
   

Ingeniería. Revista de la Universidad de

Costa Rica

ISSN: 1409-2441

marcela.quiros@ucr.ac.cr

Universidad de Costa Rica

Costa Rica

Montero-Zamora, Jéssica; Mata Araya, Iray; Molina Córdoba, Manuel; Aguilar Cascante,

Francisco

Effect of Temperature-Time on the Sterilization Process for a Jacketed Bioreactor System:

Application of a Ratkowsky Nonlinear Model

Ingeniería. Revista de la Universidad de Costa Rica, vol. 28, núm. 2, julio-diciembre,

2018, pp. 63-78

Universidad de Costa Rica

Ciudad Universitaria Rodrigo Facio, Costa Rica

Available in: https://www.redalyc.org/articulo.oa?id=44170541008

   How to cite

   Complete issue

   More information about this article

   Journal's homepage in redalyc.org

Scientific Information System

Network of Scientific Journals from Latin America, the Caribbean, Spain and Portugal

Non-profit academic project, developed under the open access initiative

https://www.redalyc.org/revista.oa?id=441
https://www.redalyc.org/revista.oa?id=441
https://www.redalyc.org/revista.oa?id=441
https://www.redalyc.org/articulo.oa?id=44170541008
https://www.redalyc.org/comocitar.oa?id=44170541008
https://www.redalyc.org/fasciculo.oa?id=441&numero=70541
https://www.redalyc.org/articulo.oa?id=44170541008
https://www.redalyc.org/revista.oa?id=441
https://www.redalyc.org


Ingeniería 28 (2) Julio-Diciembre 2018: 63-78, ISSN: 2215-2652. San José, Costa Rica

  Esta obra está bajo una Licencia de Creative Commons. Atribución - No Comercial - Compartir Igual

Effect of Temperature-Time on the Sterilization Process for a 
Jacketed Bioreactor System: 

Application of a Ratkowsky Nonlinear Model

Efecto de la relación temperatura-tiempo en el proceso de esterilización 
para biorreactores enchaquetados: 

Aplicación de un modelo no lineal de Ratkowsky

Jéssica Montero-Zamora
National Center for Advanced Technology, National Center of 

Biotechnology Innovations, Bioprocess Unit, San José, Costa Rica. 

Iray Mata Araya
National Center for Advanced Technology, National Center of 

Biotechnology Innovations, Bioprocess Unit, San José, Costa Rica.

Manuel Molina Córdoba
University of Costa Rica, Faculty of Engineering, 

Department of Chemical Engineering, San José, Costa Rica.

Francisco Aguilar Cascante
National Center for Advanced Technology, National Center of 

Biotechnology Innovations, Bioprocess Unit, San José, Costa Rica.

Recibido: 2 de abril 2018  Aceptado: 14 de mayo 2018


Abstract
Steam steriliation is a tecniue iel imlemente in ierent biotecnological 

rocesses -among tem te grot o microorganisms in bioreactors-, ic reuire initial 
asetic conitions. In te resent researc, te relationsi beteen letalit an eat rate 
o acillus cereus gron in 7-liter stirre-tan acete bioreactors as inestigate, it 
sugar cane molasses as a carbon source. e steriliation rocess as teste it an inustrial 
autoclae itin ata loggers in bioreactors, ic measure te temerature in te col oint 
to uanti te accumulate letalit. roug ata analsis, a contour lot allos a graical 
reiction o te microbiological steriliation results in terms o colon orming units (C). 
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e stu sos tat tere is a range beteen 16 an 20 minutes, aroacing 123 C, it 
a null resence o contaminant microorganisms. e surace cart emonstrates te eisting 
non-linear relationsi beteen te ariables temerature an time inole.  ositie correlation 
was observed using a Ratkowsky mathematical model with a 0,971 correlation coefÀcient and the 
estimated value of α = 11,04 and β = -1,49 for the non-linear model of parameterization. With 
tese results, it is ossible to reict te C base on 0 ata. is coul roie an interesting 
basis or uture steriliation ractices an a metoolog as a starting oint or steriliation trials 
in inustr an sae time an costs.

