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Specialty beers with distinct hop flavour profiles are becoming increasingly popular. To impart a ‘hoppy’ 
aroma, hops are commonly added as whole hops or as pellets during fermentation or maturation which can 
result in filtration/clarification problems. A separation of the aroma extraction process from the aroma  
insertion process is therefore advantageous. 
In this study, a novel hopping technique with sequenced desorption and absorption process was used to 
transfer hop volatiles into beer. Hop volatile desorption from a hop-water-mixture is forced by a stripping gas 
with following transfer in the gas stream to an absorption medium. The system operates in a closed loop. 
The process was tested with water, a buffered model solution (pH 4.3, 5 % (v./v.) EtOH) and lager beer (11.8 °P, 
4.8 % (v./v.) EtOH) as absorption media. The experimental data were furthermore compared to  
thermodynamically calculated data. 
Outcomes from the study demonstrate that the process works and a maximum transfer was achieved after 
24 hours desorption/absorption. The linalool transfer rate to beer was about 65 %. The thermodynamic  
approximation was deficient when working with water as absorption medium and was closer but still showed 
deviations to the experimental data when working in a beer system. Further terms are needed to optimize the 
model.
This novel method features an easy-to-implement and cost-effective method for transferring hop aroma  
compounds into beer without directly bringing the beer in contact with hop solids that e.g. may yield filtration/ 
clarification problems. 
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1	 Introduction

Within the last decade, the popularity of hop-rich beers has in-
creased worldwide and hops have received much more attention 
among the circle of beer drinkers. Not only the bitterness meets 
with great acclaim, but especially the numerous aroma impres-
sions evolving from the hops’ essential oils raise the interest in 
late and dry hopped beers. This ‘trend’ is thought to be started in 
the United States’ craft beer scene but now spread out to Europe 
where also craft beers with unique flavour profiles gain more and 
more interest [5, 6, 21, 30, 31].

Traditionally, hops are given in the hot section during beer pro-
duction and its addition time depends on the desired bittering and 
aroma properties of the beer being produced. An early addition 
ensures long reaction times at high temperatures thus creating 
more isomerization products which are responsible for the beer 
bitterness [1, 20]. But exposing hops to high temperatures for a 
certain time consequently results in changes and losses of the 

volatile hop aroma compounds [26]. Thus, if a beer with enriched 
hop aroma and an unchanged hop aroma profile is desired, dry 
hopping is applied. The hops are given as pelletized hops or as 
whole cone hops in the cold section of the brewing process. De-
pendent on the applied dry hopping technique, the volatile hop 
oils survive more or less unchanged and to some degree till the 
finished beer and add significant flavours. Typically, whole cone 
or pelletized hops are put into a polymer bag before added to the 
beer tank, keg or cask. That way, the hop material can easily be 
removed again. The downside is, that the extraction process is 
not very effective and transfer rates for hop aroma compounds 
can be low [22]. The most common hop addition is performed 
into a cylindro-conical vessel (CCV) which is either already filled 
or about to be filled with beer. The yeast that has settled into the 
cone of the CCV is typically dumped prior to the hop addition. All 
methods used have in common that the hops are brought in direct 
contact with the beer and may result in a hard to clarify suspen-
sion. Furthermore, as the amount of hops used for dry-hopping is 
usually larger than when used for bittering purposes only, the beer 
quality can be compromised as also unwanted compounds, e.g. 
pesticides, are transferred in higher concentrations into the beer 
[17]. By separating the aroma extraction process from the aroma 
insertion process these problems can be avoided.

One possibility is to use hop aroma enriched oils which are added 
downstream. But the compositions of hop oils and aroma impres-
sions are then always limited to the products available on the 
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market, and this technique is not allowed when brewing according 
to the German purity law.

Since 2012, the addition of some hop products including whole 
cone hops and pellets, but not extracts in the cold section of the 
beer production is in Germany not legally banned anymore [24]. 
Dry-hopping is therefore also becoming increasingly popular in 
Germany and brewers have to challenge this process.

