Thermal and Nonthermal Inactivation of Foodborne Pathogens on Low-Moisture Foods: A Systematic Review
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Table 2 Thermal inactivation studies of low-moisture foods between 2001-2021
	Target microorganisms
	Food sample
	Thermal treatment
	Processing parameters
	Log reduction
	Model
	D-values (min) and z-values (℃)
	Significant findings
	References

	Salmonella spp.
	Cookies
	
Baking
Hot water bath
	Temperature
(60 - 70℃)
	>5 log CFU/g
	N/A
	D75℃ = 11.9 – 62.3
Z – value: 14.5 – 15.8℃
	Baking hard cookies for at least 11.5 minutes at 185°C and soft cookies for at least 20.5 minutes at 165.6°C results in a 5-log reduction in Salmonella population.
	(Channaiah et al., 2021)

	Salmonella spp.
Enterococcus faecium
	Inshells hazelnut
	
Hot air assisted radio frequency (HARF)
	Temperature
(55 - 75℃)
	0.5 -5.6 log CFU/g
	N/A
	D55°C = 33.96
D60°C = 5.11 - 42.83
D65°C = 1.08 - 26.63
D70°C = 0.19 – 5.26
D75℃ = 1.21
Z -value = 5.23 – 7.44°C
	By combining surface disinfectants/salt solution and RF process conditions, an efficient pasteurization protocol must be developed.
	(Chen et al., 2021b)

	Enterococcus faecium
	Almond
	Drying (column dryer)
	Temperature
(Ambient - 60℃)
	< 1 log CFU/g
	N/A
	N/R
	Harvested almonds need to be sorted and dehulled before drying to increase the drying efficiency and moisture uniformity.
	(Chen et al., 2021a)

	Salmonella Typhimurium
Salmonella Senftenberg
Salmonella Enteritidis PT30
	Almonds
	Dry heating
	Temperature
(90 - 95℃)
Time
(15 - 60 mins)
	S. Typhimurium:
0.17 - >6.04 log CFU/g
S. Senftenberg:
1.33 - >5.2 log CFU/g
S. Enteritidis PT30:
0.4 - >6.54 log CFU/g
	N/A
	N/R
	The combination of dry heat and vacuum packaging significantly reduced Salmonella on almonds while causing no colour changes.
	(Song and Kang, 2021)

	Salmonella
E. coli NRRL B-2354
	Dried basil leaves
	Dry heating method
	Water activity
(0.40 - 0.70)
Temperature
(70 - 80℃)
	N/R
	Weibull model
	Salmonella:
D75°C =
3.30 to 9.14 min

Enterococcus faecium:
D75°C =
6.53 to 14.07 min
	The kill ratio of surrogate to pathogen ranged from 1.4 to 2.8, indicating that it is a conservative surrogate for Salmonella for thermal pasteurisation validation.
	(Verma et al.,2021a)

	Salmonella spp.
	Whole peppercorns
	Ethylene oxide fumigation
	Temperature
(46 - 60℃)
Time
(2 – 180 mins)
Relative humidity
(30 – 50%)
	1.15 – 4.92 log CFU/g
	Weibull model
	N/R
	Temperature and relative humidity have a significant impact on black peppercorn EtO fumigation. More than 5 log reductions of Salmonella can be reduced in 20 min at RH 50% and temperature 60°C used in this study.
	(Wei, Chen, et al., 2021)

	Salmonella Enteritidis PT-30
Salmonella Tennessee K4643
Salmonella Agona 447967
Enterococcus faecium NRRL B-2354
	Almond meal
	Desiccation
	Water activity
(0.25 and 0.45)
Temperature
(22 - 95℃)
	0.8 – 1.5 log CFU/g
	N/A
	Salmonella spp.:
D80℃ = 27.5 49.6
D85℃ = 13.7 – 42.8
D90℃ = 7.0 – 19.9
D95℃ = 4.6 – 9.3
Enterococcus faecium:
D80℃ = 36.6
D85℃ = 19.5 – 76.4
D90℃ = 9.1 – 33.0
D95℃ = 5.8 – 14.9
	The thermal resistance of Salmonella remained unchanged after one year of storage especially at 4℃.
	(Zhu et al., 2021)

	Salmonella spp.
	Cured egg yolk
	Curing
	Time
(2 - 144 h)
	< 5.6 log CFU/g
	N/A
	N/R
	The cured egg yolk safety can be improved by 2 hours of curing time followed by temperature-controlled water circulation process.
	(Lopes et al., 2020)

