioned recently in literature especially on commercial
bottled beer including craft/draft/lager beer (Andr�es-Iglesias et al.,
2016; Gonzalez Viejo et al., 2019; Rossi et al., 2014), wines (Moyano
et al., 2019; Zhang et al., 2011; Ubeda et al., 2016; P�erez-Jim�enez and
Pozo-Bay�on, 2019; Ríos-Reina et al., 2019; Morales et al., 2017; Tang
et al., 2019; Azzi-Achkouty et al., 2017) and whiskey/brandy/spirits
(Biernacka and Wardencki, 2012; Johnson et al., 2017; Rodriguez
Madrera et al., 2013).
HRT, gas chromatography-high r
, stir bar sorptive extraction; TD
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vier B.V. This is an open access ar
Sensory perception due to variations in flavour stability maybe
viewed in two ways with some types of beer becoming better with age
while in others it leads to deterioration (Andr�es-Iglesias et al., 2015,
2016). Deterioration is common with opaque beer traditional to African
folk where the traditionally brewed beer among rural communities be-
comes unpalatable within 5 days while those brewed on a commercial
scale may remain palatable up to 7 days. Opaque beer brewed among
African communities is not preserved in any way and once packed in
containers ready for consumption it remains exposed to ambient condi-
tions and fermentation continues under non-controlled conditions.
Various sorghum-brewed opaque beers traditional to African commu-
nities and their preparation processes are mentioned in two reviews
where the authors also observe that production procedures may vary
according to geographic location (Lyumugabe et al., 2012; Adebiyi et al.,
2018). Generally, most of the recent studies on African traditional beers
have focussed on nutritional value, microbial composition and hygiene
(Lyumugabe et al., 2013; Matumba et al., 2011, 2014; Adekoya et al.,
2018). Data on volatile compound variations responsible for fast dete-
rioration kinetics of opaque beer traditional to African folk remains
limited. A study by Lyumugabe et al., 2013) profiled volatile compounds
in ikigage, a traditional sorghum beer in Rwanda for the purposes of
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Fig. 1. Contour plots for paired optimization of (A) twister, (B) thermal desorption and (C) cooled injection parameters for (1) phenylethyl alcohol, (2) 1-butanol, 3-
methyl-, (3) isopentyl acetate, (4) ethyl octanoate, (5) ethyl linoleate, (6) ethyl isopentyl succinate.
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Table 1
Optimum conditions for analysis of model volatile compounds in beer samples.

Model compound Structure Log Kow Twister optimum values TDU optimum
values

CIS optimum values

Stirring
rate (rpm)

Stirring
time (min)

Desorption
temperature (�C)

Desorption
time (min)

Trapping
temperature (�C)

Desorption
temperature (�C)

Phenylethyl alcohol 1.36 1000 10 300 15 �10 100

3-methyl-1-butanol 1.16 570 10 300 0.5 �10 100

Isopentyl acetate 2.25 970 10 188 15 �10 100

Ethyl octanoate 3.81 1000 80 300 15 �10 100

Ethyl lenoleate – 1000 80 265 15 �10 300

Ethyl isopentyl succinate 2.79 1000 60 209 15 �10 225

Universal conditions 1000 40 300 15 �10 150
Compound desirability 0.5636 0.5423 0.7593

TDU – Thermal desorption unit, CIS – Cooled injection system.

Fig. 2. Hierarchically clustered heatmaps for (A) esters and (B) other volatiles at Day 1 and 7 for Chibuku Original, Chibuku Banana, Ijuba and Leopard opaque beers.
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understanding the impact of using V. amygdalina leaves during brewing
(Lyumugabe et al., 2013) while Bvochora et al., 2005 studied some
phenolic volatile compounds during preparation of Zimbabwean opaque
beer (Bvochora et al., 2005). It is therefore imperative that more studies
are done to understand the volatile compound variations during deteri-
oration of the opaque beer.

The effective identification of volatile compounds that really define the
flavour of food is somehow dependant on the extraction procedure and
identification technique used. In this regard, solid phase microextraction
(SPME) and stir bar sorptive extraction (SBSE) are the most preferred
extraction techniques followed by identification and quantitation using gas
chromatography-mass spectrometry (GC-MS) (Andr�es-Iglesias et al.,
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2015). The application of SBSE on alcoholic beverage samples is currently
on the rise with almost 50% of those studies reported in 2019
(P�erez-Jim�enez and Pozo-Bay�on, 2019; Ríos-Reina et al., 2019; Tang et al.,
2019; Ruvalcaba et al., 2019; Marsili and Laskonis, 2019). SBSE was
introduced in 1999 by Baltussen and co-workers (Baltussen et al., 1999).
The SBSE twisters consist of a polymer embedded on a magnetic stirrer
with polydimethylsiloxane (PDMS) as the most common polymer sorbent.
Extraction occurs by sorption, a partitioning process in which each analyte
reaches its own partitioning equilibrium based on its octanol-water dis-
tribution coefficient (Baltussen et al., 1999; David et al., 2019). In this
regard, the SBSE technique can be a more relevant technique for
comprehensive profiling of food flavour compounds.



Fig. 3. Relative composition of volatiles in the beer samples on Day 1. (A) esters, (B), terpenes, (C) aldehydes, (D) ketones and (E) alcohols.
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The objective of the present study was therefore to identify and trace
the variations of volatile compounds during the deterioration process of
four common opaque beers traditional to South Africa. The beers are
prepared commercially and have a shelf life of 7 days. We hypothesized
that there are various volatile compounds involved in opaque beer
flavour stability and their variations are related to the deterioration
process of the opaque beer. A stir bar sorptive extraction technique in
combination with GC-HRT fitted with a thermal desorption unit (TDU)
was then used for isolation and identification of the volatile compounds.
The changes in the content of each volatile compound was traced over a
7-day period relative to the day the beer is distributed to retailers (taken
as Day 1).

2. Materials and methods

2.1. Instrumentation and apparatus

The SBSE twisters (GERSTEL GmbH & Co. KG, Germany) used during
extraction consisted of a 0.5 mm PDMS sorbent thickness supported on a
10 mm magnetic stir bar. Ultrapure water (UHP) was prepared using a
Milli-Q® Reference Water Purification System (Merck Millipore, Bed-
ford, MA, USA).

A Pegasus LECO GCxGC-HRT 4D (LECO Corporation, St. Joseph, MI,
USA) fitted with a GERSTEL MPS autosampler controlled by a GERSTEL
MAESTRO software, a TDU and a cooled injection system (CIS) all sup-
plied by GERSTEL (GmbH & Co. KG, Germany) was used in this study.
This instrument uses quadrupole time-of-flight mass spectrometer with
high resolution deconvolution. Separation was achieved in one-
dimensional mode on a 30 m � 0.32 mm x 25 mm RXI -5SIL MS capil-
lary column (Restek Corp., Bellefonte, PA, USA). The temperature pro-
gram was initially set at 50 �C and ramped to 280 �C over a total runtime
of 43 min. The autosampler method was set to the GC runtime method
followed by a 5 min cool down time. The back-inlet temperature and the
transfer line were kept at 250 and 300 �C respectively. Peak detection
and mass spectral deconvolution were achieved on ChromaTOF HRT
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Version 5.10 software. The spectral match threshold was set at 800 with
over a thousand peaks detected in each chromatogram. The identified
peaks were eventually narrowed down to 84 compounds used in un-
derstanding the sensory defects of deteriorating beer.

2.2. Beer samples

Four traditional beers (Chibuku Original, Chibuku Banana, Ijuba and
Leopard) all brewed using traditional methods by the United National
Breweries (Pty) Ltd, Midrand, South Africa and sold in either plastic or
canvas containers were collected from Devland depot, Johannesburg,
South Africa. The ingredients are mainly the sorghummalt, maize, water
and yeast. The finished product has 3 %v/v alcohol content. These
traditional beers are distributed every Monday to retailers and are
consumed within 7 days. The beers were therefore collected from the
depot on a Monday to ensure that the study traced the volatile com-
pounds from the time the beers are delivered until they become unpal-
atable. At the retailers, the traditional beer is kept in open shelves under
ambient conditions with the fermentation process remaining active.