Thermodynamically seen, all methods for dosing hops are extrac-
tion processes. The desired aromatic components have to be 
transferred by mass transport from the hop particle into the liquid 
beer. For extraction processes, generally two process parameters 
have to be considered: temperature and time. A high temperature 
is important because it causes a high mass transport velocity as 
the diffusion properties of the aromatic components are increased 
with increasing temperatures [13] and sufficient time needs to be 
guaranteed for the extraction to occur.

So for hop aroma transfer into wort or beer, it is obvious that 
dosing hops at the end of wort production has the advantage of 
a high temperature but the disadvantage of a short process time. 
Extending the extraction time by an earlier addition would result in 
too high losses and changes of hop aroma volatiles during boiling. 
By dry hopping in the cold section a long enough extraction time 
is ensured but the predominant low temperatures counteract a 
maximal extraction. When summarising hot and cold hopping, the 
technologies used nowadays are effective but not always efficient. 

The basic hop aroma components consist of terpene oils, sulfur 
compounds and their derivatives [1]. They attribute a variety of 
aromas and odours to the beer, i. e. piney, tropical, flowery or citrucy 
notes [1]. While hop oils are claimed to be primarily responsible for 
those aroma impressions, there is evidence that also water soluble 
substances from hops such as hop polyphenols contribute to the 
flavour impression of a dry hopped beer to some degree [11]. But 
this may also be traced back to glycosidically bound hop aroma 
compounds which are released in the finished beer [3, 18, 33].

There are several methods for quantifying hop aroma in beer. Solid 
phase micro extraction (SPME) may be the most flexible method 
for capturing volatiles that also has the advantage of a simple 
sample preparation. It is generally used to assess volatiles in the 
sample’s headspace (HS). After the needle of the SPME fibre is 
pierced through a septum into the headspace of the sample vial, 
the volatiles are adsorbed on a coated silica fiber and can be 
subsequently determined via GC analysis coupled with a flame 
ionization detectoion or, preferably, with a mass spectrometer. 
Various sorptive materials can be used to change the volatile/
fiber interactions thus enabling the analysis of a wide variety of 
compounds [2, 15, 32]. By adding a salt to the sample, the volatility 
of those compounds is increased [34]. The extraction selectivity 
is dependent on the polarity of the analytes and it was found that 
less polar compounds are absorbed faster by the fiber [2].

In this article, the idea of a novel hopping technique is presented. 
In opposite to the extraction methods which are commonly used, 
a combined desorption/absorption process was applied. The 
experimental design used is described and the mass transport is 

predicted thermodynamically and is ultimately compared to the 
experimental data. These data give an important screening in 
which quantity different flavour components can be transferred 
from hops to beer.

2	 Materials and methods

2.1	 Chemicals

Ethanol was obtained from Merck KgaA, Darmstadt, Germany. 
The hop aroma standards α-humulene, α-terpineol and trans-
caryophyllene as well as sodium acetate trihydrate and acetic 
acid (glacial) were purchased from Sigma Aldrich (Sigma-Aldrich 
Laborchemikalien GmbH, Seelzen, Germany). Limonene, linalool, 
and myrcene were purchased from Fluka (Fluka Chemia AG, Buchs, 
Switzerland). All reagents were from analytical grade or higher.

1.2	 Beer production

The base beer used for the trials was produced in the Technische 
Universität Berlin’s 1.2  hL research pilote plant. The beer was 
brewed using 100 % Pilsner malt and dosing 125 mg hop CO2 
extract (Hallertauer Magnum, 47.9 % (wt./wt.) α-acid) per liter wort 
for bittering at the beginning of kettle boil. The pitching wort was 
fermented at 12 °C using the lager yeast strain ‘RH’, maturated for  
2 weeks and stored at 0 °C after bulk yeast removal until it was used.

1.3	 Quantification of hop volatiles

Myrcene, limonene, linalool, trans-caryophyllene, α-humulene, 
and α-terpineol were measured by headspace (HS)-SPME-GC/
FID and using a Gerstel MultiPurposeSampler MPS (GERSTEL 
GmbH & Co.KG, Mülheim an der Ruhr, Germany) for sampling.

