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Abstract
Foaming of mashes during distillation is a common problem encountered in spirit drink production. It has a negative impact 
on the purity of the final product. This research article presents the key aspects of foam accumulation in rye mashes during 
distillation. Foam accumulation was influenced by substrate characteristics and process parameters. The experiments showed 
that pentosan levels and thermal energy input were the crucial parameters for foam accumulation in rye mashes. Foam accu-
mulation was significantly enhanced by higher pentosan levels, due to the higher viscosity imparted by pentosan. Hence, 
degradation of pentosans prior to distillation presents a way to reduce foam accumulation. In terms of thermal energy input, 
foam accumulation was significantly lower when the thermal energy input was reduced from 400 to 200 W/L. Substantial 
foaming only occurred in a narrow temperature range of 89.5 to 98.2 C. The results allowed for the first time to make recom-
mendations to prevent problematic foam accumulation during distillation of rye mashes.
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Introduction

Excessive foam accumulation is a common cause for mal-
functions and process failures in various technological pro-
cesses. It regularly occurs in food and beverage industries 
and in chemical processing (agitation, distillation) (Gallego-
Juárez et al., 2015; Hilberer & Chao, 2012; Nguyen et al., 
2000; Schramm & Wassmuth, 1994). In spirit drink distil-
lation, excessive foam accumulation can lead to increased 
maintenance costs and impaired product quality (Miller, 
2019; Pieper et al., 1977). In extreme cases, it can even cause 
plant flooding, resulting in the necessity of a partial or com-
plete process shut down (Miller, 2019). To avoid such pro-
cess interferences, it is important to gain excessive informa-
tion on foam accumulation mechanisms during distillation.

The main reasons for impairing foam accumulations 
in industrial distillation processes are the utilisation of 

substrates with high foam formation capacities, inadequate 
operational process management, and technical faults (Kis-
ter, 2003). It is likely that similar factors apply to batch dis-
tillation processes of spirit drinks.

In order to understand the mechanisms that promote foam 
accumulations, it is important to investigate substrate prop-
erties supporting the formation of foam during distillation. 
Specific substrate properties with stabilising effects on foam 
formation have already been investigated in various food 
products. It is known that the presence of proteins and poly-
saccharides play an important role on the physical stability 
and structure of food foams (Dickinson, 1998, 2003; Nunes 
& Coimbra, 1998; Prins, 1988; Ye, 2008). Therefore, we 
hypothesised that the presence of proteins and polysaccha-
rides might also be important for foam accumulation in the 
distillation processes.

The spirits industry utilises various different fruits and 
cereals. All substrates have specific protein and polysaccha-
ride contents and different foam formation capacities. So 
far, the literature only provides descriptive information on 
foam formation capacities of different fermented mashes. 
Enhanced foam formation capacities are known for cherry, 
wine lees and cereal mashes (Pieper et al., 1977). Within 
cereal substrates, rye mashes are especially prone to an 
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excessive formation of foam (Pieper et al., 1977). Rye is 
known to contain higher concentrations (7 to 8 wt%) of the 
nonstarch polysaccharide pentosan compared to other cere-
als with 1.4 to 4.1 wt% (Autio, 2006), which might influ-
ence foamformation properties. Pentosan mainly consist of 
arabinoxylan chains made out of 50 to 60% xylose and 30 to 
35% arabinose (Belitz & Grosch, 1999). In the bakery indus-
try, pentosan is known to have a positive effect on dough 
network formation and loaf volume (Cawley, 1964; Denli 
& Ercan, 2001; Maeda & Morita, 2006; Vanhamel et al., 
1993). Such dough and bread structures are often charac-
terised by their gas-holding capacities and, therefore, have 
similar properties as classical foam structures (Izydorczyk 
et al., 1991). As pentosan supports the foam structure in 
doughs, it is possible that the presence of pentosan might 
also enhance the formation of foam during distillation.

