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Abstract

Sanitation in dry food processing environments is a major challenge for the industry. The influence of superheated steam
(SH) temperatures (125 to 250 °C) on the inactivation of spores on selected coupon surfaces (stainless steel, rubber, and
concrete) coated with wheat flour as a model food soil residue was investigated using a bench scale superheating apparatus.
Wheat flour inoculated with Geobacillus stearothermophilus (7.62 + 0.12 log CFU/g) coated on the coupon surfaces served
as the model food residue. Among the surfaces tested, temperature of concrete increased faster [time constant () < 89.0
s] than that of stainless steel (z < 173.6 s). As a consequence, wheat flour coated on concrete dehydrated faster [moisture
diffusivity (D,,) > 1.17 X 10~* mm?/s] than those on the stainless steel (D,, > 0.76 x 10~* mm?/s). Hence, Geobacillus
stearothermophilus spores suspended on stainless steel were inactivated faster than that of concrete and rubber (p < 0.05).
The time required for a 5-log reduction at 250 °C were 180 s and 240 s, on stainless steel and concrete surfaces, respectively.
A mathematical model that considered surface temperature, food residue moisture content, and SH inversion temperature
adequately described spore inactivation during SH treatment.

Keywords Dry surface sanitation - Spore inactivation - Inactivation kinetics - Inversion temperature - Heat and mass
transfer - Mathematical modeling
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a A constant for initial condensation during super-
heated steam treatment

p A constant for drying during superheated steam
treatment

T Time constant (s)

D value Decimal reduction time (s)

Introduction

Prevention of environmental cross-contamination is of para-
mount importance in ensuring food safety and preventing
spoilage, particularly in dry environments. In dry food pro-
cessing facilities, the traditional wet sanitation approaches
are not recommended because moisture may cause the
growth of foodborne pathogens in otherwise dry environ-
ments, putrefaction of food products, and the quality change
of food products if they are hygroscopic in nature (Beuchat
et al., 2013; Burnett & Hagberg, 2014; Moerman & Mager,
2016). Thus, as a general rule, dry sanitation is preferred in
dry food processing facilities.

Superheated steam is steam that has been superheated above
its saturation temperature at a given pressure (Van Deventer
& Heijmans, 2001). Application of superheated steam as a
food dehydration technology has been well investigated, but
limited studies evaluated it as a potential dry sanitation method
(Park et al., 2021). Superheated steam (generally 125 to 300
°C) treatment reportedly inactivates vegetative bacteria and
spores on dry surfaces rapidly (Ban et al., 2014; Jo et al., 2019;
Kim et al., 2020; Park et al., 2021). Since it uses only water
and heat, it can be considered environmentally friendly sanita-
tion method to decontaminate dry food plant surfaces. Various
factors reportedly affect the sanitation efficacy of superheated
steam, such as temperature and moisture of the food soil resi-
due and the relative humidity of superheated steam (Kondjoyan
& Portanguen, 2008; Park et al., 2021).

Food processing plants employ diverse materials includ-
ing stainless steel, black metals, tin, concrete, and rubber.
The role of such surfaces as a vehicle for transmission of
microbial contaminants has been recognized (Marriott et al.,
2016). Attention also must be paid on how different surface
properties influence microbial sanitation efficacy, for exam-
ple, the thermophysical properties and porosity, which may
affect heat transfer as well as microbiological inactivation
during superheated steam treatment.

Within the drying literature, the “inversion temperature”
concept is used to differentiate superheated steam dry-
ing from hot air drying (Volchkov et al., 2007). Inversion
temperature is the temperature at which dehydration rate
from superheated steam and hot air is equal (Schwartze &
Brocker, 2002). The drying rates by superheated steam are
faster than those by hot air drying at temperatures above
the inversion temperature. Under such conditions, contrary
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to wet steam, the relative humidity decreases rapidly with
increasing superheated steam temperature. For example, the
relative humidity of superheated steam at 150 °C and 250 °C
are 21.3% and 2.6. Above the inversion temperature, super-
heated steam drying is faster than hot air drying because of
the higher heat transfer coefficients of superheated steam.

The inversion temperatures of superheated steam dur-
ing drying of various foods have been reported. This
includes shrimp (140-150 °C), sugar beet pulp (130 °C),
paddy rice (170 °C), potato (145-165 °C), and banana
(160 °C) (Hamawand et al., 2014; Prachayawarakorn
et al., 2002; Pronyk et al., 2004; Swasdisevi et al., 2013;
Tang & Cenkowski, 2000). However, limited studies
reported the role of inversion temperature in spore inac-
tivation during superheated steam treatment.