5 mL sample was filled in a 15 mL glass vial and hop volatiles 
were adsorbed to a 2 cm tri-phase fiber (PDMS/CAR/DVB) with a 
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Figure 1: Experimental set-up with absorption-vessel (left), desorption-vessel (right) and pump (top). 520 

  521 

 

 

 

 

 

 

Fig. 1	 Experimental set-up with absorption-vessel (left), desorp-
tion-vessel (right) and pump (top)
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50/30 μm coating thickness for 40 minutes at 40 °C under constant 
stirring. The volatiles were desorbed in the GC port at 240  °C (split-
less) and were separated on a DB-WAX column (60 m, 0.50 μm, 
240/250; Agilent Technologies, St. Clara, USA) by using constant 
pressure mode and following the temperature program: 40 °C for 
3 min, heating to 200 °C at 4 °C/min, in 2 min to 220 °C and holding 
for 15 minutes. Quantification was done using standard addition 
in water, buffer, or beer, and a 6 point calibration.

1.4	 Experimental part

The desorption/absorption process of hop volatiles was tested 
with water, a buffered model solution and the base beer. The 
experimental set-up is depicted in figure 1.

The principle and implementation were similar for all trials. The 
set-up consisted of a ‘desorption-vessel’ and an ‘absorption-vessel’ 
which were connected in a closed loop (Fig. 1). A peristaltic pump 
at a velocity of ca. 600 mL/min was used for gas transport between 
the two vessels.

20 g of hops (Huell Melon, pellets type 90, crop 2013, 2 mg/100 g 
linalool, measured by EBC analytica 7.10 [7]) were firstly solved 
in distilled water in the ‘desorption-vessel’ which was placed then 
in a water bath at 50 °C. The amount of water used varied and is 
stated in the respective trials. Then, the pump was switched on 
and gas from the ‘absorption-vessel’s’ headspace was bubbled 
through the hop-water mixture consequently getting enriched with 
hop volatiles as defined by the temperature dependent vapour-
liquid-equilibrium (VLE). The gas was subsequently transferred to 
the ‘absorption-vessel’ and bubbled through the sample thereby 
releasing the hop volatiles into the sample solution. As the system 
was a closed looped only the included gas was used for desorp-
tion/absorption process.

1.5	 Pre-trial using water as absorption medium

In a preliminary trial, the process was tested using water as absorp-
tion medium. A gas wash bottle was used as ‘desorption-vessel’ 
and 20 g hop pellets were solved in 260 mL distilled water under 
atmospheric conditions. The hop volatiles were transferred and 
captured in 5 L of distilled water which was held at room temperature 
(20–22 °C). The process time was 12 hours and the experiment 
was performed in triplicate. The contents of hop volatiles in the 
absorption-vessel were quantified by HS-SPME-GC/FID. The 
results are presented as the arithmetic mean with a confidence 
interval of 95 %.

1.6	 Investigation of the effect of process time

The effect of process time on extraction of hop volatiles was 
subsequently tested in a buffered model solution (acetate buffer; 
pH 4.3, 5 % (v./v.) etOH). A gas wash bottle was used again as 
‘desorption-vessel’ and 20 g hop pellets were solved in 260 mL 
distilled water under atmospheric conditions. The hop volatiles were 
transferred and captured to 5 L of the buffered model solution at 
room temperature (20–22 °C). 144 hours of circulation were real-
ized and sampling took place in a 3 hour-period within 0–15 h and 
every 24 hours within 24–144 h. The experiment was conducted 

under atmospheric conditions not excluding oxygen ingress. All 
samples were frozen until analysis by HS-SPME-GC/FID.

1.7	 Trials with beer as absorption medium

Finally, the experiment design was also tested with beer. For the 
beer trials, the hop volatiles were desorbed in a reactor-chamber 
with a stirring device. 20 g of hops were solved in 1 L degassed 
distilled water and the whole system was purged with carbon diox-
ide before the process was started to prevent oxidation reactions. 
A 15.5 L keg was used as the ‘absorption-vessel’ and was filled 
with 10 L of the same base beer (lager beer, 11.8 °P, 4.8 % (v./v.) 
EtOH; 5.5 g/L CO2) for each trial. The beer was cooled to 4 °C 
during the whole process and the time of desorption/absorption 
was 24 hours. The system operated under a pressure of 0.6 bars 
and oxygen ingress was prevented as good as possible at all 
times. After finishing the experiments, the content of hop volatiles 
in the beer container were quantified by HS-SPME-GC/FID. The 
experiments were perfomed in triplicate. The results are presented 
as the arithmetic mean with a confidence interval of 95 %.