2.3. Stir bar sorptive extraction

The twister bar was placed in a 20 mL Gerstel headspace vial. The vial
was filled with 20 mL of the beer sample and sealed with silicone/PTFE
caps. This was done in triplicate for each of the four beer samples. The
beer packs were picked randomly and thoroughly shaken by hand for at
least 1 min as advised by the brewer. New packs were opened every day.
The sealed vials were then placed on magnetic stirrers and extraction
performed under optimized conditions specified in Section 3.1.1.

2.4. Analytical procedure

After performing the SBSE procedure, the twisters were removed
from the vials, rinsed with UHP water and wiped dry using paper towel.
The twisters were then placed in TDU desorption tubes and set on the GC
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instrument for analysis. An autosampler was used to transfer the vials
into the TDU system. The desorbed volatile compounds were trapped in a
cooled injection system (CIS) at sub-zero temperatures and finally
released into the GC-HRT system for separation and identification.

2.5. Optimization of SBSE twister and gas chromatography injection
parameters

The extraction and GC-injection parameters were optimized via a
central composite design created on Minitab 18.1 software (Minitab Inc.,
Pennsylvania, USA) using six model compounds identified in Chibuku
beer samples during preliminary runs. The interactive effects of stirring
rate (200–1000 rpm) and time (10–80 min) were optimized for adsorp-
tion of volatile compounds on to the twister. Desorption of volatile
compounds into the GC was done using a TDU mounted on the GC back
injection system. In this regard, the interactive effects of desorption
temperature and time were investigated in the 100–300 �C and
0.5–15 min range, respectively. The volatile compounds were desorbed
and trapped into a CIS before being released into the GC column. The
interactive effects of trapping temperature (�100 to �10 �C) and the
release temperature (100–300 �C) were also optimized. All temperature
ramps were done at a standard mode ramp of 10 �C s�1. The trapping
temperature was equilibrated for 0.05 s while the release temperature
was held for 0.5 s. The interactive effects were visualized using contour
plots while the optimum values were summarized as optimization plots
of interactive effects.

The acceptability of parameter values at an optimum point that
maximizes the response due to interactive effects was estimated as a
desirability value and given as part of optimization plots. With the view
that all the target compounds had to be extracted simultaneously, uni-
versal values for each parameter were predicted by altering the optimum
values identified in optimization plots. The optimal universal parameter
values for an effective analysis of various volatile compounds were
identified as a geometric mean of the new individual desirability values
using a compound desirability function (Eq. (1)). Compound desirability
values range from zero (non-desirable) to one (most desirable). The
universal optimal conditions were then applied in the analysis of volatile
compounds in beer samples.

DðYÞ¼ ðd1y1:d2y2…dmymÞ1=m (1)

where DðYÞ is the compound desirability, diyi is the individual desir-
ability of a single interactive effect on an ith response after altering the
original optimum values, and m is the number of responses.

Since there were no standards used for the model compounds, effort
was made to ensure that optimization of the SBSE twister parameters was
done at the same time using the same opened Chibuku beer packs fol-
lowed by GC-HRT analysis. In each case, triplicate extractions were done
for three randomly selected beer packs. The same approach was adopted
for TDU parameters but on a different day using a new set of Chibuku beer
packs. The CIS parameters were also done on a different day using new
beer packs. For analysis of samples, a set of three packs for each beer type
was selected randomly on each day and subjected to SBSE-TD-GC/HRT
technique. The other beer packs were kept under ambient conditions in
the laboratory to resemble the shelf conditions in retailer shops. A new
set of beer packs was selected and opened every day over a 7-day period.

3. Results and discussion

3.1. Optimization results

3.1.1. SBSE twister parameters
The interactive effects of stirring rate and time on the ability of the

twister to adsorb model volatile compounds are summarized as contour
plots in Fig. 1. A difference was observed in the optimum conditions for
adsorption of alkyl alcohols and esters with the extent of adsorption of
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alkyl alcohols affected mainly by time while esters were affected by both
extraction rate and time. Generally, fast adsorption kinetics for alkyl al-
cohols were observed with 10 min as the optimum extraction time for all
model alkyl alcohols (Table 1). Increasing extraction time at any
extraction rate resulted in a steady decrease in the amount adsorbed
(Fig. 1). On the other hand, the contour plots for esters show a positive
rising ridge pattern implying that the interactive effects of extraction rate
and time correlated linearly resulting in an increase in adsorption of
esters. Maximum extraction occurred at 1000 rpm for 60–80 min. With
the esters taking longer to adsorb on the twister, this might result in
displacement of the sterically smaller alkyl alcohols from the twister
pores which might explain the observed behaviour of alcohols when
extraction is done for longer periods. Other twister studies for volatile
compounds in alcoholic beverages have mentioned stirring at 200 rpm
for 60 min (Ubeda et al., 2016), 500 rpm for 90 min (Elpa et al., 2014),
1000 rpm for 2 h (Marsili and Laskonis, 2019), 750 rpm for 90 min
(Richter et al., 2017).

3.1.2. Thermal desorption parameters
The contour plots in Fig. 1 show that desorption time was the most

important factor in desorption of model compounds from the twister. The
aliphatic alkyl alcohol (3-methyl-1-butanol) was desorbedwithin 0.5 min
regardless of desorption temperature, while all the other compounds
needed longer desorption times of up to 15 min and desorption tem-
peratures between 200 and 300 �C (Table 1). Adsorption into the twister
occurs inside pores and therefore higher desorption temperatures and
times are needed to transfer the compounds to the surface of the twister.
Other studies where the conditions were not optimized have reported
desorption of volatile compounds from twisters at 210 �C (Ubeda et al.,
2016), 240 �C (P�erez-Jim�enez and Pozo-Bay�on, 2019) and 250 �C
(Ríos-Reina et al., 2019) all for 5 min as well as 280 �C for 10 min (Elpa
et al., 2014), 280 �C for 4 min (Marsili and Laskonis, 2019) and 240 �C
for 10 min (Richter et al., 2017).

3.1.3. Cooled injection system parameters
The trapping and release temperatures of the CIS were not so

important with only 3-methyl- 1-butanol mainly affected by trapping
temperature (Fig. 1). Generally, less extreme (higher) trapping temper-
atures were more effective with �10 �C being optimal for all the model
compounds (Table 1). The increase of temperature from its trapping
value to its release temperature was done at 10 �C s�1 (CIS is designed for
maximum of 12 �C s�1) and this might not have been long enough to fully
defrost the compounds when trapping was done at extremely low tem-
peratures. The contour plots have shown that the release temperature
from the CIS into the GC column was not an important factor regardless
of the trapping temperature (Fig. 1). However, the CIS release tempera-
ture might still be related to the molecular weight of the trapped com-
pound with results showing that release of low molecular weight
compounds was maximized at 100 �C while larger molecular weight
compounds (MW > 200 g mol�1) were better released at higher tem-
peratures of 200–300 �C. Elsewhere, other studies where the CIS condi-
tions were not optimized have mentioned trapping at �35 �C and
releasing at 260 �C (Ubeda et al., 2016; Ríos-Reina et al., 2019),�100 �C
and releasing at 240 �C (P�erez-Jim�enez and Pozo-Bay�on, 2019), �140 to
300 �C (Elpa et al., 2014), �100 to 280 �C (Marsili and Laskonis, 2019)
and �60 to 250 �C (Richter et al., 2017). While the release temperatures
are similar, our study has shown through multivariate analysis that
extreme trapping temperatures may affect the amount of volatile com-
pounds released into the GC.