	Salmonella Typhimurium ATCC 14028
	Peanut kernels
	Desiccation and roasting
	Storage days
(0 – 180 days)
Temperature
(120°C)
Time
(0 – 30 mins)
	4- 5 log CFU/g
	Weibull model
	D120°C = 34.86 – 67.99
	Long-term storage of blanched peanut kernels caused desiccation stress, which increased S. Typhimurium ATCC 14028 thermal resistances.
	(Pereira et al., 2020)

	Enterococcus faecium NRRL B2354
	Peanut oil
	Desiccation
	Water activity
(0.33 - 0.93)
	0 – 5 log CFU/g
	N/A
	D80℃ = 87 - 1539
	The key factor of thermal resistance of bacteria in oil is the equilibrium water activity of the bacteria-in-oil system.
	(Yang et al., 2020)



	Listeria monocytogenes
	Non-fat dry milk (NFDM)
	Ethylene glycol bath
	Water activity
(0.30)
Temperature (80℃)
Time
(60 minutes)
	5-log reduction
	N/A
	D70℃ = 21.3 – 66.2
D75℃ = 9.4 – 33.5
D80℃ = 4.3 – 14.6
z-values = 14.62 - 15.95 °C

	This represents a promising intervention strategy for improving the bactericidal efficacy of thermal treatment while maintaining milk powder quality.
	(Ballom et al.,2019)	Comment by YAZAR: It should be 2020. Check it

	Salmonella Escherichia coli
	Wheat flour
	Dry bath
	Temperature (70℃)
Time
(60 minutes)
	Salmonella = 1.91 log CFU/g
Escherichia coli:
4.22 log CFU/g
	Weibull
model

	Salmonella:
D70℃ = 17.4 min
Enterohemorrhagic Escherichia coli:
D70℃ = 0.2–1.6 min

	
The Weibull model fit the thermal death kinetics of Salmonella and E. coli O45, O121, and O145 in wheat flour well.

	(Forghani et al.,2019)	Comment by YAZAR: It should be 2018. Check it



	E. coli O121
	Wheat flour
	Desiccation
	Temperature
(70 - 80℃)
	0.64 – 6.95 log CFU/g
	N/A
	D70℃ = 18.16
D75℃ = 6.47
[bookmark: _Hlk91657975]D80℃ = 4.58
Z- value = 14.57℃
	[bookmark: _Hlk91657906]E. coli O121 was found to be least thermally resistant than Salmonella Enteritidis PT30 when assessed under the same environments and using the same methodology.
	(Suehr et al., 2019)

	
Salmonella Enteritidis PT30
Salmonella Tennessee K464 
Salmonella Agona 447967
Enterococcus faecium NRRL B- 2354
	Cocoa powder
	Ethylene glycol bath
	Temperature
(70 - 80°C)
	Salmonella spp.:
3.75 log CFU/g
Enterococcus faecium:
1.39 log CFU/g
	Weibull model
	Salmonella spp.:
D70°C: 31.6 – 46.2
D75°C: 16.9 – 20.5
D80°C: 7.0 – 11.5
E. faecium:
D70°C: 25.8 – 59.9
D75°C: 13.7 – 28.9
D80°C: 4.7 – 16.1
Z- value: 13.0 – 17.5
	Water activity affects the thermal inactivation rates on both bacteria; thus, it should be considered as a significant factor of the thermal resistance of Salmonella in cocoa powder.
	(Tsai et al., 2019a)

	Listeria monocytogenes
	Cocoa powder
	Ethylene glycol bath
	Temperature
(70 - 80℃)
	>4 log CFU/g
	N/A
	D70℃ = 21.9
Z – value = 14.9 – 15.5℃
	Listeria monocytogenes survived in cocoa powder for an extended period and was detectable after a 12-month RT storage period, and thermal resistance is related to aw of samples.
	(Tsai et al., 2019b)

	E. coli O26
E. coli O103
E. coli O111
E. coli O157
	Wheat flour
	Dry bath
	Temperature
(55 - 70℃)
	1.66 – 4.06 log CFU/g
	Weibull model
	D70℃ value:
E. coli O26 = 5.75
E. coli O103 = 8.67
E. coli O111= 8.10
E. coli O157 = 6.69
	The study indicates that the E. coli strains tested remained visible at room temperature and survive the treatment at 70℃ for 60 mins in wheat flour.
	(Forghani et al., 2018)