1.8	 Thermodynamic approximation of the desorption/ 
	 absorption process

The process was calculated for linalool using thermodynamic equa-
tions. Linalool was used because it is a well-studied hop volatile, 
the volatility data in the temperature range from 72 to 100 °C is 
known, and because it is one of the most potent odorants in hops 
[9, 16]. The calculations and assumptions are shown in the results 
and discussion section.

2	 Results and discussion

This article features a novel method for transferring hop volatiles to 
beer, ultimately aiming to enrich beers with hop volatiles. Desorp-
tion and absorption of hop volatiles can be regarded as vaporisa-
tion and condensation processes. Calculating these processes 
enables a high process control and the possibility of e.g. react to 
natural fluctuations in the hop quality. In particular, the scale-up to 
new container dimensions and process parameters are facilitated. 

Therefore, the temperature dependent vapour-liquid equilibrium 
(VLE) of the compound of interest in water (binary mixture of 
water and aroma compound) has to be considered. It describes 
the correlation between liquid and gas phase concentration. The 
parameter volatility Ki is defined as follows:
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with 

yi = concentration of a component i in the gas phase.

xi = concentration of a component i in the liquid phase.

As gas molecules do not influence the volatility of linalool in water 
in infinite dilution (no interactions of linalool molecules, assumption 
of single molecules in an infinite amount of solvent-water), only 
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the ratio of linalool in the liquid and in the vapour phase has to be 
taken into account. In dependence to volatility of linalool in water, 
three possible scenarios have to be considered: 

�� If water vaporises in higher quantity than linalool (Ki<1) the 
process is not very efficient because too much water has to 
be vaporised. The process needs too much time and too much 
vaporisation energy for the hop aroma transfer. Furthermore, 
the beer gets diluted and in the worst case, water has to be 
vaporised again.
�� If linalool and water vaporises in the same ratio (Ki=1), it 

is important to have a very high concentration of linalool in 
water. Unfortunately, this is not possible without an additional 
extraction medium because the solubility of linalool in water is 
considerably low [14]. 
�� If the volatility is higher than 1 (Ki>1), more linalool than water 

is vaporising and can be condensed in the absorption medium. 
The concentration of linalool is increased and the proposed 
method is working. So for calculating the desorption/absorption 
process the temperature dependent VLE is needed. These data 
can be found in the literature [14].

By being able to calculate a thermodynamic process, the experi-
mental results can be predicted. Therefore, the process can be 
controlled most efficiently and the effect of process parameter 
changes can be foreseen. Furthermore, the calculations can be 
used for a scale-up and allow an optimal design and pre-set of 
process parameters. 

Vaporisation processes of binary mixtures like linalool in water in 
infinite solution at very low concentrations of xi<10-6 can be calculated 
with high accuracy [14, 27]. For the calculation of the described 
process following simplifications have to be made:

�� linalool in water is highly diluted (infinite dilution) [14]. Molecular 
interactions only occur between water and linalool molecules, 
the volatility is independent from other solved substances [19, 
23, 27];
�� as linalool is highly diluted the volatility is not dependent on 

pressure and only influenced by temperature [25, 29];
�� the vaporised linalool is nearly totally condensed in the absorp-

tion medium because of the higher sample volume compared 
to the volume of the desorption medium (water-hop-mixture) 
and because of the temperature difference of both (higher 
solubility at lower temperatures): Linalool is transferred into 
the absorption-vessel and not vice versa.
�� the gas flow is constant.

The time dependent enrichment 
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The integration constant is 0, as the initial conditions are 0, too. 
The values of the different parameters are summarised in table 1.

