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Abstract

Specific treatments combining high temperaturagpofo 150°C and moderate pressure of up
to 0.6 MPa have been appliedBacillus subtilis 168 spores conditioned at differegtlavels
(between 0.10 and 0.70) corresponding to differesidual water contents within the spore
core. The spores were treated as a dry powdepiassurized nitrogen environment or in

water/glycerol solutions.

These thermodynamic conditions were intended tegoreany water evaporation from the

spore core during time/temperature treatments.

Our results clearly show that retaining liquid watethe core by applying pressure during the
treatment resulted in greater spore destructiotwgEn 2.4 and 4.9 log at 150°C, 120 s and a
0.5 in powder) than the destruction observed #fietreatment at atmospheric pressure (0.7

log), during which the water rapidly evaporatedaaese its boiling point was reached.

Moreover, we found that the water activity levelloé spore had a significant impact on spore

destruction: the higher the, &evel, the greater the spore inactivation.

We obtained similar results from spores heat-tteatg@owder and in water/glycerol solution
at the same,a confirming the strong influence of this parameWe hypothesized that the
increased spore inactivation was related to thékmelwn thermal sensitivity of vital organic

molecules such as proteins, enzymes, and ribosontles presence of water.

Keywords

Bacillus spores — dry food — food powder - thermal steailan — pressure — water activity
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1. Introduction

Low water activity foods (@2<0.6), such as food powders, seeds, dried freatses, flakes,
spices and aromatic herbs, represent a large ambtoatd products consumed directly or
used as intermediate food products (Cuq et al.120hese products contain vegetative and
sporulated bacteria that cannot grow due to thewawer activity level. Safety problems can
arise after rehydration before or during ingestibmprevent such incidents, these products
must be decontaminated, but heat decontaminatiois difficult for dry products than it is
for liquid products. Indeed, dried microorganismes more heat-resistant (Grasso et al., 2014;
Laroche and Gervais, 2003) and heating without maigld also rapidly cause burning
damage to the product. Among dried microorganigperulated bacteria are particularly
resistant (Tiburski et al., 2014) and sporeBaiillus species can survive various drying and
heat treatments used in the food industry (Anderssal., 1995). These spores have also
been seen to adhere to stainless steel and tockesising in place (CIP) procedures in and
around food factories (Tauveron et al., 2006). €hgwaracteristics have obvious

implications, from equipment bacteria could contzaie food and therefore cause high
numbers of spores to be found in food productsdfoods such as spices, milk powders and
cereal products are often quite heavily contamuhatigh spores, and when water becomes
available during food preparation these spores geaminate, leading to spoilage or food
poisoning (Logan, 2012). However, destroying baatspores is rather difficult, and most of
the techniques commonly used to treat dry foodsltr@svery low spore inactivation (Silva et

al., 2013).

The most frequently used decontamination technifpredry products are steam thermal
processing, irradiation and fumigation. Howevesast adds undesirable moisture to dry
foods and causes color changes. Fumigation hastagered in most countries due to its

toxicity, and irradiation is strongly rejected bynsumers. In addition, these decontamination
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techniques cause loss of quality and sometimesriautivation rates (Ghisleni et al., 2016).
Therefore, there is a need to develop new techreddg produce high quality and safe dry

food ingredients such as herbs and spices.

Though spices are non-perishable ingredients, thregeare put in water-rich food products,
their natural or contaminant flora can quickly depeand multiply, consequently putting the
health of consumers at risk. This is an especiaiportant issue for spices added to ready-to-

eat foods that are not subjected to further heatrrents (Van Doren et al., 2013).

Moreover the existence of pathogenic sporesBikeereus strains, that may cause foodborne
infections (Glasset et al., 2016) or liostridium botulinum strainsthat may sometimes
cause infant infection through dairy products ([2ogt al., 2015), is considered as a major

risk for the food industry.

It is thus important to decontaminate food powdsfigiently, especially if these powders are
to be incorporated into a more complex preparatitth a higher water content. The
decontamination of dried powders is difficult, ahd difficulty correlates with the increasing
resistance of spores and vegetative forms to lotemetivity levels (Fine and Gervais,
2005b; Laroche et al., 2005; Laroche and Gerv@i@32Tiburski et al., 2014).