It is difficult to sanitize microbial contaminants in food
soil residues using conventional dry sanitation methods.
Wheat flour, a common low-moisture content food mate-
rial, was chosen as model food soil residue to investigate
the superheated steam efficacy on microbial inactivation in
food residue. Our study employed Geobacillus stearother-
mophilus, commonly used as surrogate organism for thermal
sterilization processes as test organism for the study.

The objectives of this study were to (1) investigate the
influence of superheated steam temperatures and mois-
ture exchange between food residue (adhered to different
dry surfaces) and superheated steam environment on the
inactivation of G. stearothermophilus spores and (2) to
develop a mathematical model to estimate the inactivation
of G. stearothermophilus spore during superheated steam
treatment.

Materials and Methods
Preparation of Spore Crop

G. stearothermophilus ATCC 7953 was purchased from the
American Type Culture Collection (Manassas, VA, USA).
G. stearothermophilus was grown in nutrient broth (Difco,
Detroit, MI, USA) for 24 h at 55 °C. After the second cul-
tivation in nutrient broth, 500 pl of the culture was spread
plated on nutrient agar (Difco, Detroit, MI, USA) containing
10 ppm MnSO, (Fisher Scientific, Pittsburgh, PA, USA) to
induce sporulation. After 10 days of incubation at 55 °C,
more than 90% sporulation was observed by microscopic
examination. The bacterial spores were harvested by flood-
ing with 10 ml sterile distilled water. The spore suspen-
sion was washed five times at 8,000 g for 20 min at 4 °C,
sonicated for 10 min at 38.5 kHz and 270 W (Crest Ultra-
sonic, ETL Testing Laboratories, Inc., Cortland, NY, USA),
and heated at 80 °C for 10 min to destroy any remaining
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vegetative cells. The collected spore pellet was stored at 4
°C until needed.

Sample Preparation and Inoculation

The study used coupons made from stainless steel (AISI
316, American Iron and Steel Institute, Washington, DC.,
USA), rubber (acrylonitrile-butadiene rubber, McMaster-
Carr, Elmhurst, IL, USA), and concrete (Anchoring cement,
Quikrete, Atlanta, GA, USA) because these are common
surface materials in food processing environments (Cai
et al., 2020; Marriott et al., 2016). The thermal conductiv-
ity, specific heat, and density of these coupon materials at
125 °C were reported to be 15.5 W/(m:-K), 523.1 J/(kg-K),
and 7910.5 kg/m3 for stainless steel; 1.5 W/(m-K), 925.0 J/
(kg-K), and 2295.2 kg/m3 for concrete; and 0.3 W/(m-K),
1960.0 J/(kg-K), and 1178.9 kg/m® for rubber, respectively
(Kim, 1975; Pinedo et al., 2018; ZehfuB et al., 2020). The
porosity of concrete was 34.5%, while stainless steel and
rubber are non-porous materials (Wang et al., 2018).

Whey flour solution was prepared by thoroughly mix-
ing 4 g of wheat flour (King Arthur Flour, Norwich, VT,
USA) with 14 ml of sterile distilled water and 2 ml of the
G. stearothermophilus spore suspension. Then the solution
was applied as thin film using a 3D printed plastic mold
over different coupons (34.9 mm X 23.8 mm X 4.8 mm,
length x width X thickness) made from different mate-
rials (stainless steel, rubber, and concrete). The coupons
with flour film (30.9 mm X 19.8 mm X 0.30 mm, length X
width X thickness) were subsequently dried in a biosafety
hood for 3 h and were transferred to a chamber containing
saturated NaNO, solution. Coupons were equilibrated for
2 days to obtain a a,, of 0.66 + 0.01 and a moisture content
of 15.5% (d.b.). The population of G. stearothermophi-
lus spores in dried flour film on coupons was 7.62 + 0.12
log CFU/g (i.e., the initial population prior to superheated
steam treatment).

Superheated Steam Treatment

Superheated steam experiments were conducted at atmos-
pheric pressure by adapting previously published proce-
dures (Park et al., 2021). Prior to experiments, the treat-
ment chamber was preheated for 1 h to reach a steady-state
condition at desired target temperature (125 °C, 150 °C,
170 °C, 210 °C, and 250 °C) using a bench scale 1-kW
superheated steam generator (HGA-S, MHI Inc., Cincinnati,
OH, USA). The prepared coupon (initially at 25 °C) was
mounted on a custom coupon holder and introduced into
preheated superheated steam chamber at 2-cm distance from
the steam source. After treating coupons for the specific time

interval, coupons were rapidly withdrawn and immediately
transferred to a conical tube containing 10 ml of 0.1% pep-
tone water and approximately 5 g of 0.5 mm glass beads.
The tubes were suspended in an ice-water bath to stop the
thermal process.