3.1.4. Universal parameters
Optimum values for the twister, TDU and the CIS for extraction of in-

dividual compounds are summarized in Table 1. For an effective simulta-
neous extraction of both alcohols and esters from beer samples, a
maximum compound desirability value of 0.5636 was obtained when the
universal interactive effects of twister stirring rate and time were set at
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100 rpm for 40 min, respectively. The optimal universal TDU parameters
values were found to be 300 �C desorption temperature and 15 min
desorption time with a compound desirability value of 0.5423. The CIS
universal conditions were trapping at �10 �C and releasing into the GC
column at 150 �C. The compound desirability was 0.7593. Overall, the
twister-TDU-CIS method gave an acceptable compound desirability value
of 0.6145 indicating that the SBSE-TD-GC-HRT approach can be poten-
tially used as an alternative sample preparation technique for the simul-
taneous analysis of volatile compounds in beer samples. In this regard, the
optimized technique was finally applied in understanding the variations of
volatile compounds as traditional beer matures on the counter.

3.2. Identification of essential volatile compounds in beer samples

There were 84 volatile compounds with a potential to affect opaque
beer flavour experiences positively identified using fragmentation pat-
terns, exact mass and retention times. These included 39 esters, 12 al-
dehydes, 12 ketones, 12 alcohols, 4 terpenes (8 other terpenes are
classified under esters and/or alcohols) and 4 fatty acids. 2-pentyl furan
was identified in addition to other furan derivatives classified under al-
dehydes, ketones and alcohols. The volatile compounds identified in each
beer sample on Day 1 and how they varied over the 7-day period are
given in Tables 2 and 3. The results of the current study are comparable
with the study done on another sorghum-derived traditional opaque beer
in Rwanda in which 75 volatile compounds were identified of which 32
were esters, 12 alcohols, 9 carbonyls (ketones and aldehydes), 7 fatty
acids, 7 terpenes and 8 other compounds classified as sulphurs (Lyu-
mugabe et al., 2013). Notable volatile esters identified only in the current
study include geranyl acetate, geranyl isobutyrate, citronellyl hepta-
noate, ethyl linolate, phenethyl pivalate and 2,3-dimethoxy-benzenebu-
tyric acid. The main alcohols identified in this study were also reported
in Rwandan traditional beer (Lyumugabe et al., 2013). Most of the vol-
atile compounds detected in the current study have also been reported in
commercial beers (Rendall et al., 2015), wines (Ubeda et al., 2016) and
whiskeys/spirits (Biernacka and Wardencki, 2012; Zhao et al., 2013).

Tables 2 and 3 show that most of the volatile compounds in this study
were identified in all beer samples except for terpenes which existed
exclusively in the Chibuku Banana beer. About 50% of the esters and
alcohols existed in all the beer samples whereas for fatty acids, aldehydes
and ketones the composition that existed in all the beer samples was
between 75 and 77%. In addition to the 12 terpenes, there were other
volatile compounds that existed exclusively in the Chibuku Banana beer
consisting of 7 esters, a ketone and a fatty acid constituting 25% of the
total volatile compounds. Furthermore, 19% of the volatile compounds
(8 esters, 3 aldehydes, 2 ketones and 2 alcohols) existed in two or three of
the four beer samples. All the 3 aldehydes in this category existed
exclusively in the Chibuku Original, Ijuba and Leopard. The implications of
these observations, their variations throughout the study and how they
contributed to beer deterioration are discussed in Section 3.4.

3.3. Hierarchical cluster analysis

Hierarchical cluster analysis prepared in RStudio version 3.6.1 using
the gplots program was used to identify any correlational behaviour of
volatile compounds on Day 1 when the beer is first distributed and made
available to the consumers. This was also done on Day 7 when the beer is
no longer palatable. The results were visualized using dendograms and
heatmaps as shown in Fig. 2. A hierarchical cluster for esters on Day 1
shows two separate groups, A (24 esters) and B (15 esters) which were
further divided into various sub-clusters. Cluster A further divides into
cluster A1 consisting of 11 esters mainly those that existed in the Chibuku
Banana beer only. This sub-cluster is related to Cluster A2 which had 13
esters. Cluster A2 is further divided into 2 other clusters, one with esters
existing in 2 or more opaque beer samples regardless of amounts and the
other with alkylalkyl esters that exist in all the beer samples notably
phenylethyl esters. Cluster B was different from Cluster A in that the
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amount of volatile compounds in this group was similar in 3 or all of the
beer samples. Thus, cluster B1 had ethyl- and pentyl-esters that existed in
related amounts in all the four beer samples while B2 had esters whose
amounts were similar in 3 of the 4 beer samples. For beer samples, there
was a strong correlation between Chibuku Original, Ijuba and Leopard.
Ijuba and Leopard form a further cluster indicating that there were esters
with characteristics unique to these beer samples. At Day 7, the esters
were clustered into two groups, A with 22 esters whose amounts were
comparable in 2 or more beer samples and B consisting 17 esters mainly
detected in the Chibuku Banana beer only. Cluster A1 consists of 18 esters
whose amounts were similar in at least 2 beer samples. These were
further divided into various clusters notably those where the beer sam-
ples seem to form pairs in terms of amount of the ester.

For other volatile compounds, the hierarchically clustered heatmap
for Day 1 (Fig. 2) shows that Cluster A was further divided into A1 (19
volatile compounds) and A2 (8 volatile compounds). There is no clear
correlation between volatile compounds in sub-cluster A1. However,
sub-cluster A2 had volatile compounds that mainly existed in the Chi-
buku Banana beer. In Cluster B, there were 18 volatile compounds
mainly those that existed in similar amounts in at least 3 beer samples.
As for beer samples, Chibuku Original and Leopard had a very strong
correlation and also clustered with Ijuba. The Chibuku Banana beer
showed a strong dependence on the volatile compounds rather than
showing a close correlation with other beer samples. On Day 7, there
was Cluster A consisting of 18 volatile compounds mainly those existing
in some beer samples but not in others. Cluster B had 16 volatile
compounds that existed in all the beer samples with most of them
existing in similar quantities in at least 3 beer samples. On Day 7, the
Chibuku Banana beer had a correlation with a cluster consisting of the
other three beers.

3.4. Variations in beer volatile compounds

Since the volatile compounds in this study were not quantified, the
flavour stability was therefore discussed in terms of the amounts of
volatile compounds that existed throughout the study relative to the peak
areas obtained at Day 1. In this regard, the authors rather discuss the
potential impact on beer deterioration based on the observed increase or
decrease in the volatile compound amounts without considerations of
flavour threshold values. A general observation was that most important
volatile compounds increased in amount up to Day 4 and eventually
decreased gradually. Thus, at Day 7 some values had reduced to levels
below the initial amounts observed at Day 1 while others remained
higher than at Day 1. The specific behaviours and how they compare with
literature are discussed in the following sub-sections.

3.4.1. Statistical analysis
The relative standard deviation of compound peak responses for

triplicate extraction for each beer sample per day was �24.7%. A com-
parison of the total peak responses for esters on Day 1 is given in Table 2.
Notably, the total peak responses due to esters from the Chibuku Original
and Leopard beer samples were not significantly different at 95% confi-
dence interval and contributed 13.0 and 13.6% of the total ester peak
responses, respectively. The behaviour of the esters between different
beer samples over the 7-day shelf life period relative to Day 1 was not
significantly different at 95% confidence interval for most esters
regardless of the beer sample and the relative initial peak responses.
Those showing variance are marked in Table 2. As for alcohols (Table 3),
the total alcohol peak responses were significantly different for all beer
samples with Ijuba beer samples contributing 36.7%, Chibuku Original at
31.5%, Leopard 23.2% and Chibuku Banana contributing 8.7% of the
total alcohol peak responses. Consequently, the relative amount of the
alcohols was inversely dependent on the initial peak response on Day 1
with the exception of phenyl alcohol and 3-methyl-1-butanol in different
beer samples which showed no significant difference between beer
samples at 95% confidence interval. On the other hand, the different total



Table 2
Esters identified in opaque beer samples and their relative amounts over a seven-day shelf life.