Many authors have already shown that the low waatgvity or low water content in spores
could explain their high heat resistance and tlendiffusion from or out of the spore core
is slowed (Knudsen et al., 2016; Loison et al.,2Mguyen Thi Minh et al., 2010b). In a
previous workBacillus subtilis spores have been reported to have a low watergadmitity
and suggested that the coat structure may be regdes maintaining this low,@Knudsen

et al., 2016). In another manuscript, using a maéaotor, the high viscosity of the internal
membrane of this spore was demonstrated and ctauetlais property with its barrier

properties (Loison et al., 2013).
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In previous studies on spore thermal inactivati®agillus subtilis spores were shown to have
D-values which fell in the same range of pathogeres likeB. cereus andB. anthracis
(Montuville et al., 2005). Nevertheless, large istain variations in spore heat resistance has
been regularly reported. For example, the presehaespecific operon (SPOVA2mob not
present in strain 168 used in this work) leadsitogase the D value more than 100 times

(Krawczyk et al., 2017).

B. subtilisis also used as a surrogate for some pathogeoiesfHu and Gurtler, 2017).
MoreoverB. subtilisitself can induce food spoilage incidents particiyl on bread

(Thompson et al., 1993).

Recently Tros et al. (2017) have shown that a l&ayion of “slow” intracellular water
linked to proteins exists in thgacillus subtilis spores and in a previous work (Tiburski et al.,
2014), the role of water in the heat resistanadriefd Bacillus subtilis spores was also
investigated using Differential Scanning Calorirge®he spore temperature was linearly
increased in pans with different pressure resissnthe results demonstrated that even in
dry external conditions, a water fraction stayedhedded in the spore core and that
maintenance of this core water content during hgatramatically increased spore
destruction. Infrared analysis of treated sporesveld that the heat destruction was highly
related to protein denaturation and dipicolinicda@PA) release, which were maximized in

wet conditions.

This work was intended to apply these results taroping dried spore decontamination
based on preserving the initial water content efghore core. The method used to prevent
water evaporation was to pressurize a hermeti@aut and consequently change the water

vapor equilibrium.
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This study investigated the inactivation of driatillus subtilis spores equilibrated at
different water activities by a treatment usinghhigmperature and absolute pressure levels
from 0.1 to 0.6 MPaBacillus subtilis spores were already used as surrogates for paticoge
spores (Hu and Gurtler, 2017). The applied pregsteeented the water in the samples from
boiling, thus allowing its initial water content b@ maintained. The effect of
time/temperature treatments under different preskawels and for different initial water

activities on final spore viability were compared.

2. Material and Methods

2.1 Bacterial strain and growth conditions

The reference straiB. subtilis 168 from the BGSC (Bacillus Genetic Stock Center,
Department of Biochemistry, The Ohio State UniugrdUSA) was used in this studs.

subtilis sporulation was induced in a complex medium iaactor at 37°C, pH 8.0, with an
air flow of 4 L/min and with agitation (450 rpm) gNlyen Thi Minh et al., 2008). Sporulation
was estimated by plating @romocresol Purple agar (Dextrose Tryptone agar, BIOKAR
Diagnostics, Beauvais, France) before and aftexad theatment at 80°C for 10 min. When
more than 95% of the population in the sample redithis heat treatment, the spore
suspension was harvested (3-5 days). The sporergisp was washed with sterile distilled
water four times and was then spray-dried (Minagpiryer B-290, Buchi, France) and stored
in powder form in sterile receptacles at 4°C umgié. The final microbial concentration of the

powder was approximately T0CFU/g.

2.2 Equilibration of spores at different water waitieés in gaseous and liquid media
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Dried spores with water activity values of 0.1@@.0.30, 0.40, 0.50 and 0.70 were obtained
by placing the spores (500 mg) inside 1 L airtiglastic boxes containing the
water/glycerol solutions presented in Table 1 &bktion occupied 1/10 of the box volume)
until equilibrium was reached (at least one wedkater activity determinations of the
osmotic solutions and spore powders were perfoimédplicate at 25°C using a Decagon-
AQUALAB CX-2 water activity meter (Meter, WA, USA).

For liquid media, 10 mg of spray-dried spores presly equilibrated at different water
activity levels were placed directly in water/glyaksolutions at concentrations predicted by
the Norrish Equation to correspond tplavels of 0.10 to 0.70 (Norrish, 1966). The

experimental @ values were also checked with the osmometer pushjalescribed.