Next to substrate properties, process management can 
drive foam formation. Scientific knowledge on foam 
accumulations related to operational management of 
distillation processes is still scarce. Simon et al., (2009) 
investigated the dependency of reboiler vessel size and 
vapour flow rate on reboiler vessel swelling (foam accu-
mulation). Further, literature only provides descriptive 
information on process management strategies that reduce 
the risk of impairing foam accumulations. This includes 
recommendations to run batch distillations with a 25 to 
50% reduced reboiler vessel filling to provide sufficient 
space for accumulating foams and to use a reduced ther-
mal energy input at ‘critical foam-prominent temperature 
ranges’ (no further details given) (Pieper et al., 1977). 
However, in extreme cases, plant f looding occurred 
despite the implemented process management strategies 
(Pieper et al., 1977; Simon et al., 2009).

A common strategy for dealing with excessive foam accu-
mulation is the application of chemical additives, which are 
usually based on silicone oil. These additives effectively 
reduce or prevent undesired foam accumulations after addi-
tion of 2 to 4 g/hL mash (Denkov et al., 2014; Pieper et al., 
1977). However, these ‘antifoam additives’ are known to 
have negative environmental effects when released to aquatic 
systems, e.g. interfere with oxygen transfer rates in water 
bodies and metabolic activities of microorganisms or impair 
biodegradation processes (Routledge et al., 2014). They 
also reduce catalytic activities in downstream processes 
(Rocker et al.,2011). As environmental regulations become 
more stringent, alternative foam control methods need to 
be employed. Therefore, it is important to understand foam 
accumulation mechanisms on substrate and process level to 
be able to prevent foam formation.

The aim of the study was to minimise foaming in spir-
its production with a substrate that is especially prone to 
foaming. Therefore, the present study investigated foam 
accumulations in rye mash distillation in regard to substrate 

and process parameters. It examined the relation of differ-
ent pentosan concentrations as well as thermal energy input 
levels on foam accumulation during the process.

Material and Methods

Mash Preparation

Coarsely ground winter hybrid rye meal (RW S1 1363, 
HYBR 2012), grown and harvested in Lundsgaard, Ger-
many, was provided by the Federal Plant Variety Office of 
Germany. Rye mash preparation was carried out accord-
ing to Fig. 1. Rye meal and water were mixed in a 1:4 
mass ratio. Calcium hydroxide (Merck KGaA, Darmstadt, 
Germany) and sulphuric acid (Carl Roth GmbH &Co.
KG, Karlsruhe, Germany) were used for pH adjustment. 
To investigate the influence of pentosan, the pentosan-
degrading enzyme pentosanase EX-Tosan (C. Schliess-
mann Kellerei-Chemie GmbH & Co.KG, Schwäbisch 
Hall, Germany) was applied during mash preparation. 
Enzymatic liquefaction was performed with Distiztym 
BA-TS (Erbslöh GmbH, Geisenheim, Germany) and 
added in concentrations of 0.066 mL/kg rye meal. Enzy-
matic saccharification was carried out with an enzyme 
mixture consisting of 0.27 mL Distizym AG-Alpha (Erb-
slöh GmbH, Geisenheim, Germany) and 0.1 g Tegaclast 
220P (tegaferm Holding GmbH, Vienna, Austria) per 
kilogram rye meal.

Substrate Characterisation

Fermented rye mashes were characterised for dry matter 
(DM), ash, pentosan, protein and ethanol content, while rye 
meal was investigated for fermentable substances (FS). DM 
and ash were determined according to VDLUFA (1997) and 
ICC (1960), respectively. Quantification of pentosan was 
performed according to AOAC (1960). The method was 
modified as described by Jäger and Unger (1902). Protein (N 
× 5.83) content analysis was conducted using sample sizes 
of 100 mg and a nitrogen analyser (Dumatherm, Gerhardt 
GmbH & Co. KG, Königswinter, Germany) according to 
Duma’s combustion method (AGF 1999). Ethanol content 
was determined via lab-scale steam distillation (Autodest 
10, Leo Kübler GmbH, Karlsruhe, Germany) of 50 g mash 
samples (Senn & Pieper, 1996). The density of distillates 
was analysed via u-tube-oscillator (DMA 4500 M, Anton 
Paar GmbH, Ostfildern, Germany).

