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Sayel, J. — Kosin, P. — Broz, A.: Vliv teploty na méreni rozpusténého kysliku v obalu. Kvasny Prum. 60, 2014, ¢. 1, s. 2-7

Clanek se zabyva méfenim obsahu rozpusténého kysliku elektronickou sondou v napojich a vlivem doby a zmény teploty sto¢eného
vzorku, ponechaného v klidu pfed analyzou. Méfil se vliv teploty vody nasycené vzduchem na udaj oximetru. Pfi zméné teploty roztoku
se zmenil i udaj oximetru, ackoliv nedoslo k vymené kysliku mezi plynnou a kapalnou fazi obalu. S poklesem teploty vody se zvySoval
udaj oximetru, zatimco s narGstem teploty klesal. Rozdil obsahu rozpusténého kysliku vlivem teploty byl mensi, nez by odpovidalo
rozdilu rozpustnosti kysliku. Spekulativni vysvétleni tohoto jevu pfedpoklada existenci mikrobublin kysliku, rozptylenych v kapaliné. Pro
analyzu odebranych vzorku je proto Ucelné stanovit i povolené doby mezi odbérem a analyzou vzorku. Doba mezi odbérem a analyzou
by neméla byt delSi, nez 2 h.

Savel, J. — Kosin, P. — Broz, A.: Effect of temperature on the measurement of dissolved oxygen in the package. Kvasny Prum. 60,
2014, No. 1, p. 27

The article deals with the measurement of dissolved oxygen in beverages using electronic probe and the influence of time and tem-
perature changes on the result of measurement in a sample standing at a rest. The content of dissolved oxygen in the water depended
on the temperature even with the constant concentration of dissolved oxygen in the sample, without any exchange of oxygen between
gaseous and liquid phase. With the drop in water temperature the displayed DO increased while it decreased with increasing tempera-
ture. The difference of dissolved oxygen due to temperature changes was lower than it would correspond to the difference in solubility of
oxygen. Speculative explanation of this phenomenon assumes the existence of microbubbles of oxygen dispersed in the liquid. For the
analysis of samples is therefore advisable to determine the permissible time between sampling and analysis. The time between sampling
and analysis should not be longer than 2 h.

Savel, J.-Ko$in, P. — Broz, A.: Der Einfluss der Temperatur auf die Geléstensauerstoffmessung in der Verpackung.
Kvasny Prum. 60, 2014, Nr. 1, S. 2-7

Der Artikel befasst sich mit der Geléstensauerstoffmessung in der Verpackung mit der elektronischen Sonde in den Getranken und
mit dem Einfluss der Zeit und der Temperaturanderung des in Ruhe vor der Analyse belassenen Musters. Es wurde der Einfluss der
Temperatur des mit Luft geséttigten Wassers auf die Angabe des Oximeters gemessen. Bei der Temperaturdnderung der Losung ist
auch die Angabe des Oximeters geéndert worden, trotzdem dass keiner Sauerstoffumtausch zwischen der Gas- und Flissigkeitsphase
der Verpackung realisiert wurde. Mit einer Abnahme der Wassertemperatur erhoht sich die Angabe des Oximeters, mit Temperaturer-
héhung die Angabe nahm ab. Der Unterschied des Gehalts an gelésten Sauerstoff durch einen Temperatureinfluss war geringer als
der Differenz der Sauerstoffldslichkeit entsprach. Eine spekulative Erklarung setzt das Vorhandensein von in der Flissigkeit verstreuten
Sauerstoffmikrobldschen vor. Dadurch ist es zweckmaBig, fiir die Analyse von gesammelten Proben eine erlaubte Zeitfrist zwischen der

Musterabgabe und Analyse festzustellen. Diese Zeitfrist sollte nicht Ianger als zwei Stunden gewesen sein.

Kli¢ova slova: dissolved oxygen, DO, TPO, regulacni meze
koncentrace kysliku, staeni piva, provozni a laboratorni kontrola
népoji

1 UvVOoD

Obsah kysliku ve sto¢eném obalu s pivem je dllezitym znakem
jeho kvality. Obvykle se ur€uje jako hodnota, ktera udava celkové
mnozstvi kysliku v obalu, vztazené na jednotku hmotnosti, nebo
objemu piva (TPO — Total Package Oxygen nebo TIPO — Total In-
-Pack Oxygen). Tato hodnota slouzi k hodnoceni filtrace i sta¢eni
piva a stanovuji se pro ni toleranéni meze v riznych mistech vyroby.

Pfi stanoveni TPO se plvodné dosahovalo rovnovahy kysliku mezi
plynnou a kapalnou fazi obalu intenzivnim tfepanim (5 az 15 min) a cel-
kové mnozstvi kysliku se pocitalo z rovnovazné koncentrace kysliku
v plynu nebo kapaliné (White a Boulton, 2003; Analytica EBC, 2007).

Pozdéji se kyslik v hrdle i pivu zaCal méfit oddélené i za nerov-
novaznych podminek (Savel a Kosin, 2012a). Tento zplsob je vy-
hodnéjsi, protoze umoznuje rozeznat, zda nezadouci kyslik pochazi
z piva pred sto€enim, nebo z nedostate¢né odstranéného vzduchu
v hrdle lahvi.