2.3 Treatment of dried spores in gaseous or limedium at high temperature and up to a
pressure level of 0.6 MPa

The reactor consisted of a small hermetic stairséssl cylinder (1 crhof volume) that could
be pressurized with gas. Nitrogen was used to priessthe reactor, after which the reactor’'s

valve was closed to maintain the applied pressure.

2.3.1 Gaseous medium

In closed systems containing water, increasingspiresprevents water vaporization.
Therefore, if the pressure in the reactor is lothan the pressure of water vaporizatiopdP
at the considered temperature, water vaporizatmm the spores will occur until.g is
reached. On the other hand, as soon as the pressigeds R, no vaporization of the water
present in the spores will occur. The final pressoside the reactor is determined by the
input controlled pressure of nitrogen and two myidij factors: i) the pressure increase
resulting from increased temperature and ii) tlesgure increase resulting from water

evaporation from the sample. These factors have beesidered to fit the evolution of the
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water vaporization in the reactor as a functiotheftotal pressure evolution for different

initial nitrogen pressures.

Figure 1 models the increasing pressure in theeVésiseach initial nitrogen pressure level as
a function of the increasing temperature and thiemweaporization temperature evolution
curve. As soon as the temperature/pressure cupgses the temperature vaporization curve
(which occurs for 0.1 MPa, 0.2 MPa and 0.3 MPa0at 130 and 145°C, respectively) any
liquid water present in the vessel will evaporabsT this intersection point until the end of
the heat treatment. For the 3 higher initial pres$evels (i.e., 0.4, 0.5 and 0.6 MPa), the 3
curves did not cross the water saturation curverbed temperature of 150°C was reached in
the experiment (see Figure 1), thus one can astwhéhere was no evaporation of any

liquid water in the vessel from an initial pressafé®.4 MPa.

For most experiments, 10 mg of dried spores wexegd in aluminum foil that was folded
and placed inside the reactor. The reactor wasphressurized between 0.2 and 0.6 MPa,
closed and heated in an oil bath at 150°C. Whewosireric pressure was used, the valve
was left open to allow water evaporation. After tieatment, the reactors were cooled in an

ice bath, then the valve was opened to releaspréssure.

2.3.2 Liquid medium

For one set of experiments, performed at 0.6 MRilipressure and 150°C, the reactor
described previously was filled with water-glycesolspensions at the same fiyevalues
previously examined in gaseous medium, and 10 nspafes were added immediately
before heat treatment. Under these thermodynamiditons, there was no vaporization of

the different water/glycerol solutions or of purater.
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For liquid and gaseous treatment, it was veriffeat such a pressure level (0.6 MPa) does not
alter spore viability. In fact pressure levels geedhan 200 MPa are necessary to slightly
inactivate spores with gas medium (Colas de la N, 2012) and 100 MPa in liquid

medium (Nguyen Thi Minh et al., 2010a).

186
2.4 Spore viability
Heat-treated dried spores and spores in liquid umedvere serially diluted with physiological
saline solution (0.9% NaCl w/v), and 100 ul of eddhtion was seeded in triplicate onto
BCP agar (Dextrose Tryptone Agar, Biokar DiagnastiReauvais, France) plates. Colonies
were counted after 24 hours of incubation at 3T@ntrol samples contained untreated
spores. All experiments were performed at leastipticate. Spore inactivation was expressed
using a logarithmic reduction factor log£N)/No, with No representing the number of
developing spores before treatment and N repregetite number of developing spores after

treatment.

2.5 Statistical analysis

On each viability point (at least 3 independent sneaments) standard deviation was
calculated and plotted as error bars on each fignrerder to confirm the effect of pressure
level, an ANOVA and Tukey's honestly significanteliénce test (if p < 0.05) were
performed to determinate whether significant diffiees existed among treatment at different

pressure. Analyses were performed using the R aoftwersion 3.1.2.

3. Results

3.1 Effect of temperature and pressure on the litipbf dried spores in gaseous medium

9
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Initial pressures between 0.2 and 0.6 MPa were tesetlidy the effect of pressure combined
with heat inBacillus spore inactivation. Spores were equilibratedwaater activity of 0.50,
which is a typical @for dried foods such as flours, cereals and sgicasg et al., 2017). The
heat treatment (150°C, 120 s) was chosen afteinprary tests that showed these conditions

to be discriminative on the ratio of spore vialilib mortality.