Keywords: 
ioengineering, ermentation, autoclaing, eat transer, asetic.

Resumen
a esteriliacin con aor meo es una técnica amliamente utiliaa en ierentes 

rocesos biotecnolgicos, entre ellos, el crecimiento e microorganismos en biorreactor, roceso 
ue reuiere coniciones aséticas. n la resente inestigacin, se estui la relacin entre 
letalia  tasa e muerte el acillus cereus en un biorreactor encauetao e 7 litros, 
utiliano melaa como uente e carbono. l roceso e esteriliacin ue realiao en una 
autoclae inustrial con registros e temeratura en tiemo real colocaos entro el unto 
frío del biorreactor con el Àn de cuantiÀcar la letalidad acumulada. El análisis de los datos 
experimentales dio como resultado un gráÀco de contorno que permite predecir el resultado 
e la esteriliacin en términos e uniaes ormaoras e colonias (C). l caso en estuio 
muestra ue eiste un interalo entre los 16  20 minutos a una temeratura cercana a los 
123 °C donde es posible eliminar en su totalidad el microorganismo contaminante. La superÀcie 
e resuesta emuestra ue eiste una relacin no lineal entre las ariables tiemo  temeratura, 
inolucraas en el tratamiento térmico. Se obser una correlacin ositia al utiliar el moelo 
matemático no lineal de Ratkowsky con un coeÀciente de 0,971 y valores de α = 11,04 y 
β = -1,49 para la parametrización del modelo no lineal. Con los resultados obtenidos es posible 
reecir el alor e C resentes en el meio e cultio ara un alor eterminao e 0, lo 
cual puede ser de amplio interés en procesos de esterilización industrial, con el Àn de ahorrar 
tiemo  costos e oeracin. 

Palabras clave: 
ioingeniería, ermentacin, autoclaar, transerencia e calor, asético. 
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1. INTRODUCTION

eore te bioreactor inoculation it te microorganism o interest, ermentation 
meia is ticall sterilie to remoe microbial oulation (rmenante  esoic, 
10). e most commonl use steriliation meto is moist eating it use o 
ressurie steam at 0,72 a (15 lbs in-2) i te air as been eacuate rom te 
autoclaes camber an te atmosere is saturate it steam, te corresoning 
temerature is 121 C (oec et al., 188).

e main obectie o autoclaing is to inactiate unesirable contaminating 
microorganisms. e alteration o meia comosition uring steriliation can be 
a seconar an unesire eect troug one or more mecanisms, or eamle: 
egraation, rolsis, conugation an ormation o insoluble comouns (oec, 
lor, ieer,  uber, 18 ernlun, obucon,  obeir, 2018 unarin, 
oini, isai, ani,  etrini, 2013).

Sterilization is an operation that must be evaluated for every speciÀc process 
(Scneier, 201). Determining reuire conitions to aciee a sterile sstem as bot 
ractical an teoretical imlications, or ic it is imortant to esign a roceure tat 
ill guarantee steriliation itout unnecessar eosure to te estructie action o 
ig temeratures, an at te same time to minimie energ consumtion (au, Reies, 
imceno, ara,  ornel, 2015).

In orer to calculate te eat rate aciee uring te steriliation rocess, it is 
necessary to study in advance the temperature-time proÀles of both the culture medium 
insie te bioreactor, as ell as te temerature in te autoclae camber. 

e IS stanar or moist eat steriliation o ealt care roucts ictates a number 
o accetable time an temerature combinations recognie b some armacooeias 
(Isos 17665-2:200, 200). e combinations 121 C-15 min, 126 C-10 min, 13 
C-3 min are te minimum temerature an time establise or obtaining aeuate 
leels o microbial letalit uring te steriliation rocess. ese arameters are built 
on te overkill concept ere a saet actor as been eeloe or saturate steam or 
ater in contact it te microorganisms resent in te meium an te insie o te 
bioreactor (Isos 17665-2:200, 200).