Soucasna technika umoznuje stocit pivo s celkovym obsahem
kysliku v jednotkach ppb, tj. v pg/kg. Z toho se odvijeji soucasné
vnitini normy pivovard pro rozpustény kyslik (DO = Dissolved Oxy-
gen) v pivu, které obvykle pozaduji koncentraci DO pod 50 ppb
a TPO pod 150 ppb. Analytika MEBAK z roku 2013 uvadi obvykly
obsah v pivu pred pIinénim pod 100 ppb a 300 ppb v sto¢eném pivu
(MEBAK, 2013).

Spravnost a pfesnost stanoveni téchto hodnot v sto¢eném obalu
se kontroluje rdznymi metodami (Schmidt, 2013). Obsah rozpusté-

Keywords: dissolved oxygen, DO, TPO, control limits of oxygen
concentration, bottling beer, operational and laboratory control of
beverages

1 INTRODUCTION

The content of oxygen in packaged beer is an important attribute
of its quality. It is usually determined as the total amount of oxygen in
the package per unit weight or volume of beer (TPO - Total Package
Oxygen or TIPO - Total In-Pack Oxygen). This value describes beer
quality in the course of filtration and filling process to set control limits
at different production sites.

TPO analysis is based on the determination of oxygen concentra-
tion in gaseous or liquid phase after achievement of the oxygen equi-
librium by vigorous shaking (5—15 min) (White and Boulton, 2003;
Analytica EBC, 2007).

Recently, the oxygen in the bottle neck and beer was measured
separately for non-equilibrium conditions (Savel and KoSin, 2012a).
Advantage of this method is the possibility to recognize whether un-
wanted oxygen comes from beer before its filling, or from the insuf-
ficiently removed air in the neck of the bottle.

Current technology enables to reach total oxygen content in the
level of ppb, i.e. in ug/kg. Nowadays, the internal standard for dis-
solved oxygen (DO = Dissolved Oxygen) in beer is usually based on
oxygen concentration between 50 ppb and 150 ppb expressed as
TPO. Analytica MEBAK states the typical content of 100 ppb in beer
before bottling and 300 ppb in bottled beer (MEBAK, 2013).

The rightness and precision of these values are validated by vari-
ous methods (Schmidt, 2013). Total dissolved oxygen content in
beer package is usually expressed as equilibrium concentration of
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oxygen in distilled water saturated with air at

11 25 a known temperature and pressure, some-
-o-DOdisp times with a correction for beer composition.
et(T) w 23 The original colorimetric methods for

oxygen determination are now replaced by
1 29 instruments with electrochemical or optical
probe (Hiefner and Burwig, 1967; Basafova

10 and Savel, 2010).

119 The same probe can measure the oxy-
E gen concentration in the gaseous and liquid
§; 170 phase separately. There is an apparent par-
F < adox if oxygen is measured in the gaseous
o 115 phase e.g. in air because the probe displays
Q g a value which is dependent on temperature
of air, although the volume fraction of oxy-
" gen in the air is practically independent of
the temperature.In fact the probe displays
L the value responding to the equilibrium con-
centration of oxygen in distilled water satu-
8 : ‘ ‘ ‘ ‘ ‘ 19 rated with air at the same temperature and

0 10 20 30 40 50 60 70 80 90 100 pressure.
min Second apparent paradox of the meas-

Obr. 1 Udaje elektrochemického méfie rozpusténého kysliku (DOy, f) pii samovolném
ohfevu elektrody na vzduchu (97 kPa) v zavislosti na teploté t (°C) / Fig.1 Dissolved oxygen
and temperature reading of electrochemical oxygen probe (DO, t) during spontaneous

warming the electrode in the air (97 kPa)

12

urement is based on the fact that DO value
measured with probe immersed into liquid
depends on liquid temperature although ox-
ygen concentration in the liquid is constant
especially if there is no exchange between
gaseous and liquid phase.

The calibration of the sensor for the meas-
urement of DO uses the tabulated solubility

Dodisp (ppm)

of oxygen in distilled water saturated by air
at known pressure which serves for upper
point of this probe calibration. Principles
of the measurement and the calculation of
these values were published in our previous
articles (Basafova and Savel, 2010, Savel
and Kosin, 2012b).

Usually more precise two-point calibration
is recommended if the calibration curve is
not linear throughout the range of measure-
ment. The lower calibration point is obtained
by removing oxygen from a gaseous or lig-
uid phase by nitrogen or by immersing the
electrode into solution in which oxygen was
consumed by chemical reaction, e.g. using
sodium sulfite with traces of cobalt, or cop-
per salts (Savel and Kosin, 2012a; Analytica

20 23 26 28 31 34

min

Obr. 2 Udaj optického méfice rozpusténého kysliku (DOys,) pfi pfenosu sondy pfistroje mezi
teplou (25 °C) destilovanou vodou nasycenou vzduchem a stejnou vodou ochlazenou na

6 °C. Cisla udavaji teplotu v lahvi se studenou vodou / Fig. 2 Dissolved oxygen reading
(DOys,) during succesive transport between warm (25 °C) and cold (6 °C) distilled water

saturated with air. Numbers indicate the temperature of the water

ného kysliku v pivu se nej¢astéji udava jako rovnovazna koncentra-
ce kysliku v destilované vodé, sycené vzduchem pfi zndmé teploté
a tlaku, popt. jesté s pouzitim korekci na dalsi slozky extraktu piva.