Table 1	 Parameters for water experiment

Parameter Symbol Value Unit

content i absorption-container χi
B calculated [ppb]

time t 43200 [s]

vapour pressure j (water) pS
B 2400 [Pa]

ideal gas constant R 8.314 [J/
(mol*K)]

temperature T 323 [K]

volume flow V/T 0.15 [L/min]

volatility Ki 37.2 [–]

liquid volume absorption-container VB 5000 [mL]
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The volatility of the compounds is from major importance. The 
volatility of linalool in water in infinite dilution at 100 °C is 35.6 [14] 
and the volatility at 72 °C can be calculated using a published 
flash vaporisation result of linalool out of wort and thus is 37.2 
[14]. Because there are no relevant volatility data of linalool in 
water in infinite dilution at 50 °C available, the volatility of 72 °C 
was used for calculating the desorption/absorption processes. As 
the change of volatility between 100 and 72 °C is low [13], it can 
be expected that the deviation of the volatility between 72 and 50 
°C is negligible.

In a preliminary trial, the design was tested with water as the 
absorption medium. The result from the experiment is presented 
in figure 2.

Linalool was clearly very low and the calculated data showed a 
deviation of 100 % as compared to the experimental data. However, 
the trial suggested that the idea of using a desorption/absorption 
process worked and the process was thus further investigated.

In a subsequent trial, the buffer model solution containing 5 % 
(v./v.) ethanol was used as absorption medium. This new matrix 
is closer to the matrix beer. With respect to the volatility, it has to 
be considered that this matrix is not a binary mixture anymore. 
The volatility of linalool (in the beer container) is now influenced 
by the ethanol concentration. Linalool has an increased solubility 
in a water-ethanol mixture than in water with the consequence that 
the last mentioned simplifications must be reinforced. It can be 
considered advantageous for the process that the hop container 
still contains a binary mixture and the linalool’s volatility remains 
unchanged and high (the transport of ethanol during the process 
from beer to hop container is negligible as the volatility of ethanol 
in water is only in the range of 2–5).

The influence of the process time on the concentration of the hop 
volatiles in the absorption medium was assessed. The results are 
depicted in figure 3.

It can be seen that all measured hop volatiles with the exception 
of myrcene reached their maximum concentration after 24 hours 
or earlier and remained unchanged or slightly decreased again. 
Myrcene was highest at the first sampling point (after 3 hours) 

and then decreased tremendously up to 24 hours to a final con-
centration of 17 ppb. Linalool increased the slowest as compared 
to the other compounds and was highest after 24 to 48 hours. 
The decrease of myrcene and (potentially) reciprocal increase of 
linalool may be explained by the oxygen-induced transformation 
of myrcene to linalool. The transfer rate of linalool was 180 % 
which is another indication that linalool was formed ‘de novo’ dur-
ing the experiment. The concentrations of trans-caryophyllene, 
α-humulene and α-terpineol remained very low. Limonene reached 
its maximum concentration after 9 hours desorption/absorption 
and then also decreased again. This may also be traced back to 
oxidation reactions. Based on this trial, the process time for the 
subsequent trials was set to 24 hours.

Finally, beer was used as the absorption medium and oxygen 
ingress was prevented as good as possible at all times. The result 
is demonstrated in figure 4.

The data show distinct increases in hop volatiles from the base 
beer to the beer after desorption/absorption for 24 hours and 
linalool showed a transfer rate of about 65 %. The hop volatile 
concentrations in the base beer (reference) were below the limit 

Fig. 2	 Comparison of measurement (left column) and calculation 
(right column). Error bars represent the confidence interval 
(95 %, n = 3)
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Figure 2: Comparison of measurement (left column) and calculation (right column). Error bars represent 523 
the confidence interval (95 %, n=3). 524 
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Figure 3: Time-dependent increase of hop volatiles in buffered model solutions with 4 g/L hops. 527 
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Figure 4: Hop volatiles in beer after 24 h desorption/absorption with 2 g/L hops. Error bars represent the 530 
confidence interval (95 %, n=3). 531 
  532 