	Salmonella Typhimurium
Salmonella Senftenberg Cronobacter sakazakii
	Milk powder
	Drying
	Temperature
(90 and 100℃)
Time
(30 and 120s)
	0.45 – 1.12 log CFU/g
	N/A
	N/R
	The ratio of unculturable cells observed was strongly related to the loss of respiratory activity and weakly related to membrane permeability.
	(Lang et al., 2018)

	Listeria monocytogenes
	Wheat flour
	Ethylene glycol bath
	Water activity 
(0.3-0.6)
Temperature (70 - 80°C)
	2.5 log CFU/g

	N/A
	D70°C - 80 °C = 37.10 - 1.59
z-values = 12.9 - 9.9°C
	This study also sheds light on the development of thermal inactivation strategies for L. monocytogenes and other foodborne pathogens in foods with similar matrices.
	(Taylor et al., 2018)

	Salmonella
	Oat flour
	Extrusion Processing
	Moisture content
(14 to 26%)
Temperature
(65 - 85℃)

	5.5 log CFU/g
	Response surface model
	N/R
	The developed response surface model can be used to identify the extrusion process conditions to achieve the desired reduction of Salmonella based on the product's moisture and fat contents.
	(Verma et al.,2018)	Comment by YAZAR: add to references


	Salmonella enterica serovar Agona
	Oat flour
	Extrusion
	Temperature (82°C)
Water activity
(0.89)
	> 5-log CFU/g
	N/A
	N/R
	Extrusion is a good way to reduce Salmonella because most processes used to make cereals and other low water activity foods exceed these parameters.
	(Anderson et al.,2017)	Comment by YAZAR: ad to references

	Salmonella spp.
	Wheat flour
	Desiccation
	Biofilm producing strains
	0.59 -1.49 log CFU/g
	N/A
	D80℃ = 3.1 – 21.7
	Salmonella thermal resistance in low-moisture foods like wheat flour was influenced by preformed biofilm.
	(Villa-Rojas et al., 2017a)

	Salmonella Enteritidis PT30
	Wheat flour
	Desiccation
Hydration
	Water activity
(0.3 and 0.6)
	2.5 – 4.3 log CFU/g
	N/A
	D80℃ = 1.33 – 7.32
	When applying thermal resistance data to industrial pasteurization validations, the response period to new water activity is negligible.
	(Smith and Marks, 2015b)

	Salmonella
	Peanut Butter Cookies
	Baking
	Temperature = 177°C
Water activity: 0.82 - 0.51
	After baking 13 - 14 min = 5.2 to 6.2 log reduction
	N/A
	N/R
	Salmonella in peanut butter cookies can be reduced by 5 logs or more with proper baking.
	(Lathrop et al.,2014)


	Salmonella spp.
	Whole grain oat flour
	Twin screw extrusion
	Fat
(5–15%) Moisture content (14–26%)
Temperature
(55–85 °C)
Screw speed
(75–225 rpm)
	0.0 to 9.0 log CFU/g
	N/A
	N/R
	Twin screw extrusion can be a useful process intervention step.
	(Verma and Subbiah, 2019)	Comment by YAZAR: add to references


	Salmonella Typhimurium ATCC 50115 Salmonella Braederup H9812
Escherichia coli ATCC 25922
	Red pepper powder
	Heat blocking system
	Water activity
(0.55 – 0.86)
Temperature
(62 - 68℃)
Particle size:
0.45 – 1.0mm
	>1.75 log CFU/g
	Weibull model Bigelow model
	D62℃ = 18.28
D65℃ = 10.10
D68℃ = 6.37
	Lower temperature is effective against higher water activity of red pepper powder to kill Escherichia coli ATCC 25922.
	(Zhang et al., 2020a)

	Salmonella Senftenberg 775 W
	Non-fat dry milk (NDM) and hydrated
NDM

	Heating
	aw of hydrated
NDM = 0.991
aw of NDM = 0.199
Temperature 65°C


	4.3 – 4.4 log CFU/g
	N/A
	N/R
	To
avoid the chance of selecting an incorrect target Salmonella serovar for thermal inactivation studies of low-aw
milk powders, Salmonella Senftenberg 775 W should be
used within a cocktail, not as a single serovar.
	(Sekhon et al.,2021)