Na rozdil od pdvodnich kolorimetrickych metod se nyni k méfeni
pouzivaji elektrochemické, nebo opticke elektronické sondy (Hiefner
a Burwig, 1967; Basafova a Savel, 2010).

Stejnou sondou se muZe méfit koncentrace kysliku v plynné i ka-
palné fazi. Pfi méfeni v plynné fazi, napf. ve vzduchu, vznika zdan-
livy paradox, nebot Gdaj sondy na vzduchu zavisi na teploté, ackoliv
objemovy podil kysliku ve vzduchu je na teploté prakticky nezavisly.
Udaj méfiCe totiz zobrazuje koncentraci vzdusného kysliku, kterou
by méla destilovana voda, kdyby se pfi stejné teploté nasytila vzdu-
chem o znamém tlaku.

Druhy zdanlivy paradox méfeni vychazi ze skute€nosti, Ze pfi po-
nofeni sondy do vody nasycené vzduchem, v niz nedoslo k vyméné
kysliku mezi plynnou a kapalnou, zavisi udaj sondy rovnéz na teplo-
té, ackoliv obsah kysliku v ni zlstal stejny.

P¥i kalibraci senzoru pro méfeni DO se vychazi ze skute¢nosti, Ze
voda nasycenda vzduchem obsahuje tabelovanou koncentraci kysli-
ku, na kterou se nastavuje tzv. horni kalibraéni bod elektrody. Prin-
cipy mérfeni a zplsob vypoctu téchto hodnot jsme popsali v pred-

EBC, 2007).

Electrochemical probes show better lin-
earity than optical ones. The manufacturers
of optical probes solve the problem using at
least two sensors for solutions containing
previously known high or low concentrations
of dissolved oxygen, which usually occurs in
various brewing intermediates, such as wort
before pitching or maturated beer. Sophis-
ticated approach uses a single sensor with
three-point calibration, which compensates nonlinearity of the probe
response.

Tabulated values of dissolved oxygen are given in different units,
often ppm and ppb (mg/kg or pg/kg), although mixed units, e.g. mg/l
can occur. The article does not distinguish between them due to the
fact that the density differences of beer and water are relatively small
and does not exceed the inherent measurement errors. Moreover,
it is often assumed that the solubility of oxygen in beer and water is
approximately the same.

The solubility tables can be replaced by calculation formula, which
is somewhat different between individual authors but the differences
can mostly be neglected (Hale and Fitzgerald, 1995).

It is necessary set a standard time between sampling and meas-
urement. The measured value can change for the following reasons:
e exchange of oxygen between the headspace (HS) and beverage,
e oxygen consumption by the beverage.

Both processes are dependent on the temperature and the me-
chanical movement of beverage in the package. Exchange of oxy-
gen between the headspace and beer is accelerated by shaking to
reach equilibrium (determination TPO), or slowed down by keeping

37 40 43 45
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chozich ¢lancich (Basafova a Savel; 2010;
Savel a KoSin, 2012b). 16

U kvalitnich pfistroju se doporucuje dvou-
bodova kalibrace, ve které se kontroluje jesté
Udaj pfistroje v roztoku s nulovou koncentra-
ci kysliku, protoZe kalibra¢ni kfivka nemusi
byt v celém rozsahu méfeni linearni. Spodni
kalibraéni bod se ziska odstranénim kysliku
z plynné nebo kapalné faze dusikem nebo
ponofenim elektrody do tzv. nulového rozto-
ku, obvykle do sifi¢itanu sodného se stopami
kobaltnaté, nebo médnaté soli (Savel a Ko-
8in, 2012a; Analytica EBC, 2007).

Elektrochemické sondy vykazuji lepsi li-
nearitu mezi udajem vykazované a skutec- 4
né koncentrace kysliku. Zejména vyrobci
optickych oximetr( fesi tuto situaci vyménou
alespori dvou senzoru pro roztoky, obsahu-

12

CO, (ppm)

-e=0 °C

=O=5 °C

—tr=10 °C

w15 °C

=20 °C

==25 °C

jici pfedem pfiblizné znamou vysokou nebo 0
nizkou koncentraci rozpusténého kysliku,
ktera se obvykle vyskytuje v rozdilnych pi-
vovarskych substratech, jako jsou mladina
pfed zakvaSenim, nebo sto¢ené pivo. So-
fistikovany pfistup vyuziva jediného cidla
s trojpbodovou kalibraci, ktera vyrovnava li-
nearitu odezvy sondy.