Compound Peak area only Relative to Day 1

Day 1 Day 2 Day 3 Day 4

OG BN JB LP OG BN JB LP OG BN JB LP OG

Isopentyl acetate* 23423119 158014891 22070010 23784677 1.6 0.5 2.3 1.7 1.8 0.3 2.3 0.9 1.2
Ethyl exanoate 5555205 5034815 9094110 4731141 0.9 0.8 1.0 0.9 0.6 0.5 0.7 0.3 0.4
Isopentyl isobutyrate 10566099 59696145 3808519 24207876 1.0 1.4 0.7 1.1 0.7 1.1 0.9 0.6 0.4
Diethyl succinate* 72961 34095 18769 (2) 25153 0.6 1.8 1 1.6 1.5 6.3 2.2 1.3 4.1
Ethyl isoamyl succinate* 17709 68776 23378 17232 (3) 2.2 1.7 1.0 ND 3.3 3.4 1.3 1.0 7.5
Ethyl octanoate 22782808 16950956 37248488 14744377 0.9 0.8 0.8 1 0.7 0.9 0.7 0.8 0.6
2-phenethyl acetate 9438105 41391785 15649447 10770658 0.8 0.8 0.7 1.3 0.8 0.7 0.6 1.4 0.7
Ethyl nonanoate* 193713 1915238 219753 203921 0.6 1.1 0.7 0.8 0.8 1.1 0.7 0.9 0.4
Ethyl decanoate 8022348 10870911 23197991 6533017 0.8 1.1 0.8 1.0 0.8 1.0 0.7 0.7 0.8
3-methylbutyl octanoate 293069 481451 599556,5 206401 0.8 0.9 0.8 1.1 0.9 0.8 0.8 1.2 1.0
Ethyl dodecanoate 289122 810778 3617628 367113 0.9 0.9 0.7 0.9 0.7 0.9 0.7 1.0 0.8
Ethyl pentadecanoate 348098 2119519 19017978 658503 1.3 1.0 0.9 0.7 0.3 0.1 0.7 1.0 0.4
2-phenylethyl hexanoate 333774 417862 1214523 309643 0.9 1.2 0.8 1.3 1.0 1.1 0.9 1.4 1.0
Pentyl propanoate* 473704 2719409 583329,5 617507 1.3 0.9 1.0 1.5 0.9 0.4 0.8 1.2 0.6
Ethyl linolate 199413 188476 116732 232884 1.3 1.1 1.0 0.9 1.7 1.0 3.4 1.3 1.3
Ethyl pentanoate* 240793 153839 75723 264897 2.4 1.4 1.7 0.8 0.7 1.1 1.0 0.6 0.5
2-Phenylethyl isobutyrate 140724 4996183 340278 138906 1.1 0.7 0.7 1.2 1.4 0.6 0.7 1.6 1.9
Pentyl lactate* 247101 1155562 289100 278830 1.2 3.7 1.0 0.9 1.0 2.1 0.9 0.7 0.9
Ethyl 3-phenylpropanoate 65359 131959 116937 141158 0.9 1.1 1.0 1.2 0.9 1.2 0.7 1.1 0.9
Ethyl 9-decenoate 104595 93070 410765 76206 0.9 0.9 1.0 1.0 1.0 0.9 1.0 1.0 1.0
Ethyl hexadecanoate* 2250799 ND 1946861 2043126 0.5 ND 0.8 1.1 0.9 ND 1.6 1.2 1.5
Hexyl acetate* 159607 ND 157177 206742 0.7 ND 1.4 0.6 0.6 ND 0.8 0.2 1.6
Ethyl pentadecanoate 38982 ND 328835 41452 0.8 ND 1.0 ND 1.3 ND 1.1 ND 0.8
Decyl formate* 74017 ND 31335 19498 0.9 ND 2.5 0.8 0.5 ND 2.7 ND 0.6
Butyl citrate* 710548 526249 ND 48333 0.1 0.2 ND 0.7 0.1 0.1 ND 1.0 0.1
Phenethyl pivalate 120775 102189 461076 ND 1.0 1.3 1.0 ND 1.2 1.2 1.2 ND 1.5
Hexadecan-4-yl phenylacetate 197062 166079 170546.5 ND 0.5 0.5 0.6 ND 0.3 0.4 0.4 ND 0.3
Ethyl 2-phenylacetate 73215 9595820 46948 (3) ND 0.8 0.8 ND ND 1.0 0.8 ND ND 1.4
Benzenebutyric acid, 2,3-dimethoxy- 26843 23657 ND ND 1.0 1.2 ND ND 1.2 1.2 ND ND 2.4
Ethyl butanoate ND 3931116 ND ND ND 2.3 ND ND ND 3.1 ND ND ND
Pentyl acetate ND 309700 ND ND ND 1.1 ND ND ND 0.8 ND ND ND
2-methylpropyl butanoate ND 6604642 ND ND ND 0.8 ND ND ND 0.6 ND ND ND
Dimethylpropyl butanoate ND 6924924 ND ND ND 0.8 ND ND ND 0.5 ND ND ND
Hexyl 2-methylpropanoate ND 492702 ND ND ND 0.7 ND ND ND 0.7 ND ND ND
Isopentyl isovalerate ND 9627585 ND ND ND 1.3 ND ND ND 1.2 ND ND ND
Citronellyl heptanoate ND 131959 ND ND ND 1.1 ND ND ND 1.2 ND ND ND
3-phenylpropyl formate ND 196201 ND ND ND 0.9 ND ND ND 1.0 ND ND ND
Geranyl acetate ND 1406001 ND ND ND 1.1 ND ND ND 0.9 ND ND ND
Geranyl isobutyrate ND 1781833 ND ND ND 1.1 ND ND ND 1.0 ND ND ND
Total peak response 86459667 349066377 139672908 90669251
%Total 13.0 52.4 21.0 13.6

OG – Chibuku Original, BN – Chibuku Banana, JB – Ijuba, LP – Leopard, ND –Not detected. *The variation of this ester over the 7-day period is significantly different
between beer samples at 95% confidence interval.
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peak responses for fatty acids and for aldehydes did not affect their
relative amounts with a few exceptions. For example, only hydroxy-
methylfurfural and 2-methyl-2-butenal were affected by their initial
peak responses. The total ketone peak response was significantly
different with the behaviour of 5 of its compounds related to the initial
concentrations (Table 3). The behaviour of the specific groups of volatile
compounds during the 7-day shelf life period is discussed in the further
sub-sections.

3.4.2. Esters
The fruity flavour in any food source is due to esters. During

fermentation, enzymatic processes within yeast combine fatty acids and
alcohols to form esters (Kobayashi et al., 2008; Vanderhaegen et al.,
2007). Fig. 3 and Table 2 show that the peak response for isopentyl ac-
etate (banana flavour) on Day 1 was highest in all the four beer samples
with more than 50% total peak response than any other ester. This was
followed by isopentyl isobutyrate (apricot flavour), ethyl octanoate (sour
apple) and 2-phenethyl acetate (rose honey flavour) while peak re-
sponses for ethyl decanoate, ethyl pentadecanoate and ethyl hexanoate
were also notably high compared to other esters. A previous study has
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also reported that ethyl acetate, ethyl octanoate, ethyl hexanoate and
ethyl decanoate were the most abundant in Rwandese traditional beer
(Lyumugabe et al., 2013). These esters have also been considered the
most important flavour active esters among western beers synthesized
from malt (Kobayashi et al., 2008; Hor�ak et al., 2007; Vera et al., 2011;
Wei et al., 2001).