icrobial inactiation caabilit o te eat steriliation rocess is a arameter tat 
is eresse as an F alue (F0) (oca, retorius, ocin, Caoullie,  ostolies, 
2002). This parameter is a unit of lethality that is deÀned as the equivalent time at 121 °C 
in orer to estro sores or egetatie cells o a articular organism (Coi, Ceig,  
Cung, 2013). e total F0 alue o a rocess can be calculate b te integration o te 
letal rates in regars o te time at ierent temerature interals (oca et al., 2002). 

The decrease in the microbial population generally follows a Àrst order kinetic 
model by equation (1), which follows the integration for a Àxed value of kd (uang, 
ang,  illis, 2011). 

(1)
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I kd is a non alue, tis euation allos to calculate te number o iable 
microorganisms ater a etermine eosure time (t). oeer, usuall te initial 
oulation is unnon an most liel eterogeneous. or tis reason, eat resistant 
strains o Bacillus stearothermophilus, it non sore concentrations ae been 
use as biological inicators or steam steriliation in laborator an inustrial 
rocesses (Noble, 12). 

e termal eactiation inetics o B. stearothermophilus as been roen to 
ollo te Arrhenius relationship it temerature (Sing, ensler,  ucs, 18).

(2)

(3)

The previous expression is related to the deÀnition of the D value in equation (4). 
This parameter is deÀned as the decimal reduction time; the time required to reduce a 
microbial oulation b a actor o 10 o its initial alue at constant temerature (Wood, 
Lemieux, Betancourt, Kariher, & GrifÀn, 2008). 

()

When D value is given for two different temperatures, it is expressed as: 

(5)

 comarison, beteen euations (3) an ()

(6)

e matematical eression or letalit (see euation 8) is state as te relationsi 
among euations () an (5).

(7)
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(8)

uation (8) inclues te  alue non as te temerature sensitiit arameter, 
ic reresents a temerature range ic results in a ten-ol cange in D alues 
(tes, Sines, Roe,  eang, 2016). 

Nonlinear regression moels escribe te relationsi beteen a resonse an a 
reictor (urgaus  Dette, 201). In microbiolog stuies, matematical moels are 
use to escribe te beaior o microorganisms uner ierent sical an cemical 
conitions (Zwietering, de Koos, Hasenack, de Witt, & van’t Riet, 1991). Seeral 
moels ae been suggeste an teste or moeling te temeratures eenence o 
te bacterial beaior. In tis aer, e use te arameteriation consieration escribe 
b Ratos (13) in order to Ànd the correlation between sterilization conditions 
an eat rate.

e arameteriation use is a nonlinear regression moel, o to or more arameters, 
tat is similar to linear in its original arameteriation (Ratos, 13). 

()

us, steriliation rocess in ace stirre bioreactors is crucial an inormation is 
still scarce. e aim o te resent or is to ealuate te relationsi beteen letalit 
an eat rate b te Ratos moel in orer to reict reliable steriliation arameters.

2. MATERIALS AND METHODS

Medium

e carbon source use uring te eerimental trials as oo grae molasses 
rom sugar cane (30 g) it buere etone ater as a solent (oi icrobiolog 
roucts).  e meium a a  beteen 6,8 an 7,2 it a sucrose content o 13, 
g an a glucose content o 1,56 g.