During superheated steam treatment, the surface temper-
ature and the moisture content of flour film coating on the
surface were monitored to evaluate their influence spore inac-
tivation. A k-type surface thermocouple (Omega Engineering,
Norwalk, CT, USA) was attached to the surface of the flour
film at its geometric center and continuously recorded the tem-
perature in 1-s interval.

For estimating moisture content of the flour films, samples
were withdrawn at specific time intervals. The moisture con-
tent of the flour film was measured gravimetrically according
to the AOAC method (1990). The moisture content of flour
film was reported on a dry basis.

Enumeration of Survivors

Each flour film sample in 10 ml of 0.1% peptone water was
homogenized with approximately 5 g of 0.5 mm glass beads
for 3 min by using a vortex mixer (Mini Vortexer, Thermo
Fisher Scientific, Waltham, MA, USA), and then 100 pl aliquot
samples were spread plated on nutrient agar plates directly or
after serial dilutions. The plates were incubated for 48 h at 55
°C for enumeration of colonies. To extend the detection limit
(100 CFU/g), 1 ml of the homogenized sample was spread-
plated onto 3 nutrient agar plates, and the colonies from the 3
plates were summed.

Heat Transfer During Superheated Steam Treatment

During the initial stages of superheated steam treatment, the
temperature of the surface changes from the initial value to the
boiling point of water (100 °C) as the heat is transferred from
superheated steam to the material surface (Ramachandran
et al., 2017). Subsequently the surface temperature begins
to increase rapidly. Newton’s law of heating has been used
to describe the temperature profile of food products during
heating or cooling processes (Bergman et al., 2011; Carslaw
& Jaeger, 1959). Therefore, surface temperature of the flour
film during superheated steam treatment can be described by
the following relationship:

_ (=tcona)

T =T+ (100°C—Tgy)e +, whent > 1.,y (1)
where T is the surface temperature of flour film (°C), Ty is
the superheated steam temperature, 7 is time constant (s), ¢
is the processing time (s), and z,,,, is the time required to
reach the saturation temperature (s).
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Moisture Exchange During Superheated Steam
Treatment

The moisture diffusivity (D,,) provides useful information
to understand the moisture movement within the flour film
during the superheated steam process. The D,, at any given
condition can be estimated using the “methods of slope”
technique from the analytical solution of Fick’s second law
equation (Marinos-Kouris & Maroulis, 2020). The shape of
the flour film was assumed as an infinite slab as the thick-
ness of the flour film (0.30 mm) was much less than its
width (19.8 mm). When the sample is assumed to be one-
dimensional and to have uniform moisture diffusivity, the
D,, of flour film after initial condensation can be defined
by Fick’s second law and the analytical solution of Fick’s
second law of diffusion as follows:

M _, PM
or ™ ox2

@

The analytical solution of Fick’s second law of diffusion
for an infinite slab,

M-M,, _8 _7r2Dm(t—twnd) ;
M, M, =7 2 3)

cond — Meq

MR =

where M is the moisture content of flour film (% d.b.), M,,
is the equilibrium moisture content of flour (% d.b.), MR is
the moisture ratio, and L is the thickness of flour film (mm).

To describe the moisture change of the flour film during
superheated steam treatment, the modified Page’s equation
was used with the assumption that the moisture content of
flour film linearly increases during the initial condensation
as follows (Overhults et al., 1973):

Mt)=M;,+axt, whent<t,,, 4)

whent > t. .. (5)

M) = (M = M,g)e P end) 4 M

eq’
where M, is the initial moisture content of flour film, a is a
constant for initial condensation, and £ and » are constants
for dehydration.

Modeling Spore Inactivation

To model spore inactivation during superheated steam, we
considered both heat and moisture transfer during super-
heated steam treatment by using models describing tem-
perature and moisture histories during superheated steam
treatment (Eqgs. (1), (4), and (5)). Model parameters were
estimated from the superheated experiments conducted at
125 °C, 170 °C, and 250 °C. Subsequently, these models
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were used to estimate the decimal reduction time (D value)
of G. stearothermophilus spore inactivation. Three differ-
ent secondary models were evaluated for estimating the
inactivation of G. stearothermophilus spores on different
surfaces (Egs. (6)—(11)).