Determination of FS in rye meal was carried out accord-
ing to Senn and Pieper (1996). They defined FS as ‘the sum 
of glucose and maltose contents of the raw material, calcu-
lated as starch, that can be determined using HPLC after the 
raw material is completely digested and dispersed as well as 
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liquified and saccharified by addition of technical enzymes’. 
The method was modified by additionally determining fruc-
tose contents and adding it to the FS calculation in Eq. (1).

where φg is the hydrolysis factor for glucose and fruc-
tose (0.899) and φm for maltose (0.947), Cg, Cf and Cm are 
concentrations of glucose, fructose and maltose (g/L), VS is 
the sample’s end volume (L) and Wrm is the initial mass of 
rye meal (g).

The HPLC system for sugar analysis was set up with a 
Rezex RPM-Monosaccharide Pb+2 Ion exclusion column 
(∅ 7.8 × 300 mm, Phenomenex, Aschaffenbug, Germany) 
and a refractive index detector (RID, Shodex RI-101, 
Thermo Fisher, Waltham, USA) with sulphuric acid 
(0.005 N) as eluent at a flow rate of 0.6 mL/min. Five-point 
standard calibration was used for fructose, glucose and malt-
ose (R2 > 0.95).

Pentosan Degradation Effects

To determine the influence of pentosan on rye mash proper-
ties, nine different pentosanase concentrations (0.0; 0.1; 0.2; 
0.8; 1.0; 1.2; 1.6; 2.0; 4.0 mL/kg rye meal) were applied and 
investigated in triplicates for converted pentosan, mash vis-
cosity and unspecific protein degradation. The same sample 
set was also used for studies on foam accumulation.

For the determination of converted pentosan, the pentosan 
hydrolysis products xylose and arabinose were quantified via 
5-point standard calibrated (R2 > 0.95) HPLC-RID analysis 
before pentosan degradation and after the saccharification 
step of the rye mash preparation. The conversion of pentosan 
to xylose and arabinose was calculated by Eq. (2) including 
the hydrolysis factor of 0.88 (φx) for xylose and arabinose.

where Cx and Ca are final concentrations of xylose and 
arabinose (g/L) after saccharification and Cx0, Ca0 and Cp0 
are initial concentrations of xylose, arabinose and pentosan 
before pentosan degradation (g/L).

Effects of pentosan degradation on mash viscosity 
were determined using a rotational rheometer (MC1, Paar 
Physica, Ostfildern, Germany) equipped with a double gap 
measuring system. Viscosities were measured with rye mash 
supernatants centrifuged at 2000 rpm for 1 min.

To exclude secondary activities of pentosanase in terms 
of additional unspecific protein degradation, an additional 
experiment was set up that added pentosanase in different 
concentrations of 0.0, 0.1, 0.2, 0.8, 1.6, 2.0 and 4.0 mL/kg  
to 10 wt% protein solutions (Wheat Protein Isolate, Carl 
Roth GmbH, Karlsruhe, Germany) in citrate buffer. Pro-
tein blanks with each tested enzyme concentration were 

(1)FS(wt%) =

(

�g

(

Cg + Cf

)

+ �mCm

)

VS

Wrm

× 100,

(2)

pentosan conversion (%) =
�x

(

Cx + Ca

)

−
(

Cx0 + Ca0

)

Cp0

× 100

Fig. 1   Flow chart of rye mash preparation
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equally prepared. All samples and blanks were incubated 
for 1 h (60 °C; pH 5.8), and the remaining protein con-
centrations were determined by Bradford test (Bradford, 
1976).

Additionally, SDS-PAGEs (Laemmli, 1970) of the rye 
mash samples with 0.0, 0.1, 0.2, 0.8, 1.6, 2.0 and 4.0 mL/kg  
pentosanase addition were carried out to identify changes 
in the protein composition by analysis of their molecular 
masses with and without pentosan degradation.