Isopentyl acetate with its banana flavour note was expectedly high in
the Chibuku Banana beer and its concentrations were between 6.6 and 7.2
times the concentrations in the other beer samples. Isopentyl isobutyrate
(apricot flavour) and 2-phenethyl acetate (rose honey flavour) were also
up to 15 and 4 times respectively in the Chibuku Banana beer than the
concentrations observed in the other beer samples. The sweetness of the
Chibuku Banana beer was also enhanced by the fruity flavours due to
presence of 10 other esters notably 4 butanoates and 3 terpenyl esters
that were unique to it (Fig. 3). At Day 7, it was observed that isopentyl
acetate reduced by about 80% while in the other beer samples it had
reduced by an average 20%. Generally, an overall 60% reduction in the 7
prominent esters based on peak responses ranging from 10% (isopentyl
acetate in Ijuba beer sample) to 90% (2-phenethyl acetate, ethyl penta-
decanoate and ethyl hexanoate in Chibuku Banana, Ijuba and Leopard



Relative to Day 1

Day 4 Day 5 Day 6 Day 7

BN JB LP OG BN JB LP OG BN JB LP OG BN JB LP

0.3 1.2 1.2 1.1 0.3 1.6 0.7 0.4 0.2 0.8 0.6 0.7 0.2 0.9 0.8
0.4 0.6 0.4 0.3 0.3 0.5 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.4 0.1
1.0 0.4 0.4 0.2 0.9 0.2 0.3 0.1 0.8 0.2 0.3 0.5 0.8 0.2 0.2
32 6.3 2.7 8.9 57 14 4.9 9.2 52 18 11 14 61 34 24
6.8 4.1 2.2 12 8.5 5.0 3.6 13 9.1 6.5 7.0 15 10 11 14
0.9 0.4 0.7 0.6 0.8 0.5 0.6 0.4 0.5 0.3 0.5 0.3 0.5 0.3 0.4
0.5 0.5 1.2 0.6 0.3 0.5 1.0 0.4 0.2 0.3 1.0 0.3 0.1 0.3 0.7
1.1 0.4 0.4 0.4 0.9 0.4 0.4 0.3 0.9 0.2 0.4 0.4 0.7 0.3 0.4
1.0 0.6 1.0 0.7 0.8 0.5 0.8 0.5 0.6 0.4 0.7 0.5 0.6 0.4 0.6
0.9 0.6 1.2 0.8 0.7 0.7 1.0 0.6 0.6 0.5 0.8 0.6 0.6 0.5 0.7
1.1 0.6 1.0 0.7 0.9 0.5 0.9 0.6 0.7 0.4 0.6 0.5 0.8 0.4 0.7
0.4 0.6 0.6 0.6 0.1 0.1 0.4 0.4 0.2 0.2 0.4 0.4 0.2 0.1 0.4
1.0 1.0 1.6 0.8 0.8 0.8 1.2 0.6 0.7 0.5 0.9 0.5 0.8 0.5 0.7
0.3 0.5 0.6 0.5 0.3 0.5 0.3 0.3 0.2 0.2 0.4 0.3 0.1 0.4 0.3
1.0 4.0 0.8 1.1 0.5 1.6 0.5 0.4 0.3 0.7 0.8 0.4 0.2 0.7 0.6
1.0 2.0 0.6 0.4 1.4 1.5 0.5 1.0 1.4 1.6 0.4 0.7 1.3 2.3 0.8
0.4 0.8 1.7 1.6 0.3 0.8 1.6 1.4 0.2 0.7 1.8 1.3 0.2 0.8 0.7
0.0 0.9 0.7 1.1 0.0 0.9 0.6 0.7 ND 0.6 0.6 0.7 ND 0.6 0.5
1.7 0.8 0.9 0.8 1.1 0.7 0.6 0.8 1.0 0.6 0.7 0.7 1.0 0.7 0.6
0.8 0.9 1.2 0.9 0.8 0.8 0.8 0.8 0.6 0.5 0.7 0.6 0.6 0.4 0.7
ND 1.4 1.7 0.6 ND 0.8 1.0 0.8 ND 0.7 1.5 0.5 ND 0.5 1.2
ND 1.0 0.3 0.4 ND 0.7 0.2 0.5 ND 0.3 0.1 0.2 ND 0.6 0.1
ND 1.0 ND 0.8 ND 0.9 ND 0.7 ND 0.9 ND 0.6 ND 0.8 ND
ND 2.5 ND 0.5 ND 2.5 ND 0.4 ND 1.7 ND 0.4 ND 1.9 ND
0.2 ND 0.6 0.1 0.2 ND 0.8 0.1 0.1 ND 0.5 ND ND ND 0.5
1.7 1.1 ND 0.5 1.7 0.4 ND 0.3 0.4 0.2 ND 0.3 0.4 0.1 ND
0.4 0.3 ND 0.3 0.3 0.3 ND 0.3 0.3 0.2 ND 0.2 0.3 0.2 ND
0.7 1.1 ND 1.4 0.6 1.0 ND 1.2 0.5 1.0 ND 2.5 0.5 1.2 ND
1.4 ND ND 0.8 1.0 ND ND 0.5 1.1 ND ND 0.6 0.8 ND ND
3.3 ND ND ND 3.1 ND ND ND 4.3 ND ND ND 6.8 ND ND
0.5 ND ND ND 0.4 ND ND ND 0.4 ND ND ND 0.4 ND ND
0.4 ND ND ND 0.2 ND ND ND 0.2 ND ND ND 0.2 ND ND
0.4 ND ND ND 0.2 ND ND ND 0.2 ND ND ND 0.3 ND ND
0.6 ND ND ND 0.9 ND ND ND 0.5 ND ND ND 0.5 ND ND
1.1 ND ND ND 0.9 ND ND ND 0.3 ND ND ND 0.4 ND ND
0.6 ND ND ND 0.4 ND ND ND 0.3 ND ND ND 0.1 ND ND
1.0 ND ND ND 0.9 ND ND ND 0.8 ND ND ND 0.8 ND ND
0.8 ND ND ND 0.6 ND ND ND 0.5 ND ND ND 0.4 ND ND
1.0 ND ND ND 0.8 ND ND ND 0.6 ND ND ND 0.5 ND ND
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beers, respectively) was observed at Day 7. The only two succinate esters
detected in the beer samples (diethyl- and ethyl isoamyl succinate) were
observed to increase with beer maturation. These are butanedioic acid
esters (fruity-apple flavour) and at Day 7 they had increased to between
10 and 61-fold the original amounts detected on Day 1. The concentra-
tions of all the other esters were observed to either remain relatively
constant or slightly reduce. This has also been observed on a 6-months
aging craft beer in Italy (Mascia et al., 2016), a one year aging Belgian
lager (Vanderhaegen et al., 2007) and some whiskey samples over a one
year aging period (Rodriguez Madrera et al., 2013). In the current study,
only ethyl butanoate showed an increase and was 6-fold at Day 7 in the
Chibuku Banana beer. While esters produced during fermentation are
slowly broken by esterase enzymes, the process is relatively slow and its
impact on higher esters is minimal. In this regard, it was noted that all
pentyl and phenylethyl esters initially increased up to Day 4 but even-
tually reduced and at Day 7 their levels were lower than at Day 1. The
same was observed for acetate and formate esters. For example, the
amount of isopentyl acetate increased by 2.3-fold on Day 4 in the Chibuku
Banana beer but reduced immensely down to 0.2-fold at Day 7. Quite a
number of ethyl esters were also less affected and increased up to Day 4
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before reducing again including ethyl linolate, ethyl pentanoate, ethyl-
phenyl propanoate, ethyl nonanoate, 3-methylbutyl octanoate as well as
ethylpenta- and ethyhaxa-decanoate (Table 2). A similar behaviour of
acetates and pentyl- and phenyethyl esters has been noted in western
beers where they either slightly increased or did not show any clear
pattern during maturation of Portuguese lager beers (Rendall et al.,
2015). Generally, the current study observes that Day 4 was the most
relevant day during which the quantities of most esters in the beer
samples maximized during storage. On the next day (Day 5), the quan-
tities had decreased and continued to gradually decrease which might be
an indication of the beginning of deterioration. Regular drinkers and
retailers have confirmed that commercial opaque beer usually starts to
lose its flavour at about Day 4.