In Figure 2, we show that heat treatment performitd no additional pressure, i.e., 150°C at
atmospheric pressure, resulted in a slight destrutgvel of 0.3 log, which is not
significantly different from the control sample m&iined at 25°C and which certainly

corresponds to the inactivation of pre-germinabngerminating spores.

Thus, this treatment did not inactivate any sposdsch illustrates their significant
thermoresistance. The results presented in Figated2clearly show that when the applied
pressure was increased, spore inactivation alseased. Below 0.3 MPa, the inactivation
level was found to be less than 3 log, whereasebd¥ MPa, the inactivation suddenly

increased from 4 log CFU for 0.4 MPa to 5 log Cled 0.6 MPa.

An ANOVA performed on these results confirmed tit inactivation levels corresponding
to the two pressure level groups (0.2 and 0.3 M#aus 0.4, 0.5 and 0.6 MPa) were

significantly different (p < 0.05).

To further probe the previous results, the kineticspore inactivation was studied at@5
and 150°C. The pressure used was 0.6 MPa, whicaspmnded to higher spore destruction
in Figure 2. The inactivation of spores with tiseshown in Figure 3. Spores heated at
atmospheric pressure exhibited only a slight inatiton of approximately 0.5 log after 240 s,
whereas spores subjected to 0.6 MPa pressure ddmn inactivation of 5 log between 60 s

and 120 s of treatment.

10
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Data from Figures 2 and 3 show that pressure sgmifly affects the destruction Bf
subtilis spores undergoing a 150°C heat treatment aj, ah @5.
This pressure effect exists at all pressure ldveidecomes more significant with a gap of 1

to 2 log destruction for initial pressure levelsager than 0.4 MPa.

3.2 Effect of water activity on the viability ofidd spores at different times for a 150°C/0.6
MPa treatment

Dried food products and food powders normally haweater activity ranging from 0.20 to
0.50, and in exceptional cases, thginaay reach 0.70, thus it is important to inveseghe

effect of this variable on the proposed treatment.

3.2.1 In gaseous medium
The influence of water activity on spore inactieatis presented in Figure 4. These results
clearly show that the water activity, and consetjyghe water content of the spores, plays a
fundamental role in spore resistance. Spores bgaiitd at an,aof 0.10 exhibited an
inactivation of 5 log after 560 s, whereas spotemag, of 0.20 exhibited an inactivation of 8
log after the same amount of time. When water ggtincreased, spore inactivation also
increased, as shown by the decrease in logarittediaction time (D-values) presented in
Table 2. Indeed, the D value is four times greftean g value of 0.10 than for aR,aalue
of 0.7. Moreover, we found that the same increaseatter activity level does not result in a
proportional increase in spore inactivation. Faragle, there is only a small difference
between spore inactivation gt @.30 and 0.50, but further increase to giof0.70 resulted in

complete inactivation after only 240 s.
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It is important to emphasize that, with a pressiir@.6 MPa, the treatment times are greatly
reduced, and so, even for water activity levellasas 0.10 and 0.20, it is possible to reduce

the spore population by a factor of 10 to 5 in agpnately 9 or 6 minutes, respectively.

3.2.2 In liquid medium
To build on the previous results, the protectiieafof g, on spore thermal resistance was
analyzed in a liquid aqueous medium in the samernaxyntal chamber used for spore
inactivation in a gaseous medium. Addition of glgdeén the treatment liquid medium was
used to control the,aof the medium and therefore may have protectetesgoom heat.
However, osmolytes sometimes also have direct teft@cts on spores and interfere with the
pure osmotic effect (Mazas et al., 1999). Neveets®l spores are known for their low
permeability to many toxic chemicals, in particuléuiose that can damage the spore DNA
located in the central spore core (Knudsen eR@llp). Moreover, glycerol, which was used
in our experiment, is a compatible solute with vieny interactions with other molecules,

thus it is an almost ideal solute. Therefore, dtsom may be mainly related to thg decrease.

The results shown in Figure 5 demonstrate thatviter activity of the treatment medium had
a major effect on spore heat inactivation. Wheridtea higher water activities, spores were
more sensitive to heat. Spores treated, &40 or 0.20 presented a 2 log reduction after 240

S, whereas spores at @.30, 0.40 and 0.50 presented a 6 log inactivatfter only 180 s.