Tabelované hodnoty rozpusténého kys-
liku se uvadéji v riznych jednotkach, nej-

or

20 40 60 80 100
s (%)

Obr. 3 Teoreticka zavislost rozpustnosti kysliku v destilované vodé na stupni saturace s (%)
vody pro teploty 0 az 25 °C / Fig. 3 Theoretical dependence of the oxygen solubility in distilled
water to the degree of saturation (%) of water with air at temperatures between 0 and 25 °C

Castéji ppm a ppb (mg/kg a pg/kg), popf. 12
i ve smiSenych jednotkach, napf. mg/l, ale
obvykle se mezi nimi nerozliSuje vzhledem
k tomu, Ze rozdily jsou diky blizkym husto-
tam piva a vody pomérné malé a nepfekra-
Cuji pfirozené chyby méfeni. Navic se ¢asto
predpoklada, Ze rozpustnost kysliku v pivu
a vodeé je pfiblizné stejna.

Tabulky zavislosti rovnovazného kysliku
se daji nahradit vypoétovymi vzorci, které
se u jednotlivych autori ponékud lisi, rozdily
Ize vSak vétSinou zanedbat (Hale a Fitzge-
rald, 1995).

PFi méfeni obsahu rozpusténého kysliku
ve sto€eném obalu je nutné stanovit i dobu
mezi odbérem a méfenim. V této dobé se
i ustdlena hodnota pfistroje mize ménit
z téchto dlvodu:

Dodisp! Docalc (ppm)

-0-DOdisp
-o—-DOcalc

e vyména kysliku mezi hrdlovym prostorem

(HS = headspace) a napojem,

e spotfeba kysliku napojem.

Oba procesy zaviseji na teploté a me-
chanickém pohybu napoje v obalu. Vyména
kysliku mezi hrdlovym prostorem a napojem
se cilené urychluje napf. tfepanim, aby se
doséhlo rovnovahy (stanoveni TPO), nebo
naopak omezuje ponechanim obalu v klidu
pfi oddéleném stanoveni kysliku v hrdlovém prostoru a napoji.

Pfi laboratorni teploté je doba vymény kysliku i nékolik dni v klidu,
za tfepani se rovnovahy dosahuje za 3 az 15 minut (Hale a Fitzge-
rald, 1995; White a Boulton, 2003). Rychlost pfenosu kysliku z piva
do hrdla velmi zavisi na rychlosti pfirozeného uniku oxidu uhli¢itého
z piva, nebot oxid uhli€ity vynasi s sebou i kyslik.

Doba spotieby kysliku pivem se v klidu pohybuje fadoveé ve dnech
az tydnech. Obecné se doporuéuje doba mezi odbérem a analyzou
v desitkach minut, napf. podle analytiky EBC 2 h (Analytica EBC,
2007). Podle firemniho materidlu firmy Orbisphere z roku 1999
pokles| celkovy obsah kysliku v pivu z asi 250 ppb na 25 ppb pfi
pokojové teploté v klidu za asi 10 dni (Orbisphere, 1999). Rychlost
spotfeby velmi zavisi na koncentraci pfirozenych redukénich latek
mladiny a piva. Kromé toho do sto¢ené lahve opét pronika kyslik sté-
nami plastické lahve nebo pod korunkovym uzavérem, u plechovky
se pranik kysliku neuplatriuje (Konrad a Zanker, EBC).

Kromé téchto zmeén udaje pfistroje na dobé méfeni I1ze pozorovat
jiz zminény paradox, Ze Udaj pfistroje pfi méfeni rozpusténého kys-
liku v kapaliné rovnéz zavisi na teploté. Pfi provozni kontrole se Ize
tedy pouhou zménou teploty vyhnout prekroCeni prfedepsanych tole-
ranénich mezi obsahu rozpusténého kysliku v pivu. Po odbéru se sa-
movolnym ohfevem vzorku pfed méfenim obsah zméfeného kysliku
,Snizi“, i kdyz vyména kysliku mezi plynnou a kapalnou fazi nenastala.

t(°C)

Obr. 4 Zavislost hodnot zméfenych (DOy,,), a vypoctenych (DO,,,) na teploté méfeni t pro
data z Obr. 1/ Fig. 4 Dependence of the measured values (DOy,) and calculated (DO,,;) on
the temperature t for data from the Fig. 1

the bottle still to avoid oxygen exchange if the oxygen content in
headspace and in beer is measured separately.

At room temperature, the time of oxygen exchange takes several
days at rest, or 3—15 minutes to reach equilibrium with agitation
(Hale and Fitzgerald, 1995; White and Boulton, 2003). Rate of oxy-
gen transfer from beer to headspace is highly dependent on the ve-
locity of the natural carbon dioxide liberation from the beer, because
releasing carbon dioxide carries oxygen out with him.

Time of oxygen consumption by beer is in the range of days or
weeks at rest. It is generally recommended to keep the bottle for maxi-
mum one or two hours between sampling and the analysis, accord-
ing to Analytica EBC 2007. According to ORBISPHERE manual from
1999 the dissolved oxygen decreased from about 250 ppb to 25 ppb
in beer after 10 days at room temperature at rest (Orbishere, 1999).
Consumption velocity is highly dependent on the concentration of re-
ducing substances in wort and beer. In addition oxygen can penetrate
through wall of plastic bottle or under bottle crown while oxygen pen-
etration through can is negligible (Konrad and Zanker, 2005).