These models considered the influence of moisture
content, surface temperature, relative humidity, and inver-
sion temperature. For the model fittings, each secondary
model was integrated into the log-linear primary model.
The study did not consider Weibull model as we have lim-
ited prior knowledge of the impact of multiple variables
on degree of shouldering or tailing that a particular vari-
able might induce in primary inactivation curves (Casulli
et al., 2021).

Model A-considered the contributions of surface tempera-
ture and product moisture content Model A is a traditional
log-linear temperature model that incorporated log-linear
moisture content effects (Eq. (6)).

0 | M0

Dy p(t) =D,y X 107 1 M (6)

The integrated form of model A is:

N _ [ —1
log IVO B / 0 Lo 71@ | Myep =M i 0
D ref X 10 = "

where D, is the D value at the reference conditions (s), 7,
is the reference temperature (°C), 7(¢) is the surface tem-
perature of flour film at total treatment time (), z; is the
temperature sensitivity of G. stearothermophilus spore (°C),
M, is the reference moisture content (%, d.b.), M(t) is the
moisture content at 7 (%, d.b.), and z,, is the moisture content
sensitivity of G. stearothermophilus spore (%, d.b.). It is
worth to note that total treatment time include both come-up
time and time the surface is held at the target temperature.
N, and N are the initial microbial count and the surviving
microbial count at ¢ (CFU/g), respectively.

Model B-considered contributions from surface tempera-
ture, product moisture content, and relative humidity of
the superheated steam In model B, an additional term was
incorporated within model A that considered the relative
humidity of superheated steam. The relative humidity of
superheated steam was not varied over time in this model
but was determined based on the temperature of superheated
steam (Bjork & Rasmuson, 1995). Equation (6) will be mod-
ified as follows after incorporating relative humidity term.

Tyof =T(0) + My =M(0) + RHop—RH

Dy y, gu(@®) = D,y X 10 1 " v ®)

The integrated form of model B is:
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N ' —1
lOg ]70 = /0 T,E/—T(t)+M,ef—M(l)+RH,.ef—RH dt (9)
Dref x 10 =r M RH

where RH,efis the reference relative humidity (%), RH is the
relative humidity of superheated steam at the temperature
of superheated steam (%), and zg, is the RH sensitivity of
G. stearothermophilus spores (%). The RH of superheated
steam is defined as the ratio of the partial vapor pressure of
superheated steam (i.e., the ambient pressure) to the pressure
of saturation steam at the temperature of superheated steam
(Tang & Cenkowski, 2001).

Model C-considered contributions from surface tempera-
ture, product moisture content, and surface inversion tem-
perature Model C was proposed to incorporate the concept
of inversion temperature to describe the temperature sensi-
tivity of G. stearothermophilus spores in flour film during
superheated steam treatment. In this model, the z; of G.
stearothermophilus spores changes at the inversion tempera-
ture. Thus, there are two different z; values in model C for
temperatures below and above the inversion temperature as
follows:
T,?ffr(f)+w

Dy oy, 7,(0) =D X 10 o,

where zp =z when T < T, (10)

and zy =z when T > T,

The integrated form of model C is:

log 3. = [ o
D,yx10™ 7 M
where z; = zp when T < T,, and zp = 7o when T > T,
Y
where T, is the inversion temperature (°C).

T;, was determined first at 170 °C and 0% moisture con-
tent (d.b.), based on review of prior drying literature of food
material (Hamawand et al., 2014; Prachayawarakorn et al.,
2002; Pronyk et al., 2004; Swasdisevi et al., 2013; Tang &
Cenkowski, 2000) (see the “Role of Inversion Temperature
in Spore Inactivation” section for more discussion on inver-
sion temperature and its relationship to microbial inactiva-
tion). After determination of 7;,, the temperature, M,,, and
RH at T;, were used for T,,, M, and RH,,; respectively. To
derive the parameters for each model, a nonlinear regres-
sion analysis was conducted using a nonlinear least squares
regression algorithm (nlinfir) (Matlab R2013b, The Math-
Works, Natick, MA, USA).

Model Validation

To validate the various inactivation models developed, an
additional independent set of experiments were conducted

at 150 °C and 210 °C. The root mean square error (RMSE)
and the bias factor (Bf) were used to evaluate the model per-
formance (Baranyi et al., 1999). The bias factor indicates
by how much on average a model underpredicts (B, < 1) or
overpredicts (B, > 1) the spore inactivation. RMSE and B,
were calculated as follows:

1 n
RMSE = \/n_p Y [log (N/N,,)]° (12)

B, = 10Ziilog (N/N,,)/n (13)

where n is the number of data points, p is the number of
parameters for each model, and Np is the estimated microbial
count from model (CFU/g).