Spore inactivation began at different treatmenesrdepending on thg af the medium and
later than we observed for spores treated in doed (see Figure 3). This result can be
explained by the heating kinetics inside the rea¢taleed, previous experiments (data not
shown) have allowed us to verify that the tempeeainside the reactor reached 99% of the

oil bath temperature in less than 10 s when aidgén was the transmitting medium;

12
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however, more than 100 s were needed for pure gliyaad 60 s for pure water to reach the
same 99% temperature response. Figure 5 showsdwdivation at an,aof 0.70 was
noticeable between 60 s and 90 s, whereas for laytevels, corresponding to lower spore

water content, inactivation started only after $2ff treatment.

Comparing these results with those obtained fraeddspores in gaseous conditions (see
Figure 3), it can easily be noted that for the samater activity, the final spore inactivation

was quite similar.

4. Discussion

Steam treatment is in extensive use today for rhiat@econtamination of dry foods, but its
use presents problems since it results in watedexsation on the product that must be
removed to avoid subsequent mold growth and spmil@g the other hand, thermal processes
such as microwaves (Kim et al., 2009), infrareda@&don et al., 2014) and High Temperature
Short Time treatment (Fine and Gervais, 2005a) sstédy involve supplementary drying of
the product. Moreover, alternative treatments abdgl for use in aqueous media, such as high
pressure and pulsed electric fields, are not effiicfor the decontamination of dried foods
(Espinasse et al., 2008). Therefore, new procedaregecontaminating dried foods that can

destroy bacterial spores are needed.

This study investigates the inactivation of drigatillus subtilis spores equilibrated at

different water activities by a treatment usingthigmperature and absolute pressure levels of
nitrogen from 0.2 to 0.6 MPa. In this experimehg applied pressure prevented water
evaporation from the treated samples, allowingnifigl water content of the spores, which is

mainly situated in the spore core, to be maintained

13
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Inactivation varies from less than 1 log at atmesjghpressure to more than 5 log at 0.6 MPa.
Between the initial pressure level of 0.3 MPa &CBwhich generates 0.43 MPa at 150°C)
and the initial pressure 0.4 MPa at 25°C (whichegates 0.57 MPa at 150°C), there is a
sudden increase in inactivation, in contrast tostbever increase observed at higher
pressures. Based on these results, it can be damtcthat when the pressure generated in the
vessel exceeded the pressure corresponding toates waporization temperature of 150°C

(0.47 MPa, see Figure 1) the spore inactivationiBgantly increased, as shown in Figure 2.

From this result, it can be proposed that i) mamtg water in the endospore favors bacteria
inactivation and that ii) spore drying, which igtismted for pressure levels lower than 0.47
MPa, favors bacteria survival at 150°C. Moreoviee, drying time and thus the final drying
level decreased with increasing pressure untiuminér drying occurred, when the internal
pressure reached the 0.47 MPa value, which comelgabto a nitrogen pressure between 0.3

and 0.4 MPa (see Figure 1).

One can propose a role of water in spore inactimati agreement with numerous works
(Coleman et al., 2007; Sochava, 1997; Subramanialh, 006) in which the internal
endospore macromolecules, mainly composed of DNAA and proteins (the last being the
most delicate), are preferentially heat-damagedwyhebile and unfolded in a water medium.
Moreover, a recent work (Tros et al., 2017) hasole] a large fraction of “normal”

intracellular water in the spore coreBfsubtilis.

Even for very low water activity levels, noticealsfgore inactivation was obtained in liquid as
well as in gaseous medium. These results agreepnethous work (Tiburski et al., 2014),
which has shown a residual high water contentenctbre even for low,aequilibrated

spores. This phenomenon was attributed to spduiit barrier properties of the internal

14
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spore membrane slowing down the thermodynamic balarhus, it could be assumed that

some water remaining in the core caused macromleleewmaturation.