In addition to these changes, the displayed value of oxygen at the
time of measurement is also dependent on temperature according to
above mentioned paradox. The production quality control can there-
fore avoid exceeding the prescribed tolerance limits of dissolved
oxygen in beer by suitable change of the sample temperature. After
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Vyména kysliku mezi pivem a hrdlovym prostorem obalu nebo vlastni
spotfeba kysliku pivem se za¢nou uplatfiovat teprve po delSi dobé.

Moznymi pfic¢inami teplotnich odchylek sondy pfi méfeni rozpuste-
ného kysliku v kapaliné se zabyva tento ¢lanek.

2 EXPERIMENTALNI CAST

2.1 Oximetr a digitalni teplomér

Pfenosny elektrochemicky oximetr s vyjimatelnou elektrodou Or-
bisphere 3650 (Svycarsko) a pfenosny oximetr s optickou sondou
1-CUBE (CR). Digitalni teplomér (1-CUBE, CR) s dvéma ¢idly umoz-
nioval méfeni teploty kapalin.

Elektrody obou pfistroju se kalibrovaly ve vzduchu, dusiku, v nulo-
vém roztoku sifi¢itanu sodného (Na,S0O,.7 H,O, 0,1 %) s pfidavkem
chloridu kobaltnatého (CoCl,.6H,0, 10 mg/l) a ve vzduchem, nebo
dusikem nasycené destilované vodé.

2.2 Méreni zavislosti udaje oximetru na teploté

Méreni v plynné fazi

Oximetr Orbisphere 3650 s pfipojenou vnéjsi sondou se 3 h tem-
peroval pfi venkovni teploté 9 °C a potom se nechal samovolné ohfi-
vat v mistnosti s teplotou 25 °C. Hodnoty koncentrace rozpusténého
kysliku a teploty zobrazované sondou se monitorovaly po dobu 2 h
a oznacovaly jako DOy, a t. Tlak vzduchu (97 kPa) se béhem méfe-
ni neménil. Uvedené vysledky jsou primeéry ze dvou méfeni (obr. 1).

Méreni v kapalné fazi

Destilovand voda (25 °C) se nasytila kyslikem probublavanim
vzduchem (1020 kPa), nasycenym roztokem vzduchu se po okraj
naplnily dvé pivni lahve, které se uzavfely korunkou. Jedna z lahvi se
ponechala pfi teploté laboratore, druha lahev se béhem 1 h ochladila
na 6 °C. Po otevieni lahvi v laboratofi (28 °C) se do nich stfidavé po-
nofovala opticka sonda s Cidlem pfesného teploméru, méfici teplotu
roztoku (obr. 2).

Hodnoty koncentrace rozpusténého kysliku a teploty zobrazované
sondou se oznacovaly jako DOy, a t. Obrazky ukazuiji typické mefe-
ni ze tfi opakovanych pokusQ.

3 VYSLEDKY MERENI A DISKUSE

V pivovarstvi se koncentrace rozpusténého kysliku obvykle vyjad-
fuje jeho rozpustnosti:

Cop = K(t)- Po2 (1)

kde c,, je koncentrace rozpusténého kysliku, K (t) je teplotné za-
vislost rozpustnost kysliku a po, je parcialni tlak kysliku. PFi syceni
kapaliny vzduchem plati:

Po, =0,209 P, @)

kde P,, je tlak vzduchu, jemuz odpovida rovnovazna koncentrace
Cop-

Koncentrace rozpusténého kysliku se také vyjadfuje stupném na-
syceni kapaliny vzduchem:

P,
S — air 3
Patm ( )
P.
Coz = Kym(t)- Pa” =Kam(t)-s (4)

atm
kde s je stupen nasyceni kapaliny vzdusnym kyslikem (0 az 1), vy-
jadfované ¢asto v procentech (0 az 100 %), P.,, je normalni atmo-
sféricky tlak vzduchu (101,325 kPa) a K, je rozpustnost vzdusného
kysliku pfi normalnim atmosférickém tlaku. Hodnota K, zavisi na
teploté t, a proto ve vzduchu o rlizném, ale konstantnim tlaku son-
da zobrazuje rlizné hodnoty c,, pro rlizné teploty podle vztahu (4)
(obr. 3).

PFi méfeni obsahu kysliku v hrdle obalu se jeho hmotnost vypocte
podle stavové rovnice:

PoM
Mo, = % Vs (5)

kde mg, je hmotnost kysliku v hrdle obalu, p,, je parcialni tlak kys-
liku, T je teplota plynu v K, V,g je objem hrdlového prostoru. R je

sample taking up the spontaneous heating of the package can “de-
crease” the displayed value of DO although the transfer of oxygen
between the gas and liquid phase did not occur. Oxygen exchange
between beer and headspace begin after longer time.