Statistical Analysis

The survival data is based on 6 data points (3 independent
superheated steam experiments carried out on different days
X 2 enumeration plates for each sample). The moisture con-
tent and temperature of samples were measured in triplicate.
Multi-way ANOVA and Tukey’s multiple comparison tests
at the significance level of 0.05 were performed to evalu-
ate the influence of superheated steam treatment parameters
including temperature, treatment time, and type of coupon
on the inactivation of G. stearothermophilus spores by using
SPSS software (SPSS Inc., Chicago, IL, USA).

Results and Discussion

Heat Transfer Characteristics of Different Flour
Coated Surfaces

Figure 1 shows a representative temperature curve of the
flour film on a stainless-steel coupon during superheated
steam treatment. The temperature histories of the flour film
can show the following three distinct phases:

(1) The temperature of flour film rapidly increases from
the initial temperature to the saturation temperature of
steam (100 °C). Larger amount of latent heat energy of
superheated steam help to facilitate this temperature
increase.

(2) After reaching the saturation temperature, the tempera-
ture gradually increases to the target superheated steam
temperature.

(3) Once the temperature of the flour film reaches the target
superheated steam temperature, there is no additional
change in temperature during treatment.
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At each superheated steam temperature (250 °C, 210 °C,
170 °C, 150 °C, and 125 °C), preliminary experiments veri-
fied the thermal uniformity within the treatment chamber
(Table 1). The temperature profiles of flour film on differ-
ent surfaces at different superheated steam temperature are
shown in Fig. 2. We noticed the thermal degradation of rub-
ber with exposure to superheated steam temperature above
125 °C (similar observations were reported by Das et al.,
2007). Thus, the samples on rubber coupons were treated
only at 125 °C.

Regardless of superheated steam temperature and coupon
surface, the temperature of the flour rapidly increased to
100 °C because of the high amount of latent heat released
by condensation of steam (z,,,; < 11.1 s) (Table 1). As the
superheated steam temperature increased from 125 to 250
°C, t.,nq decreased because the high temperature of super-
heated steam hasted the heat transfer at the surface of the

flour. The time constant (z) values for stainless steel were
larger than that for concrete and rubber at each superheated
steam temperature, which means that the heating rates on
stainless steel were lower than that on concrete and rubber.

The come-up time to reach various target temperature
was significantly (p < 0.05) longer on stainless steel than
that on concrete and rubber (Fig. 3). This is possibly due
to the higher thermal diffusivity of stainless steel (3.54 X
107° m%/5—3.92 107% m?/s) compared to those of concrete
(0.54 x 107° m%/5—0.68 x 10~® m?%/s), and rubber (0.14 x
107% m?%/s) in the ranges of temperature from 125 to 250
°C (Kim, 1975; Pinedo et al., 2018; Zehful} et al.,
2020). Because of the high thermal diffusivity of stainless
steel, it acted as a heat sink and dissipated the heat to the
environment while concrete and rubber surfaces relatively
acted as a thermal insulator so that the temperature of flour
rapidly increased.

Table 1 Condensation time and

) Temperature (°C)
time constant values for flour

Coupon

Condensation time (s) Time constant (s)

film on different coupons during 2505 + 0.4 Stainless steel 20£07 39.8
superheated steam treatment Concrete 18404 141
210.6 +0.3 Stainless steel 2.6 +0.5 66.5

Concrete 2.1+03 21.4

170.6 + 0.3 Stainless steel 4.7+0.9 93.1

Concrete 2.7+0.7 34.0

150.5+0.3 Stainless steel 88+14 173.6

Concrete 3.1+0.7 89.0

Stainless steel 1.1+ 1.1 42.7

1254 +0.3 Concrete 34+1.6 30.6

Rubber 3.1+09 29.5
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Fig.2 Changes in the temperature (T) and moisture content (MC) of flour film on different surfaces during superheated steam treatment at (a)

250 °C, (b) 210 °C, (¢) 170 °C, (d) 150 °C, and (e) 125 °C

Moisture Transfer Characteristics of Flour
on Different Surfaces

Equilibrium moisture content (Meq) of flour determined
at different superheated steam temperatures is shown in
Fig. S1. Even though the temperature of superheated steam
is higher than boiling point of water, the M, of flour film
was higher than 0% in the range of temperature from 125
to 160 °C. Since the partial vapor pressure of superheated
steam (vapor) is essentially the same as the atmospheric

pressure, it requires temperatures higher than its boil-
ing point to remove the bound water in drying materials
(Tang & Cenkowski, 2001). In this study, the Meq of flour
decreased as the superheated steam temperature increased,
and it reached 0% at 165 °C.