Foam Accumulation Experiments

The first set of distillation experiments focussed on foam 
accumulation in rye mash distillation in regard to the nine 
different pentosan-degraded rye mashes. All rye mashes 
were distilled with a constant energy input of 200 W/L. 
In the second set of experiments, the influence of thermal 
energy input level was evaluated by distilling an additional 
sample set of nine different pentosan-degraded rye mashes 
with an energy input of 400 W/L.

Distillation experiments were conducted using a 
small-scale distillation plant set up. The dimension of the 
experimental setup corresponded to the dimensions of a 
standard distillery plant with 150 L reboiler vessel size 
and rectification column in a scale of 1:10. Mashes were 
electrically heated (LabHeat, SAF Wärmetechnik GmbH, 
Mörlenbach, Germany) in a 250-mL two-necked round-
bottom flask (CN ST 29/32, SN ST 19/26, Lenz Labor-
glas GmbH & Co. KG, Germany). Accumulating foam 
heights were logged every 60 s in a 34-cm high, 32-mm 
wide glass tube (ST 29/32, Lenz Laborglas GmbH & Co. 
KG, Wertheim am Main, Germany) equipped with a met-
ric scale. Mash temperature was measured simultaneously 
with a thermometer (Testo 735 PT100, Testo SE & Co. 
KGaA, Titisee-Neustadt, Germany) inserted into the side 
neck of the glass flask. The term ‘foam accumulation’ was 
defined for foam levels > 3 cm.

Statistical Analysis

A total of 54 mashes were analysed for substrate charac-
teristics and foam accumulations. The sample set included 
triplicate analysis of nine different pentosan-degraded rye 
mashes, distilled with two different energy inputs. Results 
are given in mean values with standard deviation. Sig-
nificant differences (p ≤ 0.05) were evaluated by one-way 
ANOVA with Tukey HSD post hoc tests and performed with 
SPSS software (Version 25, IBM, USA). Pearson’s correla-
tion coefficients (r) were analysed to identify the relation 
between pentosanase addition and pentosan conversion rate 
or mash viscosity.

Results and Discussion

Substrate Characteristics

The substrate characteristics of the rye mash are shown 
in Table 1. The investigated rye meal had a FS content of 
60.1 ± 0.1 wt% based on fresh matter (FM) (n = 3). The ana-
lysed substrate composition of the mashes was in accordance 
with the results of Hansen et al. (2004), who found similar 
pentosan, protein and ash contents. The fermented mashes 
contained ethanol concentrations of 6.2 ± 0.6 %vol. This 
showed that 51.5 ± 5.1% of the FS was metabolised to etha-
nol, which indicated an efficient and complete fermentation.

Pentosan Conversion

Additions of pentosanase did result in increasing levels of 
the hydrolysis products arabinose and xylose. This indicated 
an efficient enzymatic conversion of pentosan. In compari-
son to the control mash, a significant increase of pentosan 
conversion was achieved with pentosanase concentrations 
≥ 0.2 mL/kg. The Pearson correlation revealed a signifi-
cant positive relationship between the pentosan conversion 
rate and the amount of added pentosanase (r = 0.99, p ≤ 
0.05). Pentosanase concentrations of 4.0 mL/kg resulted 
in the highest pentosan conversion rate of 66.8 ± 6.3%. A 
conversion rate of 33.1 ± 0.9% was also observed in the 
control sample without added pentosanase. This could be 
due to unspecific secondary activities of liquefaction and 
saccharification enzymes on pentosan degradation during 
mash preparation.