Possible causes of temperature variations of the probes for measur-
ing of dissolved oxygen in the beverage are discussed in this article.

2 THE EXPERIMENTAL PART

2.1 Oximeter and digital thermometer

Portable oximeter with external electrode Orbisphere 3650 (Swit-
zerland) and portable oximeter with optical probe 1-CUBE (Czech
Republic). Digital thermometer (1-CUBE, Czech Republic) with two
sensors and datalloger.

The electrodes of both instruments were calibrated in air, nitrogen,
nitrogen-saturated distilled water or in sodium sulphite (Na,SO,.7 H,0,
0.1%) solution with the addition of cobalt chloride (CoCl,.6 H,O, 10 mg/l).

2.2 Dependence of the displayed DO on temperature

Measurement in the gaseous phase

Oximeter Orbisphere 3650 with external probe was kept at 9 °C
for 3 h and then spontaneously warmed at room temperature 25 °
C. The DO values and temperature were recorded for 2 hours at air
pressure (97 kPa), which did not change during the measurement.
The results are the average of two measurements (Fig. 1).

Measurement in the liquid phase

Distilled water (25 ° C) was saturated with oxygen by bubbling with
air (1020 kPa), and saturated solution was filled up into two beer bot-
tles up to the rim which were closed with crowns. One of the bottles
was kept at temperature of room, the second bottle was cooled to
6 °C during 1 h. The bottles were open in the laboratory (28 °C) and
the oxygen probe together with external temperature probe was alter-
nately submerged into both bottles filled with saturated water (Fig. 2).

The measured values of dissolved oxygen concentration (DOys,)
and the temperature were obtained in three times repeated experi-
ments.

3 RESULTS AND DISCUSSION

In brewing, the concentration of dissolved oxygen is usually ex-
pressed by its solubility:

Coo = K(t)- Po2 (1)

where ¢, is dissolved oxygen concentration, K(t) is the tempera-
ture dependence of the oxygen solubility and p,, is the partial pre-
ssure of oxygen. At saturation of liquid by air the following formula
applies:

Py, =0.209P,, @)

The concentration of dissolved oxygen is also expressed as a de-
gree of saturation of the liquid with air:

P.
§=_ar 3
Patm ( )
P,
Cop = Katm (t) . Palr = Katm (t) '8 (4)

atm
where s is the saturation degree of the liquid by oxygen in the air
(0-1), often expressed as a percentage (0—100%), P, is the normal
atmospheric pressure (101.325 kPa) and K, is the solubility of oxy-
gen in the air in distilled water at normal atmospheric pressure. K,
value depends on the air temperature because at constant pressure
the probe shows different values of c,, for different temperatures
according to equation (4) (Fig. 3).

Oxygen amount in the headspace is calculated by the gas equation:

— p02M02 V.

RT " ®)

where m, is the mass amount of oxygen in the headspace, pq, is the
oxygen partial pressure of oxygen, Tis the gas temperature in K, V¢
is headspace volume, R is the universal gas constant and M,, is the
molecular weight of oxygen. Partial pressure of oxygen is calculated

m02
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univerzalni plynova konstanta a My, molekularni hmotnost kysliku.
Parcialni tlak kysliku se vypocte podle vztahd (2) a (4). MnozZstvi
kysliku se obvykle vztahuje na jednotkové mnoZzstvi napoje délenim
vypoctené hmotnosti kysliku objemem, nebo hmotnosti napoje.

Protoze vztah (4) plati jen pro kapalinu nasycenou vzduchem, je
nutné pfi méfeni obsahu rozpusténého kysliku v kapaliné udaj oxi-
metru délit hodnotou K, pro posouzeni stupné nasyceni.

o= Dodisp (t) (6)
Katm(t)
kde a je odhad stupné nasyceni kapaliny vzduchem a tje teplota mé-
feni. Pro a = 1 je kapalina nasycena vzduchem, pfi méfeni obsahu
kysliku v pivu jsou hodnoty a blizké nule.

Ackoliv k vypoctu hodnot podle vzorcl (1) — (6) Ize pouzit tabelo-
vanych hodnot rozpustnosti vzdusného kysliku v destilované vodé,
je mozny i vypocet podle nékterého z vypoétovych vzorcl, napf. po-
dle Montgomery a Thorma (cit. Pitter, 2009):

Incy, =7,7117—1,31403»In(t+45,93)+ln% (7)
kde c,, je koncentrace rozpusténého kysliku (ppm) pfi tlaku vzduchu
P.. (kPa) a P,,,= 101,325 kPa, t e teplota (°C), pfi¢emz vzorec plati
pro teploty 0,4 aZz 37 °C (Montogmery a Thorm 1964).

Origindlni tvar vzorce (7) nepfipousti nulovou hodnotu tlaku vzdu-
chu, coz Ize obejit pfepisem na tvar:

P.
Cop ==2-exp(7,7117 —1,31403In(t + 45,93)) (8)
atm
Protoze bod mrznuti piva lezi pod 0 °C, Ize pro vypocty pouzit
extrapolaci vzorce na nulovou teplotu vzhledem k tomu, ze hraniéni
teplota pro tento vzorec (0,4 °C) je blizka nule.
Teplotni zavislost konstanty K, |ze podle téchto vzorcl vyjadfit
jako:

Kam(t) =€xp(7,7117 —1,31403In(t + 45,93)) 9)

Obr. 3 znazorhuje vypocCet koncentrace rozpusténého kysliku
v destilované vodé, nasycené vzduchem pfi rdznych teplotach.