Similar to the heat transfer characteristics of superheated
steam, the change in moisture content of the flour film dur-
ing superheated steam treatment consisted of 3 distinct
stages (Fig. 4):
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Fig.3 Temperature come-up time on different surfaces at different
superheated steam temperatures. Bars with different letters are signifi-
cantly different (p < 0.05) at each superheated steam temperature

(1) Flour film absorbed moisture due to the initial con-
densation of steam until the surface temperature of
flour film reaches the saturation temperature of steam.
The quantity of condensed moisture may depend upon
various factors such as thermal diffusivity of material
being heated, its initial moisture content, and degree of
superheat of the steam (Beeby & Potter, 1985; Karimi,
2010).

(2) As the temperature of flour film increases above the
saturation temperature, the moisture content of flour
film after initial condensation starts to decrease to

M,,.

(3) There is no further dehydration once it reaches Meq.
The changes in moisture content of flour on different
surfaces during superheated steam treatment are shown
in Fig. 2.

As previously stated, ¢,,,, increased as the superheated
steam temperature decreased (Table 1). Similarly, M,
also increased with decreasing superheated steam tempera-
ture (Table 2). The D values also increased as the super-
heated steam temperature increased because increasing
temperature hastes the mass transfer of drying materials
(Park et al., 2018). The highest D values were observed on
concrete at each superheated steam temperature (Table 2).
Concrete is a porous material that vapor can diffuse
through, in contrast to non-porous materials such as stain-
less steel and rubber (Zhang et al., 2011). Thus, the flour
on concrete dehydrated faster than that on stainless steel
and rubber. The results showed that there is dynamic heat
and mass (moisture) transfer between treated surfaces and
superheated steam. This differentiates itself from treating
the surface with hot air.

The Inactivation of Geobacillus stearothermophilus
Spores in Flour on Different Surfaces

Figure 5 reports the inactivation for G. stearothermophilus
spores in flour during superheated steam treatment. The tem-
perature of superheated steam significantly affected the inac-
tivation of G. stearothermophilus spores on both concrete
and stainless steel (p < 0.05). At 125 °C and 150 °C, 5 log
reductions were not achieved even after treating the surface

Fig.4 Representative mois- 35 } t
ture content curve of flour ! :
film during superheated steam |
treatment. M, is initial moisture 30 : :
content, M4 is moisture con- | 1
tent after initial condensation, : :
and M, is equilibrium moisture 25 0 (DM 2 Mg .
content ¥ 1 \
) 1 1
= 20 1 1
=1 1 1
27 !
a 1 1
151 1 1
o 1 1
= 151 1
R7] 1 1
=) | 1
p= [ I
10 1 L »

: : (3) My,
1 1
5 0 !
1 1
L] »
! (2) Mg =2 M, !
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Table 2 Parameters describing
the moisture transfer
characteristics for flour film

Temperature (°C)

Coupon

Moisture content after initial
condensation (% d.b.)

Moisture diffusivity
(10™* mm.%s)

on different coupons during 2505 + 0.4 Stainless steel 28.8+0.5 1.27
superheated steam treatment Concrete 178403 4.66
210.6 £ 0.3 Stainless steel 28.7+0.5 1.07

Concrete 18.0 +0.2 3.81

170.6 + 0.3 Stainless steel 293 +04 0.85

Concrete 18.0 +0.2 3.50

150.5+0.3 Stainless steel 312+ 04 0.80

Concrete 202 +£0.2 1.66

Stainless steel 322+0.3 0.76

1254 +0.3 Concrete 239+0.2 1.17

Rubber 25.6 +0.1 0.92

for a total treatment time of 1800s. The total treatment times
required for 5 log reductions at 170 °C were 1200 s on both
concrete and stainless-steel coupons. As the superheated
steam temperature increased from 170 to 250 °C, the total
time required for 5-log reduction decreased to 180 s and 240
s on stainless steel and concrete, respectively. This treatment
time occurred before the temperature come-up time (374
s and 285 s for stainless steel and concrete, respectively)
for the treatment at 250 °C. This result clearly shows that
the total treatment time can be reduced by increasing super-
heated steam temperature. The dependence of microbial
inactivation rate on superheated steam temperature observed
in this study agreed with those reported by Cenkowski et al.
(2007) and Park et al. (2021).