Fig. 4	 Hop volatiles in beer after 24 h desorption/absorption with 
2 g/L hops. Error bars represent the confidence interval 
(95 %, n = 3)
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of quantitation (< 5 ppb) with the exception of linalool which was 
5 ppb. The treatment had a clear impact on the concentration of 
hop volatiles and yielded a general increase with the exception of 
geraniol which was not found in the beer after treatment. Forster 
and Gahr [8] achieved a 100 % transfer rate when working with 
the same hop cultivar and doing ‘conventional’ dry-hopping dur-
ing maturation. However, as related to the short process time of 
24 hours and the other advantages, like omitting additional hop 
particle dependent clarification steps or pesticide ingress from the 
hops, the result achieved here can still be considered satisfying.

Again, the experimental data was compared to calculated data 
for linalool (Fig. 5). The parameters used for the calculation are 
depicted in table 2. In contrast to the experiments which were done 
using water as the absorption medium, in this trial, the calculated 
data was closer to the experimental data. Interestingly, the experi-
mental data even exceeded the calculated data which cannot be 
explained by the volatility. The volatility of linalool in a mixture of 
water and ethanol reinforces the enrichment of linalool in the beer 
container because it is assumed that all linalool molecules solve 
in this mixture. That the measured value is higher than calculated 
may be explained that still little oxidation of myrcene to linalool and 
a ‘de novo’ formation of linalool occurred during the experiments. 

Taken together, these data implicate that the current calculation 
model for the process still needs optimization and is not capa-
ble of accurately displaying the correct linalool concentration 

because it lacks two potential influencing factors: the solubility 
of linalool in water or a water-ethanol mixture, respectively, and 
potential chemical conversion reactions yielding a ‘de novo’ 
formation of linalool in the solutions. Using beer as the absorp-
tion medium yielded a better result which is a indication that 
mixture properties and the solubility of linalool in the absorption 
medium may influence the process. A first explanation may be 
given here: linalool solves only in low concentration in water 
and the corresponding volatility is therefore high. Linalool in a 
water-ethanol mixture (as beer is) has a much higher solubility 
and the volatility must therefore be low. The difference between 
water and beer experiments may be traced back to the fact 
that the final concentration of linalool in water is lower than 
the concentration of linalool in beer. Water as a solvent cannot 
‘hold back’ linalool molecules. Taking that into consideration, 
the above mentioned simplification of the total condensation 
of linalool in beer is not valid for water because of this special 
mixture property. 

For optimising the model, additional terms need to be inserted 
which describe the enrichment of linalool in water or beer and 
furthermore comprise potential chemical conversions. Future 
research is needed here in which the temperature-dependent 
volatility of linalool in water and in different mixtures of ethanol 
and water is investigated.

3	 Summary and Perspectives

In this article, a method for hop aroma insertion into beer which 
is based on a sequenced desorption and absorption process is 
presented. The method was tested and validated in laboratory scale 
by transferring hop volatiles from a hop-water-mixture into water, 
a buffered model solutions, and beer. This novel method features 
an easy-to-implement and cost-effective method for transferring 
hop aroma compounds into beer without directly bringing the beer 
in contact with hop solids that e.g. may yield filtration/clarification 
problems.

The prediction of the linalool enrichment in water or beer by ther-
modynamic calculation needs further model optimization because 
solubility properties of linalool in water/beer and chemical conver-
sions were not considered. The calculations and assumptions made 
here are a first approach to predict a very complex process with 
the final goal to accurately calculate the process thereby easing 
complete process control. Further research is needed here. The 
next steps consist of a scale-up and following sensorial validation 
of the resulting beer. Eventually, it can be concluded that applying 
‘desorption/absorption processes for transferring hop volatiles to 
beer’ are feasible.
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time t 86 400 [s]

vapour pressure j (water) pS
B 2400 [Pa]

ideal gas constant R 8.314 [J/
(mol*K)]

temperature T 323 [K]

volume flow V/T 0.6 [L/min]
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Figure 5: Comparison of experimental data (left column) and calculated data (right column) for the 534 
experiment using beer as the absorption medium. Error bars represent the confidence interval (95 %, 535 
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