Effects of Pentosan Conversion on Mash Viscosity

The addition of pentosanase resulted in a decrease of mash 
viscosity (Fig. 2). The decrease in viscosity was proportional 
to the degree of pentosan conversion up to 42% of converted 
pentosan. Further degradation of pentosan did not result in 
a substantial decrease of viscosity, indicating a threshold 
of mash viscosity minimum. The reason for this behaviour 

Table 1   Substrate characteristics of rye mash

a Value based on control mash (0.0 mL/kg pentosanase addition)

Properties Values Replicates

DM (%FM) 7.0 ± 0.1 54
Ash (%DM) 4.1 ± 0.4 54
Pentosan (%DM) 22.8 ± 0.8a 6
Protein (%DM) 21.5 ± 0.1 54
Ethanol (%vol) 6.2 ± 0.6 54
Ethanol yield (mL/kg rye) 309.5 ± 30.6 54
pH value 4.1 ± 0.1 54
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could be the two pools of pentosan. First, the soluble pool 
consisting mostly of arabinoxylans with the ability to form 
a highly viscous solution in water at a relatively low con-
centration (Bengtsson & Aman, 1990), which are quickly 
degraded leading to a steep decline in viscosity. Second, the 
insoluble pool associated with insoluble particles, which due 
to its insolubility and particulate state does not contribute 
to the viscosity of the mash. In any case, the mash viscosity 
could be reduced by a factor of 4 by pentosanase treatment.

Effects of Pentosan Conversion on Foam 
Accumulation

We then determined the foam-forming capacity of the rye 
mashes at a constant energy input of 200 W/L (Fig. 2). The 
control mash without added pentosanase showed maximal 
foam accumulation (26.2 ± 1.5 cm). With increasing pen-
tosanase concentrations and thus concomitant reduction of 
viscosity, the foam height was reduced. A strong decrease to 
18.6 ± 1.2 cm and 5.3 ± 0.8 cm was observed when pentosan-
ase was added in concentrations of 0.2 mL/kg and 0.8 mL/
kg, respectively. Latter resulted in a significant reduction of 
the maximum foam accumulation level by 79.4% compared 
to the control. A complete inhibition of foam formation was 
achieved with addition of 4.0 mL/kg pentosanase. These 
results indicate that pentosan concentrations have a major 
influence on foam accumulations. Further a clear correlation 
was observed between the viscosity of the mashes and the 
height of the foam (r = 0.98, p ≤ 0.05). Similar linear correla-
tions between foam-forming ability and viscosity were also 
reported in other alcoholic beverages like (sparkling) wine 
and beer (Brissonnet & Maujean, 1991; Evans et al., 1999; 
Lewis & Lewis, 2003; Marchal et al., 2003).

Polysaccharides are known to contribute to structural 
and textural properties of foams. They have a significant 
impact on the interlamellar liquid and the air/water interface 
by acting as steric stabilisers, thickening or gelling agents 

(Dickinson, 2003; Prins, 1988; Sarker et al., 1998). An 
increase in the interlamellar liquid viscosity leads to reduced 
drainage of foam films and thus stabilised foams (Evans 
et al., 1999; Sarker et al., 1998). It is likely that degrada-
tion of the polysaccharide pentosan to its monosaccharides 
arabinose and xylose impairs such foam-stabilising proper-
ties resulting in reduced longevity and limited accumulation 
of foam bubbles. Our results on rye mash viscosity are in 
favour of this theory. A positive correlation between foam 
stability and the presence of arabinoxylans, like pentosan, 
was also noted in the study of Evans et al., (1999). Fur-
ther, it was reported that arabinoxylans prevent the expan-
sive destruction of gas bubbles under thermal conditions 
(95 °C) (Izydorczyk et al., 1991). However, the investigation 
of Meuser et al. (2001) indicated contradictory results. They 
reported only a minor foam reduction and physically stabi-
lised foams after addition of pentosanase. The reason for this 
discrepancy could be that these experiments were performed 
at lower temperatures (between 5 and 35 °C).