The multi-way ANOVA test showed that various treat-
ment variables (superheated steam temperature, treat-
ment time, and type of coupon) significantly affected the
inactivation of G. stearothermophilus spores (p < 0.05).
It should be noted here that the inactivation of G. stearo-
thermophilus spores was greater on stainless steel than
that on concrete and rubber even though the temperature
of flour was lower on stainless steel until it reached each
target temperature. This is possibly due to higher moisture
content of flour on stainless steel than that on concrete
and rubber, which reduces the thermal resistance of G.
stearothermophilus spores (Cunningham et al., 2007).
Similar trends in the effect of moisture content or water
activity on the thermal inactivation of microorganisms
during superheated steam treatment were reported by Hu
et al. (2016) and Park et al. (2021). The thermal resist-
ance of Enterococcus faecium in peanut butter decreased
log-linearly with increasing water activity during super-
heated steam treatment (Park et al., 2021). In the study
of Hu et al. (2016), soaked wheat kernels with a moisture
content of 16.0% (w.b.) showed higher inactivation of
total bacteria and Bacillus spp. compared to those in raw
wheat kernels with a moisture content of 12.1% (w.b.).

Our result indicated that the inactivation of G. stearo-
thermophilus spores was greatly affected by the dynamic
heat and moisture transfer between superheated steam and
different surfaces.

Modeling the Inactivation of Geobacillus
stearothermophilus Spores in Flour on Different
Surfaces

To describe the inactivation kinetics of G. stearothermo-
philus spores, 3 inactivation models (Egs. (7), (9), and (11))
were used to fit the inactivation data at 125 °C, 170 °C, and
250 °C (Table 3).

Model B was able to fit the inactivation curves of G.
stearothermophilus spore. However,zgy, in model B was
determined to be —45.6%, which means the D value of G.
stearothermophilus increase as the RH of superheated steam
increased. Since increasing relative humidity is generally
known to accelerate microbial inactivation (Casulli et al.,
2018; Yang et al., 2021), the model B prediction may be
unrealistic. Model B possibly overfitted the experimental
data.

In model C, D,ef, T;,, and z,, were determined to be 243.7
s, 165.6 °C, and 16.6%, respectively (Table 3). Log D values
of G. stearothermophilus spore determined from model C
are shown in Fig. S2. It is evident that D values decrease
with increase in temperature beyond T, but at a reduced rate.
Thus, two different temperature sensitivity (zy) values were
estimated. When T < T, z; was determined to be 37.8 °C.
For T > T;,, zr was 122.2 °C.

Researchers reported a z; value of 9.6 to 15.6 °C during
conventional heat treatment of G. stearothermophilus spore
(Cunningham et al., 2007; Lépez et al., 1996). For dry heat,
the G. stearothermophilus spore (ATCC 7953) reported to
have a z; value of 56.8 °C in the temperature range from 150
to 200 °C (Wood et al., 2010). The z; value (37.8 °C) in this
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study (T < T,,) was in between the z; values reported for

wet heat and dry heat conditions. For T > T;,z; value (122.2

°C) was higher. In this study, certain strain of G. stearother-
mophilus (ATCC 7953) was used as a biological indicator.
Strain to strain variations could also influence temperature

sensitivity values.
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Model Validation

The inactivation models were validated using independ-
ent inactivation data at 150 °C and 210 °C (Table 3). The
largest RMSE value was observed in model B even though

model B has more parameters than model A, indicating that



Food and Bioprocess Technology

Table 3 Estimated parameters

L Model Parameter Reference value  Estimate 95% lower CI ~ 95% upper CI  Relative
fmd Yall@atlon of the error (%)
inactivation models

A D, (s) 377.1 308.5 445.8 9.3
z7(°C) 83.0 75.9 90.2 44
2(%) 29.4 14.2 44.6 26.4
T, (°C) 165.6
M, (%) 0.0
RMSE (log CFU/g) 1.03
By 1.47

B D, (s) 276.6 249.2 303.9 5.1
z7(°C) 168.0 134.7 201.3 10.1
(%) 28.0 21.9 34.0 11.1
2 (%) —45.6 —54.7 -36.6 10.2
T (°C) 165.6
M, (%) 0.0
RMSE (log CFU/g) 1.38
By 11.89