Inactivating one or more key spore proteins isdweld to be important in spore heat killing
(Coleman et al., 2010). When heat surpasses antiicelevel, especially in aqueous media,
changes in the structure of vital growth proteiasdme irreversible, causing spore
inactivation (Grinshpun et al., 2010). It is alswlvn that in low moisture states the
temperature of protein denaturation increases @@;HL997), making inactivation of these
key proteins more difficult. In this context, thiglh spore heat resistance at low water content
can be explained by the low mobility and changethénconformations of proteins and
enzymes. Indeed, most spore proteins are rotalyonamnobilized, which may contribute to
heat resistance by preventing heat-denatured psoteim aggregating irreversibly (Sunde et
al., 2009). Consequently, when the original watettent of the spore is maintained, protein
damage is increased during heat treatment, anddamhge is certainly relevant to the
differences in spore inactivation found in our expents. This hypothesis has been directly
verified through FTIR measurement in a previouskn@iiburski et al., 2014). Nevertheless,
the present results were obtainedBosubtilis strain 168 and it is possible that at the pressure
and temperature levels used the spore inactivatiechanisms could vary for other bacterial

spores.

Conclusion

The model system developed in this work can benebete to treating low water content
foods. This system is based on the applicatioemperature under pressure, which prevents
any water evaporation from bacterial spores emtzkddthe food product. This model has
the advantage of not adding moisture to the produnt it results in high spore destruction

rates (approximately 5 log). The efficiency of thiecess is related to the high water
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348  permeability barrier of the internal membrane @& #ipore, which has been shown to allow
349  maintenance of a core water content greater trenuker membrane long after drying. Thus,
350 this new process is particularly efficient for drieacteria spore destruction because of their
351 high residual core water content. Further studiastrfirst verify this effect on other

352  sporulated strains and especially pathogens. étansl phase, we must integrate the impact
353  of such pressure/temperature/time treatments oartf@noleptic and nutritional properties of
354  different dried food products. Indeed, optimal tneants should conserve the functional

355  properties of food in addition to assuring maxitnatteria spore inactivation. Following this
356  work, this process could then be tested to traatidood products such as spices. The normal
357 @, of dried food ranges between 0.30 and 0.50, amisisrwork, we have shown that spore
358 inactivation higher than 5 log can be expected feoBiminute treatment at these water

359 activities. Therefore, if the products already psssa similar,@ no previous equilibration

360  will be needed; however, if the product to be psseel has a very low,aan equilibration

361 step would be necessary. In this case, the driedl dould be stored in an atmosphere with a
362 relative humidity of 50% for a few weeks prior tedtment. Certainly, different conditions of
363 time, temperature and pressure adapted to eachgiraill need to be tested to optimize this

364 new decontamination procedure.

365 The next step would be to develop a scaled-up e the system to perform tests in real
366  food products to evaluate both microbiological deamination and changes in quality

367 parameters.
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Figure 1: Calculated variations of internal pressiuiring isochoric heating of pressurization
devices (internal volume of 1.7 ml) loaded withCarig spores sample initially equilibrated at
ay 0.5 and at initial pressure ranging from 0.1 M®8.6 MPa, in comparison with water
boiling temperature of a model saline solutioniatly at a, 0.5. (NIST Chemistry Webbook
has been used for water data calculation).

Figure 2: Thermal inactivation &. subtilis 168 dried spores initially equilibrated at a water
activity of 0.50 treated at 150°C / 120s in a gasewedium at different initial pressure
levels. (Error bars are SD, Mean comparison usike¥'s test: same letters indicate no
significant difference between treatments P>0.95)

Figure 3: Kinetics oB. subtilis 168 dried spores’ inactivation. The spores haenlukied
and equilibrated at a water activity of 0.50 améted at 150°C in a gaseous medium initially
at atmospheric pressure (empty triangle) or aMP@ (dot). Error bars are SD of at least 3

independent measures.

Figure 4: Inactivation oB. subtilis 168 spores equilibrated at different water adésif0.10,
0.20, 0.30, 0.50, and 0.70) after a treatment 8t@%nd 0.6 MPa. Error bars are SD of at

least 3 independent measures

Figure 5: Inactivation oB. subtilis 168 spores in water/glycerol binary solutions iffetent
water activities after a treatment at 150°C and MBa. Error bars are SD of at least 3

independent measures.

Table 1: Glycerol concentration (from Norrish egom} used to equilibrate the water activity

in water/glycerol binary solutions.

Table 2: Decimal reduction times (in minutes) Bosubtilis 168 dried spores according to the
initial water activity of gaseous environment fotraatment at 150°C and a pressure of 0.6
MPa
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A Glycerol (g/100g solution)
0.10 96
0.20 92
0.30 88
0.40 84
0.50 77
0.60 72
0.70 64




aw D (min)
0.10 17
0.20 1.0
0.30 0.7
0.50 0.8
0.70 0.5