Bacterial strain

e bacterial strain use in tis stu as Bacillus cereus isolate rom oo grae 
molasses from sugar cane described above and identiÀed by 16S ribosomal RNA gene 
(rDN) amlicon analsis. e results obtaine ater te asic ocal lignment Searc 
ool (S) analsis ere comare using te enan atabase o te National 
Center or iotecnolog Inormation (NCI). 
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Experimental trials 

7-liter stirre-tan bioreactors ere use or steriliation (lion, Scieam, 
Netherlands) (See Àgure 1). These bioreactors were jacketed glass vessels with multiport 
stainless ea lates. e bioreactors ere assemble it all customar accessories 
an a an oerating olume o  liters. essels ere euie it a ata logger 
(ageec, Ne amsire, nite States o merica) to monitor te temerature 
in real time. ioreactors ere sterilie in an inustrial autoclae (uttnauer, rea, 
Neterlans) (araannaiis, ostoliis,  ee, 201).

igure 1. Scematic o a 7-liter stirre-tan acete 
bioreactor sstem it a acet oring 

olume o 1.2-liter

e bioreactors ere lace in te mile o te autoclae camber in an euiistant 
manner. e temerature robe rom te autoclae camber as ositione in te mile 
o bot bioreactors. e temerature ata loggers ere lace insie te bioreactor, at one 
tir o te total eigt rom te base to te to. e eerimental runs consiste o te 
olloing steriliation temeratures: 11 C, 121 C an 123 C, an steriliation times: 
10 min, 15 min, 20 min, or a total o  eerimental runs it ulicate bioreactors. 
e inoculum consiste o 1,010 C (euialent to ,01 logaritmic scale) in eer 
steriliation batc. 
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Microbial death rate

ter steriliation, tree samles o 30 m o te culture meium ere taen 
or microbiological testing. Serial ilutions ere srea oer te suraces o to 0 
mm iameter sterile etri ises. Samles ere late on rtic So gar (oi 
icrobiolog roucts) an otato Detrose gar (oi icrobiolog roucts) 
in aerobic conitions. lates ere incubate at 35 C an 28 C, or 16 an 36 ours, 
resectiel. olloing incubation, C ere counte. or all tese tests, ulicates 
ere assesse. 

Lethal rate calculations

erimental measurements rom te ata logger ere onloae to a comuter 
using ageec 2.5 sotare (ageec, nite States o merica) in orer to gra 
the temperature proÀle. Data was plotted using EXCEL an te area uner te lot as 
estimate utiliing Riemann sums to calculate te F0 alue (arn et al., 2001).  e 
letalit obtaine uring cooling as not inclue in te F0 calculation. 

Ratkowsky correlation 

e results o te C counts in unction o te accumulate letalit o te 
eerimental runs ere anale it te sotare Cureert (ams Deeloment, 
nite States o merica). ereore, te non-linear moel o Ratos as cosen in te 
data analysis due to the Àt between microbial growth and temperature (Ratos, 13).

3. RESULTS AND DISCUSSION

e abilit o inactiating unesirable contaminating microorganisms an aoiing 
alteration o meia comosition uring steriliation are es issues in te eeloment 
o eectie steriliation rocesses. Due to tis, tere as been an increasing interest in 
unerstaning te relationsi beteen letalit an eat rocesses on te bioreactors 
steriliation. e urose o tis stu as to inestigate te relationsi o steriliation 
arameters on letalit an eat rate o Bacillus cereus b te Ratos nonlinear 
model in order to predict sterilization efÀcacy. 

e ariables consiere in te eerimental roceures ere eat rate an iable 
microorganisms, in orer to estimate te F0 alue in eac eerimental treatment 
an anale te C results obtaine uner ierent steriliation conitions (Serer, 
annemann, Runell,  Ramrisna, 200). 

3.1 Sterilization parameters for the jacketed bioreactor 

e steriliation rocess letalit is a unction o steam temerature an time. Due to 
tis, tere are ierent conitions tat can aciee an asetic accetable leel. In orer 
to comare seeral steriliation, treatments it is necessar to consier te cumulatie 
letalit alue (lonso et al., 2013).
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To deÀne the combination of parameters for tests, the central point was chosen from 
the deÀnition of lethality given by standard ISO17665-1:2006(E) (Istceno  No, 
2006) (steriliation temerature 121 C or 15 min) an te relate euiistant oints.