C D, (s) 243.7 222.6 264.7 44
T, (°C) 165.6 147.6 183.7 5.5
27 (T < Tiv)(°C) 37.8 339 41.8 53
2 (T = Tiv)(°C) 122.2 109.4 134.9 53
23(%) 16.6 144 18.9 6.8
T (°C) 165.6
M, (%) 0.0
RMSE (log CFU/g) 0.53
By 1.22

B bias factor, CI confidence interval, D,,, D value at a reference condition, M,,, reference moisture con-
tent, RMSE root mean squared error, T temperature, T}, inversion temperature, Tmf reference temperature,
Zrtemperature sensitivity, z,, moisture content sensitivity, zzy relative humidity sensitivity

model B overfitted the data and cannot reliably predict the
inactivation of G. stearothermophilus spores, especially at
temperatures lower than 7;, where the RH of superheated
steam is relatively high (Table 3). Compared to models A
and B, model C reasonably predicted the inactivation of G.
stearothermophilus spores with an overall RMSE of 0.53
(Figs. 5 and S3). This illustrates that inactivation of G.
stearothermophilus spores on different surfaces can be rea-
sonably predicted equation a mathematical model (Eq. (11))
that consider the temperature and moisture content profiles
along with inversion temperature. As empirical model, the
model should be used within the range of experimental con-
ditions it was developed. Extrapolation of the model beyond
the range of experimental conditions may produce erroneous
results.

Role of Inversion Temperature in Spore Inactivation

The relevance of inversion temperature of superheated
steam in microbial inactivation was reported by Park et al.
(2021). In that study, the D values of E. faecium in peanut
butter greatly decreased as the superheated steam increased

from 125 to 175 °C, but above 175 °C, the inactivation of
E. faecium was less sensitive to temperature change. These
findings were similar with our current finding showing that
the inactivation of G. stearothermophilus is less sensitive to
temperature change (z; of 122.2 °C) when temperature is
higher than T}, (165.6 °C), compared to the inactivation of
G. stearothermophilus (z; of 37.8 °C) for temperature below
T;,. This T;, value was also corroborated by the change in
the M, of flour at different superheated steam temperatures.
M, of flour decreased as the superheated steam temperature
increased and became = 0% at the temperature near 7}, (165
°C). This implies that superheated steam behaves as dry heat
at T > T;, for the flour sample (Fig S1). Inactivation of G.
stearothermophilus spores is sensitive to temperature change
when the superheated steam temperature is below T;,, while
the sensitivity diminishes above T;, where the superheated
steam is a completely dry heat.

Superheated steam technology provides a potential oppor-
tunity for cleaning and sanitation of food contact surfaces
from the dry food processing environment without the use
of any chemical detergent. However, further exploration
of pilot scale and commercial application is required. The
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present study was conducted using a 1-kW lab scale unit.
Thus, findings from this study need to be re-validated under
industrially relevant conditions using pilot scale equipment.
It is worth noting that this technology has been implemented
as a surface sanitation technology in hospitals, nursing
homes, health care centers, and similar environments (Acar et al.,
2020; Annon, 2017; Oztoprak et al., 2019; Van Doornmalen
& Kopinga, 2008), but it has not yet been introduced in dry
food processing plant environments.

Very limited scholarly articles have evaluated the energy
use of superheated steam for dry sanitation applications. Li
et al. (2016) compared the energy use of superheated steam
and convective dryer. The authors have found that super-
heated steam has a much lower specific energy consump-
tion (lower than 0.06 kWh/kg water removed) compared
to convective drying (between 0.9 and 1.8 kWh/kg water
removed).

Conclusions

This study demonstrated that the inactivation of G. stearo-
thermophilus spores during superheated steam treatment was
greatly influenced by the dynamic heat and moisture transfer
exchange between superheated steam and different surface
materials. Among the materials investigated, possibly due
to its higher thermal diffusivity, the stainless-steel surface
showed a slower heating rate and longer condensation time
than concrete and rubber. The inactivation of G. stearother-
mophilus spores was greater on stainless steel than on con-
crete or rubber (p < 0.05) because of the higher moisture
content of flour on stainless steel, which might have reduced
the thermal resistance of G. stearothermophilus spores. A
mathematical model that considered the inversion temper-
ature of superheated steam, the surface temperature and
moisture content of flour was found to adequately describe
spore inactivation in different surfaces during superheated
steam treatment. The knowledge gained from the study
can help sanitation experts in evaluating application of
superheated steam in dry sanitation of different food plant
surfaces.
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