Unspecific Protein Degradation

We also considered the possibility that foam reduction 
by pentosanase could also be due to side activities of the 
enzyme. For instance, unspecific protease activity may lead 
to the degradation of proteins, which could also result in a 
reduction of viscosity and foaming ability. To rule out this 
possibility, Bradford tests of protein solutions with different 
pentosanase addition and SDS-PAGEs of the rye mash pro-
teins were performed. No significant changes in the protein 
concentrations and protein banding patterns were observed 
after addition of pentosanase to protein solutions and the 
rye mashes, respectively. Therefore, we assumed that unspe-
cific secondary degradation effects of pentosanase can be 
excluded. We concluded that the degradation of pentosan 
was the main cause for the reduction of mash viscosity and, 
in-terms, foam formation.

Fig. 2   Maximum foam accu-
mulation levels (primary y axis) 
and viscosity (secondary y axis) 
of nine rye mashes in relation 
to pentosan conversion (x axis), 
added pentosanase from left to 
right: 0.0, 0.1, 0.2, 0.8, 1.0, 1.2, 
1.6, 2.0 and 4.0 mL/kg (n = 3)
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Effects of Thermal Energy Input on Foam 
Accumulation

Energy input levels had a major effect on foaming. With 
an energy input of 400 W/L, the maximum foam height 
of the experimental setup with 34 cm was exceeded 
within all experimental conditions, independently of 
pentosanase addition (Fig. 3). With 200 W/L, the maxi-
mum foam height was 26.2 ± 1.5 cm. The inf luence 
of thermal energy input on foam accumulation can be 
explained by a temperature-dependent increase in the 
gas vaporisation rate resulting in enhanced foam bub-
ble formation. It can be concluded that energy input 
levels have a more severe effect on foam accumulation 
during distillation than the pentosan concentration of 
the rye mashes.

Critical Temperature Range

The temperature range in which foam formation occurs dur-
ing the distillation of rye mashes has so far not been investi-
gated. This study provides for the first time experimental data 
that defines the temperature range in which rye mash foaming 
occurred. A summary of heat-related foam formation of all 
distillation experiments is shown in Fig. 4. The first mash foam 
formation appeared at a mash temperature of 63.2 °C (0.5 to 
3 cm foam level height). Substantial foaming (> 3 cm) was 
observed at mash temperatures above 89.5 °C, while the high-
est level of foaming occurred between 91.2 and 94.5 °C. When 
mash temperatures exceeded 95.2 °C the accumulated foams 
began to collapse and a steep decrease in foam accumulation 
was observed. At 98.2 °C no foam accumulation > 3 cm could 
be observed. This showed that increasing mash temperatures 

Fig. 3   Maximum foam accu-
mulation levels in rye mash 
distillation performed with dif-
ferent thermal energy inputs and 
different pentosanse concentra-
tions (n = 3)
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indeed triggered foam formation and induced foam collapse 
above a certain threshold temperature. The data set enables the 
definition of a foam critical temperature range during distilla-
tion. 90% of the foam accumulation occurs in the temperature 
range from 89.5 to 98.2 °C. This temperature range can be 
defined as the most critical in terms of excessive foam accu-
mulations and possible process impairments.

Conclusion

The investigation identified mechanisms of foam accumu-
lations on substrate and process level. On substrate level, 
pentosan degradation had a major impact on mash viscos-
ity and foam accumulation. A significant inhibition of foam 
accumulations can be achieved by addition of pentosan-
degrading enzymes during rye mash preparation.

On process level, foam accumulations were significantly 
dependent on energy input. Reduced energy inputs of 200 W/L  
have the potential to lower the risk of the process of  
impairing foam accumulations. The main foam accumula-
tion occurred only in a narrow temperature range. The exper-
imental data offer the opportunity to define foam-resilient 
distillation parameters. We propose the following procedure 
to minimise the risk of foaming. The distillation process can 
be initiated with high energy input (e.g. 400 W/L) until the 
critical mash temperature (89.5 °C for rye mash) is reached. 
Then the thermal energy input is reduced to 200 W/L. After 
reaching a mash temperature of 98.2 °C, a higher-energy 
input level can again be restored. Pentosanase treatment of 
the rye mash is highly recommended. In a next step, the 
obtained data can be used for a validation of foam-resilient 
processes in industrial distillation plants.
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