Méfeni Udaje sondy ve vzduchu s raznou teplotou napodobuje
méfeni rozpusténého kysliku ve vodé nasycené vzduchem. Namé-
fend data se zpracovala podle vzorcu (1) — (9).

Obr.4 zobrazuje zavislost naméfenych (DOg,) a vypoctenych
(DO.,) hodnot, odpovidajicich ¢y, pro vodu nasycenou vzduchem
pfi tlaku 97 kPa:

Doca\c = Pail’ .Kalm(tdisp) (1 0)
Patm
kde P, je tlak okolniho vzduchu a t,, je teplota méFfena sondou.

Data se prakticky shoduji v okrajovych bodech méfené zavislos-
ti, mensi odchylky jsou pravdépodobné zplisobeny rozdilnou dobou
odezvy kyslikové a teplotni elektrody, nebot na pocatku a konci mé-
feni senzor setrvaval pfi pfisluSnych teplotach delSi dobu. Tento vliv
se uplatiiuje i pfi méfeni rozpusténého kysliku v kapaling, kde ode-
zva teplotniho ¢idla je podstatné rychlejsi, nez odezva kyslikového
senzoru.

Méfeni obsahu rozpusténého kysliku ve vodé zaviselo na teplo-
té i pfi stejné koncentraci rozpusténého kysliku, rozdily vSak byly
mensi, nez by odpovidalo novému ustaveni rovnovazné koncentraci
kysliku pfi pfestupu vzduchu mezi kapalinou a plynem (obr. 2).

Piky zaznamenané kfivky odpovidaji kratkému styku sondy s tep-
lejSim vzduchem pfi pfenosu mezi teplou a studenou vodou o stejné
koncentraci rozpusténého kysliku.

Rozdily mezi namé&fenymi ustalenymi hodnotami DOy, se s po-
stupnym sblizovanim teplot zmensuji, coz svéd¢éi o zachovani pl-
vodni koncentrace rozpusténého kysliku ve vodé. Spekulativni vy-
svétleni tohoto jevu spociva v pfedpokladané existenci mikrobublin
kysliku ve vodé, pficemz se zménou teploty ustavuje rychle rovno-
vaha mezi plynnou fazi mikrobublin a rozpusténym kyslikem v ka-
paling, zatimco stoupani mikrobublin k hladiné obalu je podstatné
pomalejsi.

Z praktického hlediska z toho vyplyva nutnost specifikace podmi-
nek méreni kysliku v kapalné fazi u vzorkl. Pivo, ¢erpané do plnic¢e
a obald je rozvifené a obsahuje mnoho mikrobublin vzduchu, a proto
se meéni i obsah rozpusténého kysliku s teplotnimi zménami stoce-
ného vzorku. Pro analyzu odebranych vzorku je proto u¢elné stano-
vit i povolené doby mezi odbérem a analyzou vzorku.

Podle obr. 2 je ucelné ponechat odebrané vzorky pfi nizké teploté
v chladni¢ce (5 az 10 °C), protoze pfi pfeneseni piva do laboratofe

according to equation (2) and (4). The amount of oxygen usually
relates to the amount of the beverage by dividing the oxygen content
by the volume or weight of the beverage.

Since equation (4) applies only to liquid saturated with air, it is
necessary to divide DO by K, to estimate the degree of saturation

o= Dodisp(t) (6)
Katm(t)
where a is the estimation of the degree of saturation of liquid by air at
the temperature t. For a = 1 the liquid is saturated with air, while at
current content in beer is the value of a near zero.

Although the calculation of the formulas (1) - (6) may use tabulated
values of the solubility of oxygen in air in distilled water, the calcu-
lation using any of the formulas, for example, by Montgomery and
Thorm is also possible (cit. Pitter, 2009):

Incy, :7.7117—1.31403-In(t+45.93)+|n% (7)
where co, is the dissolved oxygen concentration (ppm), P, is air
pressure (kPa) and P,,, = 101.325, t is the temperature (° C) and
the formula is valid for the temperature of 0.4 to 37 ° C (Montogmery
and Thor, 1964).

The original shape of the formula (7) does not allow to use value
zero for air pressure, which leads to transcription of the equation:

P.
Coz :Piexp(7.7117—1.31403~In(t+45.93)) (8)
atm
Since the freezing point of the beer lies below 0 ° C the formula can
be used to calculate ¢y, at zero temperature because the temperatu-
re limit of the formula (0.4 ° C) is near zero value.
Temperature dependence of the K, can be expressed as:

K,um(t) = exp(7.7117 —1.31403In(t + 45.93)) 9)

Fig. 3 shows the result of calculation of the concentration of dis-
solved oxygen in distilled water saturated with air at different tem-
peratures.