	Salmonella spp.
	Hazelnuts
Cocoa shells
	Heating
	Temperature
(100 and 120℃)
Time
(0 – 30 mins)
	0 - 6.93 log CFU/g
	N/A
	D100℃ = 2.56 – 11.29
Z- value = 11.85 – 17.36
	Increasing the moisture content of dry materials (10% w/w) before or during heating significantly reduces microbial heat resistance, resulting in lower temperatures and shorter times required to destroy Salmonella.
	(Izurieta and Komitopoulou, 2012)

	Pediococcus acidilactici
Salmonella spp.
Enterococcus faecium
	Toasted oat cereals
Peanut butter
	Heating block
Hot water bath
	Temperature
(63 - 95°C)
	1.1 – 2.9 log CFU/g
	Weibull model
	N/R
	Pediococcus acidilactici ATCC 8042 has the potential to serve as a Salmonella surrogate and create additional data on Enterococcus faecium NRRL-B2354 in two low water activity foods, toasted oat cereal and peanut butter.
	(Deen and Diez-Gonzalez, 2019)



	Salmonella H9812 E. coli ATCC 25922
Staphylococcus aureus ATCC 25923
	Walnuts shells
	Heating block system
	Temperature
(50 - 64℃)
Time
(1.5 – 15 mins)
Water activity
(0.586 - 0.931)
Moisture content
(8.93 - 18.10%)
	Salmonella:
3.45 – 4.25 log CFU/g
E. coli:
2.84 – 3.96 log CFU/g
Staphylococcus aureus:
1.23 – 3.0 log CFU/g
	Weibull model
	Staphylococcusaureus (aw= 0.586):
D64℃ = 10.21
D67℃ = 5.57
D70℃ = 2.52

	The heating block system was ideal for investigating the effect of heating rates and aw on microorganism thermal resistance.
	(Zhang et al., 2018)

	Salmonella spp.
	Whole milk powder
Non-fat dairy milk
	Hot air assisted radiofrequency 
	Temperature
(85 - 95℃)
Time 
(15 – 120 min)
	0.42 - >5 log CFU/g
	N/A
	N/R
	Using HARF to preheat milk powders to target pasteurisation temperatures and then holding in a hot air oven for the desired time effectively pasteurises WMP and NFDM at a water activity of 0.10.
	(Wei et al., 2021)

	Salmonella spp.
Enterococcus. faecium NRRL B- 2354
	Apple pieces
	Hot air drying
	Temperature
(104 and 135°C)
Time
(0 – 127.5 mins)
	Salmonella spp.:
0.5 – 7.4 log CFU/g
Enterococcus faecium:
0.2 – 7.1 log CFU/g
	N/A
	N/R
	At the temperatures tested, E. faecium inactivation was slower than Salmonella, thus it would be a good surrogate for in-plant validation studies.
	(Grasso-Kelley et al., 2021)

	Listeria monocytogenes
Salmonella spp. Enterococcus faecium NRRL B-2354
E. coli 
	Pistachios
	Hot oil
Hot water
	Temperature
(80 - 121℃)
Time 
(30 – 90s)
	L. monocytogenes:
1.2 – 3.26 log CFU/g
Salmonella spp.:
0.76 – 3.1 log CFU/g
E. faecium:
 0.67 – 1.92 log CFU/g
E. coli:
1.08 – 4.81 log CFU/g
	Weibull model
	N/R
	In the pilot-scale oven, Enterococcus faecium NRRL B-2354 outperformed Salmonella in terms of thermal resistance across a wide range of treatments, treatment times, and temperatures.
	(Moussavi et al., 2020)

	Salmonella spp.
	Pecans nutmeats
	Hot peanut oil
	Temperature
(110 - 138℃)
Time
(0 - 4 mins)
	4.67 – 4.91 log CFU/g
	N/A
	N/R
	The temperatures and times used to oil roast nuts are sufficient to reduce Salmonella by 5 log CFU/g.
	(Beuchat and Mann, 2011a)

	Salmonella enterica
E. coli O157:H7 L. monocytogenes
Enterococcus faecium
	In shells pecans
	Hot water
	Temperature
(70 - 90℃)
Time
(1 – 5 mins)
	Salmonella enterica:
1.79 – 6.59 log CFU/g
E. coli O157:H7:
0.9 – 7.02 log CFU/g
Listeria spp.:
4.6 – 5.49 log CFU/g
Enterococcus faecium:
0.9 – 5 log CFU/g
	N/A
	D70℃ = 1.15 – 1.72
D80℃ = 0.83 – 1.19
D90℃ = 0.41 – 0.92
Z- value = 49.57 – 76.22℃
	The hot water treatment showed great promise when used as a kill step to reduce the risk of foodborne pathogens during the post-harvest processing of in-shell pecans.
	(Kharel et al., 2018)