3.4.3. Alcohols
Phenylethyl alcohol and 3-methyl-1-butanol, were the two most

prominent alcohols in the beer samples with high peak responses even
though 3-methyl-1-butanol was not detected in the Chibuku Banana beer
(Table 3 and Fig. 3). The two alcohols have also been detected in high
concentrations in other African traditional beer remedies (Lyumugabe



Table 3
Alcohols, fatty acids, aldehydes, ketones and terpenes identified in opaque beer samples and their relative amounts over a seven day shelf life.

Compound Peak area
only

Relative
to Day 1

Day 1 Day 2 Day 3 Day 4

OG BN JB LP OG BN JB LP OG BN JB LP OG

Alcohols
Phenylethyl alcohol 29242887 10929568 39891924 21015811 0.7 0.9 0.6 0.9 0.7 1.0 0.6 0.6 0.6
3-Methyl-1-butanol 40957158 ND 44261653 31016948 1.2 ND 1.2 1.5 1.2 ND 1.4 1.2 1.1
2-Furanmethanol 2129404 1251732 664157 992163 1.0 1.5 3.4 1.9 1.4 1.8 5.6 1.2 1.9
trans-Farnesol 62967 315171 33230 397786 6.5 1.3 9.8 1.1 5.4 1.5 12 1.4 8.3
Maltol 64010 23928 125053 48236 0.9 3.9 0.7 1.1 1.5 3.7 1.1 2.0 4.9
3-Buten-2-ol 809182 ND 365627.5 470584 1.2 ND 2.7 1.4 2.2 ND 6.8 2.1 5.3
Levomenthol ND 47785 ND ND ND 2.0 ND ND ND 2.4 ND ND ND
p-Cresol 75884 17995 63611 43514 0.7 2.8 0.7 0.9 1.4 3.9 1.0 0.7 3.4
Creosol ND 17995 ND ND ND 2.8 ND ND ND 3.9 ND ND ND
Eugeno ND 4626285 ND ND ND 0.9 ND ND ND 0.9 ND ND ND
Isopulegol ND 1090830 ND ND ND 1.1 ND ND ND 0.9 ND ND ND
Geraniol ND 1867600 ND ND ND 0.9 ND ND ND 0.9 ND ND ND
Total peak response 73341492 20188889 85405255.5 53985042
%Total 31.5 8.7 36.7 23.2
Fatty acids
Octanoic acid 691132 212186 13358201 524512 0.9 1.0 0.8 1.0 1.0 0.9 0.9 0.9 1.3
n-Decanoic acid 602349 691233 1928969 576740 1.0 1.4 1.0 1.1 1.2 1.3 1.1 1.2 1.9
Dodecanoic acid 76373 88103 227717 62948 1.1 1.5 1.2 1.2 1.4 1.3 1.2 1.4 1.0
Nonanoic acid ND 117939 ND ND ND 1.1 ND ND ND 1.1 ND ND ND
Total peak response 1369854 1109461 15514887 1164200
%Total 7.1 5.8 81 6.1
Aldehydes
2-methyl-2-butenal 5076154 8850335 1310998 2043126 0.5 0.6 2.4 1.1 0.8 0.4 6.1 1.2 2.8
Furfural 5218300 6056978 3548961 2867137 0.4 0.4 0.6 0.8 0.4 0.5 1.0 0.3 1.2
Heptanal 725949 321785 511556 727334 0.8 0.8 0.8 0.7 0.2 0.9 0.5 0.6
2-Heptenal, (Z)- 3692383 2707106 3058727 3528092 0.4 0.2 0.3 0.4 0.3 0.1 0.3 0.2 0.1
Decanal 369430 250971 516061 207613 0.3 0.4 0.2 0.3 0.2 0.3 0.1 0.3 0.2
2,4-Decadiena 514175 413978 600848 436059 0.5 0.5 0.3 0.6 0.4 0.5 0.4 0.5 0.4
Octanal 186972 400515 145249 185221 0.5 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.2
2-Decenal, (E)- 248303 183327 240475 187534 0.3 0.3 0.3 0.4 0.3 0.3 0.3 0.3 0.2
Hydroxymethylfurfural 14171 69712 25363 93112 10 4.3 5.9 1.7 21 2.8 18 2.5 77
Nonanal 834160 ND 941375 728845 0.6 ND 0.4 0.4 0.4 ND 0.4 0.4 0.3
4-Nonenal 346583 ND 319972 342206 0.7 ND 0.8 0.6 5.0 ND 0.6 0.4 0.4
Undecanal 222686 ND 651495 27879 0.4 ND 0.1 ND 0.2 ND ND ND 0.1
Total peak response 17449266 19254707 11871080 11374158
%Total 29.1 32.1 19.8 19.0
Ketones
2(5H)-Furanone* 2360898 1181294 1075098 1509645 1.2 1.8 2.4 1.4 1.4 1.3 4.0 1.0 2.9
4-Cyclopentene-1,3-dione 415020 164935 196697 1100572 0.7 1.3 2.7 1.4 1.0 1.1 2.7 1.5 1.6
1,2-Cyclopentanedione 1838453 584828 675699 1100572 1.4 4.8 2.7 1.4 1.3 3.6 6.3 1.5 4.3
1-(2-hydroxy-5-methylphenyl)-ethanone 196411 165407 117470 110991 0.6 0.8 0.8 1.0 0.7 0.6 1.1 1.0 1.1
Dihydro-5-pentyl-2(3H)-furanone 724690 465820 1048993 596003 0.9 0.9 0.7 1.0 0.9 0.9 0.7 1.1 1.0
Furyl hydroxymethyl ketone* 134399 33329 57957 78080 1.2 6.1 2.5 1.6 2.2 7.2 6.7 3.4 5.9
2-(2-butynyl) cyclohexanon 364108 310832 401162 321160 0.6 0.7 0.5 0.7 0.4 0.6 0.5 0.5 0.5
1-(2-furanyl)-ethanone* 480180 374702 172993 210651 1.0 0.7 2.7 1.5 1.3 1.2 4.5 1.5 2.1
4-ethenyl- cyclohexanone 373255 310832 401162 321160 1.0 0.7 0.5 0.7 0.7 0.6 0.5 0.5 0.5
2-Heptanone 666208 ND 519850 695986 0.9 ND 0.8 0.8 0.6 ND 0.7 0.5 0.4
2-hydroxy-3-methyl-2-cyclopenten-1-one* 98500 ND 55515 60886 1.0 ND 1.6 1.1 1.6 ND 3.4 1.0 3.7
Ethyl 5-oxooxolane-2-carboxylat ND 427166 ND ND ND 1.1 ND ND ND 0.7 ND ND ND
Total peak response 7652122 4019145 4722596 6105706
%Tota 34.0 17.9 21.0 27.1
Furan derivative
2-Pentylfura 1277939 ND 1023330 1013477 0.5 ND 0.6 0.5 0.3 ND 0.5 0.2 0.2
Terpenes
α-Myrcen ND 856291 ND ND ND 0.6 ND ND ND 0.4 ND ND ND
D-Limonen ND 6877375 ND ND ND 1.1 ND ND ND 0.8 ND ND ND
3-Caren ND 154496 ND ND ND 1.3 ND ND ND 1.1 ND ND ND
Caryophyllene ND 216312 ND ND ND 0.8 ND ND ND 0.9 ND ND ND