The different displayed DO values in air at different temperatures
simulated the measurement of dissolved oxygen in water saturated
by air. The measured data are processed by the formulas (1) - (9).

Fig. 4 shows the dependence of the displayed (DO,) and calcu-
lated (DO,,,) values corresponding to ¢y, in water saturated with air
at a pressure of 97 kPa:

P

Doca\c = Piir

’ atm(tdisp) (10)
atm

where P,, is the ambient air pressure and t,, is the temperature
measured by the probe.

Measured DO values are approximately identical in the peripheral
points in the range of measured data, smaller variations are probably
caused by the different response times of oxygen and temperature
sensors, while at the beginning and end of the measurement the
sensor remained at the responding temperatures for a longer time.
Similar effect also occurred in the measurement of dissolved oxygen
in the liquid, where the sensor response is significantly faster than
the response of the oxygen sensor.

Measured dissolved oxygen in the water depended on the tem-
perature even at the same concentration of dissolved oxygen, but
the differences were lower than it would correspond to the new es-
tablishment of the equilibrium oxygen concentration after the transfer
of air between the liquid and gas (Fig. 2).

Curve peaks correspond to the short contact probes with warmer
air during the transfer between warm and cold water with the same
concentration of dissolved oxygen.

Difference between DOy, values for approaching temperatures
between cold and warm bottle decreases, which suggests conser-
vation of the initial concentration of dissolved oxygen in the water.
The speculative explanation of this phenomenon lies in the assumed
existence of microbubbles of air in the water, with rapid establish-
ment of equilibrium between gaseous phase of microbubbles and
dissolved oxygen in the liquid, because the exchange oxygen during
rising of microbubbles to the surface is considerably slower.

In practical terms this asks for a specification of measurement of
oxygen in the liquid samples. Beer during its filing and packaging is
strongly swirling and containing many microbubbles of air and therefore
changing the content of dissolved oxygen between both phases along
to temperature changes. For the analysis of samples is therefore advis-
able to determine the permissible time between sampling and analysis.
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se teplota samovolné zvySuje. Doba mezi odbérem a analyzou by
neméla byt delsi, nez 2 h.

According to Fig.2 is recommended to keep the samples at low
temperature in a refrigerator (5-10 °C) because the temperature
spontaneously increases after transport to warm laboratory. The

- time between sampling and analysis should not be longer than 2 h.
Seznam symbolt
Jednotky symboll se uvadeji ve tvaru, obvykle pouzivaném
v kontrolni praxi. Vypo¢tové vzorce pfedpokladaji platnost List of symbols
mezinarodni mérovou soustavu (Sl), pfi pouziti technickych Unit symbols are given in the form usually used in control practice.
jednotek se vzorce musi doplnit o pfepocétové faktory. Calculation formulas assume an international measurement
e ‘ 1), therefore it is necessary to use conversion factors for
DO rozpustény kyslik, | mg/kg (ppm), ug/kg system (S reic
koncentrace DO (ppb) the technical units in them.
TPO celkovy obsah mg, ug, vztazené na Do dissolved oxygen mg/kg (ppm), ugrkg
kysliku v obalu 1 kg, popt. na 1 litr concentration DO (ppb)
napoje TPO total oxygen content | mg, pg, relating to 1
Cos Koncentrace mg/kg, na’kg in the package kg, or to 1 liter of the
rozpusténého kysliku beverage
DO, hodnota DO mg/kg, pg/kg Coz dissolved oxygen mg/kg, pg/kg
P zobrazena concentration
oximetrem DOy, value displayed by | mg/kg, pg/kg
P rovnovazny tlak kPa the oximeter
vzduchu P equilibrium pressure |kPa
P.m normalni 101,325 kPa P.m normal atmospheric | 101,325 kPa
atmosféricky tlak pressure of
vzduchu Pos partial pressure of | kPa
Poz parcialni tlak kysliku |kPa oxygen
K(t) rozpustnost kysliku | mg/kg, pa/kg K(t) the solubility of mg/kg, pa/kg
pfi teploté t oxygen at t
Kam(t) rozpustnost kysliku | mg/kg (ppm), pg/kg Kam(t) the solubility of mg/kg (ppm), pg/kg
pri tlaku Py, (ppb) oxygen at P, (ppb)
t,T teplota °C, K t,T temperature °C, K
taisp teplota, mérena °C taisp temperature by a °C
teplomérem sondy thermometer probe
s, s(%) stupen nasyceni (0az1,0az 100 %) s, s(%) degree of saturation |(0az 1, 0az 100 %)
kapaliny vzduchem of the liquid by air
Moy hmotnost kysliku mg, g Moy amount of oxygen in | mg, ug
v hrdle obalu the neck
Moo molekulova Mg, molecular weight of
hmotnost kysliku oxygen
R univerzalni plynova |8,31441 J.mol'.K" R universal gas 8,31441 J.mol'.K"
konstanta constant
VHS objem hrdlového ml VHS volume of a ml
prostoru headpace
a odhad stupné a estimate of the
nasyceni s degree of saturation
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