	[bookmark: _Hlk91691382]Salmonella Enteritidis PT 30 ATCC 1045
	Almonds
	Hot water and oil
	Temperature
(88 - 127℃)
	>5 log CFU/g
	Weibull model
	D88℃ = 12.7
Z value = 88℃
	Hot oil treatments are more effective compared to hot water treatment.
	(Mohammad et al., 2020b)

	Enterococcus faecium
	Peanut oil
	Oil bath
	Temperature
(80℃)
Relative humidity
(0 – 100%)
Oil layers
(0.1, 0.26 and 0.51)
	0.24 – 0.65 log CFU/g
	Weibull model
	D80℃ = 1.3 - 4764
	According to this study, oil as a barrier to moisture diffusion is another mechanism that causes oil's protective effect on bacteria from thermal inactivation.
	(Yang et al., 2021)

	Salmonella Enteritidis PT30
	Wheat flour
	Oil bath
	Temperature
(80℃)
Time
(10 - 60 mins)
	0.8 – 5.7 log CFU/g
	N/A
	N/R
	Shows how desiccation affect the Salmonella cell’s structure that might clarify the mechanism of survival in LMF
	(Xu et al., 2020)

	Enterococcus faecium NRRL B-2354
Salmonella Enteritidis PT 30
	Wheat flour
	Oil bath
	Temperature
(75 - 85℃)
Water activity
(0.1 – 0.6)
Moisture content
(10 – 14%)
	N/R
	Weibull model
	
Salmonella:
D75℃: 12.0 – 24.5
D80℃: 4.2 – 11.4
D85℃: 1.1 – 5.9
E. faecium:
D75℃: 25.5 – 65.8
D80℃: 11.4 – 35.4
D85℃: 2.7 – 15.9
Z value: 10.2 – 16.9℃
	Enterococcus faecium has higher D-values and equivalent z-values than Salmonella Enteritidis, indicating that it is a good surrogate for thermal process validation in wheat flour.
	(Liu et al., 2018b)

	Salmonella Agona
	Wheat flour
	Oil bath
	Temperature
(80℃)
Water activity
(0.5 – 0.9)
Fat and protein content
(0.5 – 0.98)
	N/R
	Weibull model
Bigelow model
	D80℃ = 1.3 - 4764
	There was a correlation between temperature and aw based on the amount of fat or protein, indicating that these factors must be considered when predicting the thermal inactivation of Salmonella in foods.
	(Yuqiao et al., 2018)

	Salmonella spp.
L. monocytogenes
Enterococcus faecium
	[bookmark: _Hlk91691631]Confectionary
Seasoning
Chicken meat powder
	Oil bath
	Temperature
(70 - 140℃)
Time
(1.5 – 2 mins)
	Salmonella spp.:
2.0 – 3.0 log CFU/g
L. monocytogenes:
1.7 – 3.4 log CFU/g
Enterococcus faecium:
2.3 – 4.4 log CFU/g
	Weibull model
	Salmonella spp.:
D80℃ = 9.51 – 67.27
L. monocytogenes:
D80℃ = 7.99 – 11.81
Enterococcus faecium:
24.95 – 126.2
	[bookmark: _Hlk91691807]5 log of Salmonella, L. monocytogenes or E. faecium can be inactivate with heating to 111.2, 105.3 or 111.8°C respectively.
	(Rachon et al., 2016)

	Enterococcus faecium NRRL B-2354
Salmonella Enteritidis PT30
	Almond kernels
	Moist air oven
	Temperature
(121- 177℃)
Water activity
(0.24 – 0.78)
Humidity 
(0 – 70%)
	4.4 log CFU/g
	Bigelow model
	N/R
	The study highlights the significance of methodology, aw, and process humidity when validating thermal pasteurization processes for LMF, which should assist processors in selecting and interpreting validation methods.
	(Jeong et al., 2017)

	Salmonella
Enterococcus faecium
	Chia seeds
	Pasteurization
	Water activity
(0.53)
Temperature (80°C - 90.8°C).
	N/R
	Log linear or Weibull
Bigelow model
	N/R
	Salmonella and Enterococcus faecium thermal inactivation kinetics on chia seeds could be used to develop thermal pasteurisation processes for chia seeds.
	(Lau et al., 2021)	Comment by YAZAR: not in references, add it

	Salmonella spp.