OG – Chibuku Original, BN – Chibuku Banana, JB – Ijuba, LP – Leopard, ND – Not detected. *volatile compounds with significant difference in peak responses
between beer samples over the 7-day shelf life period.
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et al., 2013). Phenylethyl alcohol is considered a marker for fermentation
parameters and contributes an intense roselike flavour to beers (Ne�spor
et al., 2018). On the other hand, 3-methyl-1-butanol is an amyl alcohol
and contributes towards that repulsive alcoholic taste in the mouth. This
amyl alcohol and other aldehydes discussed in Section 3.4.3 give the
Chibuku Original, Ijuba and Leopard beers that vinous mouth sensation
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absent from the rather sweetened Chibuku Banana beer. A general
decrease in the amount of phenylethyl alcohol was observed from Day 1
and between 20 and 50% was found at Day 7. This behaviour has been
observed in aging whiskey (Rodriguez Madrera et al., 2013) while some
studies in lager beers have reported an increase of phenylethyl alcohol
(Rendall et al., 2015). A similar reduction was observed for



Relative
to Day 1

Day 4 Day 5 Day 6 Day 7

BN JB LP OG BN JB LP OG BN JB LP OG BN JB LP

Alcohols
0.8 0.4 0.8 0.6 0.4 0.5 0.9 0.4 0.3 0.3 0.6 0.4 0.2 0.3 0.5
ND 1.2 1.2 1.0 ND 1.1 1.0 0.9 ND 1.0 1.2 0.9 ND 1.0 1.2
2.3 3.3 1.1 0.5 0.5 1.3 0.3 0.5 0.6 0.4 0.7 0.5 0.3 0.3 0.3
1.7 13 1.4 5.3 1.0 11 0.9 3.2 0.7 5.9 0.9 4.1 0.9 5.6 0.7
4.9 1.5 2.1 1.1 1.1 0.7 0.9 1.0 0.8 0.5 0.8 1.1 0.5 0.3 0.9
ND 8.6 2.9 1.8 ND 4.1 1.4 1.7 ND 2.5 2.5 0.7 ND 2.3 1.4
5.9 ND ND ND 5.7 ND ND ND 3.9 ND ND ND 4.2 ND ND
5.3 1.3 1.4 6.3 9.0 1.3 1.4 6.7 13 1.3 1.9 10 24 1.8 2.9
5.3 ND ND ND 9.0 ND ND ND 13 ND ND ND 24 ND ND
0.9 ND ND ND 0.7 ND ND ND 0.6 ND ND ND 0.6 ND ND
0.9 ND ND ND 0.8 ND ND ND 0.7 ND ND ND 0.7 ND ND
0.8 ND ND ND 0.7 ND ND ND 0.6 ND ND ND 0.6 ND ND

Fatty acids
1.3 0.9 1.0 1.0 1.8 0.8 0.8 0.9 1.7 0.6 0.8 1.4 1.4 0.5 0.7
1.8 1.4 1.4 1.4 1.6 1.2 1.2 1.4 1.5 1.0 1.4 1.3 1.4 0.9 1.3
1.5 1.7 1.3 1.0 1.4 1.0 1.5 0.8 1.1 0.9 1.3 1.0 1.2 0.7 1.4
1.3 ND ND ND 1.2 ND ND ND 1.0 ND ND ND 0.8 ND ND

Aldehydes
0.8 6.7 1.7 0.5 0.3 3.0 1.0 0.6 0.4 1.8 1.5 0.4 0.3 1.5 1.2
0.2 0.5 0.4 0.2 0.2 0.4 0.2 0.2 0.5 0.4 0.7 0.3 0.3 0.3 0.4
0.1 0.6 0.3 0.4 0.3 0.5 0.3 0.3 0.6 0.3 0.3 0.3 0.4 0.3 0.4
0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 ND 0.1 0.1 0.1 ND 0.1 0.1
0.3 0.1 0.4 0.2 0.2 0.1 0.3 0.2 0.2 0.1 0.2 0.1 0.1 0.1 0.2
0.4 0.3 0.3 0.3 0.4 0.2 0.3 0.3 0.4 0.2 0.3 0.2 0.3 0.1 0.3
0.1 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.1 0.2 0.2 0.1 0.2 0.1 0.1
0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.1
4.4 22 2.7 14 3.0 12 1.0 14 3.4 6.9 2.4 7.4 1.6 3.5 1.5
ND 0.2 0.3 0.3 ND 0.1 0.2 0.1 ND 0.2 0.2 0.2 ND 0.1 0.1
ND 0.4 ND 0.3 ND 0.3 ND 0.3 ND 0.1 ND 0.1 ND 0.1 ND
ND 0.1 ND 0.1 ND ND ND 0.1 ND ND ND ND ND ND ND

Ketones
2.3 4.1 1.2 0.8 1.1 1.7 0.5 0.5 1.0 0.7 0.9 0.3 0.5 0.5 0.5
1.2 2.5 1.7 0.6 0.6 1.4 0.6 0.2 0.7 0.3 1.3 0.1 0.6 0.2 0.7
6.2 1.1 1.7 1.1 1.5 2.8 0.6 0.8 1.5 1.0 1.3 0.4 0.7 0.8 0.7
0.7 1.2 0.7 0.6 0.6 0.6 0.5 0.5 0.5 0.5 0.6 0.3 0.4 0.4 0.4
1.0 0.7 1.0 1.0 1.0 0.7 1.2 0.9 1.0 0.6 0.9 0.8 1.0 0.6 0.9
12 5.7 3.3 2.3 4.0 4.8 1.4 2.9 3.6 2.8 2.0 0.9 1.5 1.8 1.3
0.6 0.5 0.5 0.4 0.6 0.4 0.5 0.4 0.5 0.4 0.4 0.4 0.4 0.5 0.4
1.4 4.4 2.1 1.7 0.8 2.6 0.8 1.3 0.8 3.2 1.7 1.3 0.8 2.7 0.9
0.6 0.5 0.5 0.4 0.6 0.4 0.5 0.4 0.5 0.4 0.4 0.4 0.4 0.5 0.4
ND 0.4 0.3 0.3 ND 0.3 0.3 0.2 ND 0.2 0.2 0.1 ND 0.2 0.2
ND 3.8 1.6 1.3 ND 2.4 0.8 1.0 ND 1.0 0.9 0.5 ND 0.7 0.7
0.6 ND ND ND 0.5 ND ND ND 0.4 ND ND ND 0.4 ND ND

Furan derivative
ND 0.3 0.1 0.1 ND 0.2 0.1 0.1 ND 0.1 0.1 0.1 ND 0.1 0.1
Terpenes
– ND ND ND 0.2 ND ND ND 0.1 ND ND ND 0.2 ND ND
0.6 ND ND ND 0.4 ND ND ND 0.3 ND ND ND 0.5 ND ND
1.0 ND ND ND 0.8 ND ND ND 0.3 ND ND ND 0.6 ND ND
0.7 ND ND ND 2.7 ND ND ND 0.4 ND ND ND 0.4 ND ND

S. Ncube et al. Current Research in Food Science 3 (2020) 256–267
2-furanmethanol, however its impact on beer aging is discussed in Sec-
tion 3.4.6 under furan derivatives. On the other hand, maltol (sweety
caramel) and 3-buten-2-ol were observed to increase until Day 4 reaching
4.9 and 8.6-fold respectively.

For phenolic alcohols detected in the beer samples, maltol and p-
cresol were present in all beer samples while creosol was only detected in
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the Chibuka Banana beer. The phenolic compounds detected in the South
African traditional beer, the Rwandese and the Zimbabwean traditional
beers are all different (Lyumugabe et al., 2013; Bvochora et al., 2005).
Generally phenolic flavours give a spicy clove or medicinal taste in beer.
Only creosol and p-cresol increased during beer maturation with the
Chibuku Banana beer recording up to 24-fold of both phenol derivatives
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at Day 7 compared to Day 1. The two phenols give beer that undesirable
spicy medicinal taste which might contribute to sensory defect as the
beer matures. In addition, the sweet terpene alcohols (terpenoids) were
present notably levomenthol, isopulegol, geraniol, trans-farnesol and
eugenol. These are discussed under terpenes in Section 3.4.5.