Figure 2 shows lethal-rate and temperature-time proÀles for examined conditions 
(oung  aser, 15). It is son tat treatments it lo alue arameters 
(11 C, 10 min) reac a maimum temerature nearl 85 C, ic iers 36 C rom 
te stanar steriliation temerature (Simson, Nue,  lmonaci, 2015).

e ierence o temeratures iminises as te meium is treate it longer 
sterilization periods at constant temperature. With the treatments of 15 and 20 minutes 
o steriliation, te ierences ere 30 an 28 C, resectiel. is beaior is also 
note in te oter eat treatments. It as eecte tat te most seere treatment 
(123 C, 20 min) a a closer temerature to 121C, soing a maimum temerature o 
94 °C. This supports the Àndings of orales-lancas et al. (2005), ere te rogressie 
increase o temerature ollos a non beaior o eat namics at te col oint 
o a essel (Breu, Guggenbichler, & Wollmann, 2007; Morales-Blancas, E. Pérez, 
D. Rorígue, C. Simson, 2005).

igure 2 sos o autoclaing temerature gros uicl uring eating itin a 
-minute come-u time. Similar results in te earl eating stage ere son b Sing 
et al. (2015), obsere in bot stirre an non-stirre essels (Sing et al., 2015).

When cooling process starts, it is important to notice that this stage is the longest 
o te stages, aroimatel 60 o te entire steriliation rocess, i it consiers a 
time between the highest temperature inside the vessel and the Ànal temperature at the 
en o a steriliation ccle. In orer to estimate te arameters o interest, ata beteen 
oeration temerature troug maimum temerature insie te bioreactor ere taen. 

ne o te most remarable obserations is tat uring all eerimental runs te 
igest temerature insie te glass-essel is obtaine ater te en o autoclaes 
steriliation time (Simson, lmonaci,  eieira, 2003). In aition to tis, in all 
eerimental runs itin tis temerature ere less tan 121 C. is means tat colon 
orming units eual ero i not ee a certain temerature alue rater tan maintain 
a heating process during the necessary time to fulÀll a minimum lethal rate. This value 
is ierent or eac euiment, as ell as te steriliation rocess, material conuctie 
coefÀcient, culture medium and the relationship between the chamber’s temperature and 
te bioreactors temerature suc as motor orce o eat transer, among oter actors 
(Coi et al., 2013). e latter as son in canne oo rocessing, ere atser et 
al. (200) emonstrate tat a combination o eat an ressure ulses results in te 
inactiation o sores in 500 ml cans or ierent tes o oos.

is eeriment suggests to ossible elanations or tis beaior. irst, te 
acet o bioreactors eclines eat transer troug insie te essel ue to a reuce 
contact beteen te aor an te liui meium. Secon, molasses is a comle ee 
stoc, in contrast, ilute meium as a more aeuate eat transmission or relatiel 
sort steriliation time, ence meium it susene solis reuire a muc longer 
steriliation time at 121 C to ensure sterilit (Rogers, 2012).
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igure 3. Contour lot o log (C) in unction o temerature an time in 
steriliation rocesses or a acete biorreactor

We used the Ratkowsky nonlinear model as the mathematical model for temperature 
an time. is moel oers aantages in tis case i one o te arameters is close to 
being linear, or ic it is ossible to rearametrie te oening arameter itout 
isturbing te roerties o oter arameters. is moel is iel use in ors o 
escritie microbiolog (ernaerts, ersc,  an Ime, 2000 Ratos, 13 
Wang & Wan, 2008; Zwietering et al., 1991). e imlementation o B. cereus strains 
or steriliation testing (ariram, . an abbe, 2015 uu-i, rauet, eroort, 
enric,  iciels, 201) is suitable in tis case, as its sores are non or a ig 
termic resistance it a D alue o 27 min at 100 C (tes et al., 2016).

e relationsi beteen temerature, time or steriliation an te C at te en 
of the sterilization process is presented in a contour plot (Àgure 3).  The darker regions 
reresent iger biological content in comarison to te ligter regions. 

In te region beteen 16 an 20 min it near 123C it as clear tat te resence 
o contaminant microorganisms as igl iminise. In contrast, common steriliation 
conitions o 121C an 15 min still soe te resence o microorganisms in te 
range o 3103 C an a F0 o 1.8 min.

aing into consieration te results obtaine, it is ossible to reict te C base 
on F0 ata. is coul oer an interesting basis or uture steriliation ractices an a 
metoolog as a starting oint or steriliation trials in inustr an sae time an costs.
The tridimensional surface chart (Àgure 4) demonstrates the nonlinear dynamics between 
time an temerature. In tis cart, it is ossible to obsere te oerall beaior o te 
resonse ariable (C) base on temerature an time. ere eists a maimum oint 
en temerature an time are 11 C an 10 minutes, it a resectie minimum 
oint reacing 123 C an 20 minutes. or te resent inestigation, te obectie as 
to reuce te resonse ariable to ensure sterilit conition an tis is aciee it a 
minimum alue o accumulate letalit o 3min or 123 C an 20 minutes.
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igure . Surace lot o log(C) in unction o temerature 
an time in steriliation rocesses or a acete bioreactor 

In Àgure 5 the graphic behavior of experimental data and Ratkowsky model appears. 
e nonlinear moel as selecte it te arameteriation otion mentione b 
Ratos (13), consiering a to ariable moel (a y b), to escribe a cone cure 
ic reresents graicall te termal eactiation ue to te action o temerature.

e Cureert program determined that the correlation coefÀcient between the 
moel an eerimental ata is 0,7. or tis articles urose, tis alue is regare as 
a ali correlation (Ratos, 2002). With this, an analysis coefÀcient equation was 
obtaine it te olloing euation:

(10)

igure 5. raic beaior o eerimental ata an Ratos correlation cure

e use o tis moel allos te reiction o results rom steriliation trials in 
acete bioreactors, or ic it is ossible to reict C alues rom initial te 
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accumulate letalit o steriliation tests. ese results imroe ualit insurance or 
the biotechnological industry by the use of sterilization parameters that allow an efÀcient 
steriliation it lo energ consumtion.

4. CONCLUSIONS

e Ratos moel eresse te relationsi beteen steriliation arameters 
on letalit an eat rate o Bacillus cereus, ic eibite a nonlinear beaior. e 
Ratos moel it arameteriation soe a ositie correlation o 0,7 beteen 
te F0 an letalit.

In our stu, it as oun tat a minimum accumulate letalit alue o 3,0 min 
is reuire or a bioreactors steriliation assurance, ic is eual to at least or 3,0 
min at 121 C. is means to or it a iger temerature ue to te rogressie 
increase o letalit in ace stirre bioreactors. is alue is similar to te minimum 
stanar or accumulate letalit establise in oo stanars as mentione b Coi et 
al (2013). Conseuentl, oo rocesse in iger olumes is treate it iger alues 
o letalit to assure oerall oo saet an ualit (Coi et al., 2013). 

When analyzing temperature proÀles and lethality, a progressive increase over time 
is note. In all te cases eamine, te maimum temerature insie te container is 
recorded after Ànishing the sterilization process. Compared to the experimental runs, 
te maimum temerature obtaine insie te bioreactor as   C, ic is 27 C 
Celsius egrees loer tan 121 C.

ase on te contour graic, te region itin 16 an 20 min aroimating 
123 C i not so a releant resence o microorganisms. In contrast, uner tese 
conitions -incluing common steriliation conitions (121 C an 15 min)-, it resente 
microorganisms at an increasing leel.

e use o te F0 to reict te C in steriliation rocess coul be imlemente 
as an imortant tool or establising steriliation rocesses in te inustr an reuce 
te associate costs an trial time o tese.
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5. NOMENCLATURE

D: ecimal reuction (min)
D1: ecimal reuction at initial temerature (min)
D2: decimal reduction at Ànal temperature (min)
: termal eat constant (s-1)
N: number o iable organisms
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N0: initial number o iable organisms
t: tiemo (min)
: temerature sensitiit ( C)
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