3.4.4. Aldehydes and fatty acids
Aldehydes are also responsible for the off flavours during beer aging

(Rodrigues et al., 2011). Their presence in beer is attributed to various
processes including Strecker degradation reactions (alkyl aldehydes),
Maillard reactions (furyl aldehydes) and other enzymatic reactions
(linear aldehydes) (Andr�es-Iglesias et al., 2016). Fig. 3 shows that most
of the aldehydes were present in all beer samples except nonanal,
4-nonenal and undecanal which could not be detected in the Chibuku
Banana beer samples. However, the most abundant aldehydes in all
beer samples on Day 1 were furfural, 2-heptenal and 2-butenal,
2-methyl. Notably, most aldehydes had reduced by more than 50% on
Day 2 and were almost undetectable by Day 7. A similar observation has
been reported on American beers during a 35-day aging period (Wei
et al., 2001). This is in contrast to what has been observed on com-
mercial Belgian lagers where aldehydes increased with aging time
(Vanderhaegen et al., 2007). However, a notable observation similar to
western beers was that of 2-methyl-2-butenal which somehow
increased only in Ijuba beer samples reaching 6.7-fold at Day 4 but
reducing down to 1.5-fold by Day 7. Hydroxymethylfurfural also
increased in all beer samples reaching up to 77-fold in Chibuku Original
at Day 4 followed by a gradual decrease to concentrations ranging be-
tween 2 and 7-fold for all beer samples. Hydroxymethylfurfural is a
furan derivative and its behaviour is explained in Section 3.4.6. The
decrease in aldehyde content is due to oxidation processes yielding
mainly fatty acids. In this regard, fatty acids detected in this study were
expected to increase drastically but only a slight increase was observed
throughout the shelve life of the beers with a maximum 1.9-fold levels
on Day 4 for n-decanoic acid in the Chibuku Original beer. A similar
rising trend for decanoic acid and octanoic acid has been observed
during shelf life of some lager beers (Rendall et al., 2015). All the four
fatty acids detected in the beer samples exert an undesirable waxy
soapy taste (Hor�ak et al., 2008) but are themselves precursors in the
formation of fruity esters.

3.4.5. Ketones
Of the 12 ketones identified in the beer samples, it was observed that

the furan derivatives, cyclopentyl ketones and diones all increased during
beer shelf life peaking at Day 4 eventually decreasing to levels below the
quantities initially observed at Day 1. The only exception was furyl
hydroxymethyl ketone and 1-(2-furanyl)-ethanone in Ijuba beer samples
where they were still 1.8 and 2.7-fold their initial amounts. The behav-
iour of ketones observed in the current study is rather unique to African
opaque beer since a study on Portuguese beers observed that their ke-
tones reduced over a six months period (Rendall et al., 2015) while in
Belgian lagers, a gradual increase in the targeted ketones was observed
over a one year aging (Vanderhaegen et al., 2007). The cyclopentyl ke-
tones and diones induce a caramellic flavour. The potential impact of
furyl derivatives is discussed in Section 3.4.7.

3.4.6. Terpenes
Terpenes are responsible for the citrusy taste in food. There were

various terpenes consisting of three monoterpenes (α-myrcene – clovy
aroma, D-limonene – orange flavour and 3-carene – lemon flavour), a
sesquiterpene (caryophyllene – spicy pepper), 5 terpenoids (also listed
under alcohols) and three terpenyl esters (citronellyl heptanoate – lemon
flavour, gerynyl acetate and geranyl isobutyrate – both sweet rosy)
identified in the Chibuku Banana beer only (Table 2 and Fig. 3). The three
esters are derived from terpenoids, citronellol and geraniol. Citronellol
usually exists as a yeast catalysed biotransformation product of geraniol.
Geraniol was one of the terpenoids identified in the Chibuku Banana beer.
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The terpenes with high peak responses on Day 1 were D-limonene and
eugenol both contributing 35 and 23% of the total terpene peak re-
sponses, respectively. Of the five terpenoids identified in Chibuku Banana
beer, trans-farnesol (sweety floral flavour) was also detected in the other
three beers. Only D-limonene, trans-farnesol and 3-carene have also been
detected in the traditional sorghum beer elsewhere in which some
traditional herbs were added (Lyumugabe et al., 2013). Most of the
terpene content generally reduced during beer shelf life losing between
40 and 80% in agreement with other studies on western beers (Rodriguez
Madrera et al., 2013; Rendall et al., 2015) except for trans-farnesol and
levomenthol (peppermint flavour). The increase in trans-farnesol was
also observed in the Chibuku Original and Ijuba beer samples where it
reached 8 and 13-fold respectively at Day 4 before reducing down to 4.1
and 5.6-fold respectively at Day 7.

3.4.7. Furan and furan derivations
Furan and its derivatives are responsible for the golden brown colour

and the caramellic bready flavour in foodstuff. During aging of alcohols,
they are produced through Maillard reaction mechanisms involving
sugars and amino acids in the absence of enzymes. Some of the most
common furan aldehydes, furfural and 5-hydroxymethylfurfural were
detected in the beer samples. While furfural (almond flavour) reduced by
about 70% in all beers, 5-hydroxymethylfurfural was observed to in-
crease significantly during beer maturation with levels reaching 77-fold
in Chibuku Original beer at Day 4 before reducing gradually down to
between 2 and 7-fold for all beers at Day 7. An increase in 5-hydroxyme-
thylfurfural during beer aging has also been observed in lager beer
(Rodrigues et al., 2011). The only furan alcohol detected in the beer
samples was 2-furanmethanol. It occurs as a result of biotransformation
of furfural and therefore it increased to between 1.2 and 5.6-fold at Day 3
finally dropping to 30% at Day 7. While reduction in furfural is in
contrast with what happens in most western beers, an increase in
5-hydroxymethylfurfural and 2-furanmethanol during beer aging has
also been observed in lager beers (Rodriguez Madrera et al., 2013;
Rendall et al., 2015; Rodrigues et al., 2011).

Furanone slightly increased during the first days reaching between 1.2
and 4.1-fold at Day 4 and eventually reducing to less than 50% of the
original amounts. However, its derivative dihydro-5-pentyl-2(3H)-
furanone remained almost constant throughout the beer shelf life. Furyl
hydroxymethyl ketone also increased reaching between 3.3 and 12-fold
on Day 4 and eventually reducing to less than twice the initial amounts
at Day 7. A similar trend was observed for 1-(2-furanyl)-ethanone,
maximizing 4-fold in Ijuba beer samples at Day 4. Another furan deriva-
tive (2-pentyl furan) notably present in Chibuku Original, Ijuba and Leopard
beers reduced drastically and was almost non-detectable within the first 4
days. Of the furan derivatives detected in this study, only 2-pentyl furan
was reported in the Rwandese sorghum beer (Lyumugabe et al., 2013).

4. Conclusions

A variation in beer volatile compounds during deterioration of opa-
que beer traditional to South Africa has been traced over a 7-day period
using an SBSE-TD-GC/HRT technique. The study identified 84 volatile
compounds and traced them throughout the beer shelf life as a way of
understanding how they may be contributing to deterioration of the
opaque beer. The study has observed that while a general decrease in the
amount of volatile compounds occurs over the aging period, the amount
of some compounds (notably esters) that contribute to important beer
flavours maximizes at Day 4 before dropping to levels below their initial
concentrations. Day 4 was therefore identified as an important day
during opaque beer shelf life. With considerations that the volatile
compounds were not quantified in this study and therefore could not be
linked to their flavour threshold values, more research is needed for a
better understanding of South Africa's traditional opaque beer. The cur-
rent study has opened future research perspectives around opaque beer
traditional to African rural communities.
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