	Milk powder
	Pasteurization
	Milk type
(Nonfat and whole milk)
Fat content
(0.62 and 29.46)
Water activity
(0.2 – 0.3)
Temperature
(75 - 85℃)
	>0.4 log CFU/g
	Bigelow model
	D75℃ = 16.95 – 41.1
D80℃ = 8.11 – 22.83
D85℃ = 3.64 – 10.11

	Salmonella thermal resistance increases as the water activity decreases. The Bigelow model can be used to design a thermal pasteurization system for milk powders.
	(Wei et al., 2020a)

	Salmonella Oranienburg
	Cocoa beans
	Roasting
	Temperature
(100 - 150°C)
Time
(2 – 100 mins)
	2.8 - >5 log CFU/g
	Weibull model
	D100°C: 33.34
D110°C: 18.7
D115°C: 12.92
D120°C: 10.50
D130°C: 4.20
D140°C: 1.9
Z-value: 32.0°C
	The results indicate that a 10-minute roasting at 150°C can result in a reduction of more than 5 log10 CFU/bean.
	(Yan et al., 2021)

	Salmonella
Typhimurium
Salmonella Newport
Salmonella Enteritidis
Salmonella
Tennessee
	Sunflower seeds
	Roasting
	Temperature
(107.2 - 135℃)
Time
(5 – 45 mins)
	>4 log CFU/g
	N/A
	N/R
	Only after roasting the sunflower seeds for 45 minutes at 135℃ have saleable water activities, resulting in a.7-log reduction in Salmonella.
	(Kottapalli et al., 2020)

	
	
	
	
	
	
	
	
	

	Bacillus cereus
Geobacillus stearothermophilus
	Cocoa beans and nibs
	Roasting
	Temperature
(110 - 140℃)
Time
(70 – 600 mins)
	Bacillus cereus:
4 – 4.6 log CFU/g
Geobacillus stearothermophilus:
4.5 – 5.3 log CFU/g
	N/A
	Bacillus cereus:
D110℃ = 92.2 - 149
D125℃ = 30.5 - 56
D140℃ = 17.2 -23
Geobacillus stearothermophilus:
110℃ = 105 - 184
D 125℃ = 39.6 - 76
D140℃ = 30 - 49
	The use of 140°C during roasting with low spore-forming bacteria populations can improve roasting efficiency in terms of microbial inactivation.
	(Paula et al., 2019)

	Salmonella spp.
	Tahini
	Roasting
	Storage days
(119 days)
Temperature
(95 - 130°C)
Time
(0 – 90 mins)
	0 – >4 log CFU/g
	N/A
	D90°C = 24.7
D130°C = 15.0
	Over 119 days, no change in Salmonella populations was observed in tahini. These findings highlight the critical importance of aw during the roasting step, and Salmonella that survives roasting is likely to survive the tahini's in RT.
	(Zhang et al., 2017)

	Salmonella spp.
	Cocoa beans and nibs
Conching of milk chocolate
	Roasting
	Temperature
(110 - 140℃)
	0.83 – 5.39 log CFU/g
	N/A
	D110℃ = 4.79 – 8.86
D120℃ = 3.62 – 8.02
D130℃ = 2.55 – 3.75
D140℃ = 2.47 – 2.5
	The results showed that the type of matrix, process temperature, and initial count all influenced Salmonella resistance.
	(Nascimento et al., 2012)

	Salmonella spp.
Listeria monocytogenes
Escherichia coli
	Whole peppercorns
	Steam pasteurization
	Water activity
(0.35 – 0.69)
Temperature
(70 and 75℃)
	1.85 - >5 log CFU/g
	N/A
	N/R
	Microbial load can be reduced when it is mild steam at 75℃ and still maintaining the visual quality of the black peppercorns.
	(Zhou et al., 2019)

	E. coli spp.
Salmonella spp.
Listeria spp.
	Almonds
Pistachios
	Steaming
	Temperature
(100 - 200℃)
Time
(1 – 30s)
	E. coli spp.:
3.0 – 6.2 log CFU/g
Salmonella spp.:
2.7 – 6.5 log CFU/g
Listeria spp.:
2.7 – 5.7 log CFU/g
	N/A
	E. coli spp.
D100℃ = 5.28 – 9.88
Salmonella spp.
D100℃ = 4.87 – 11.15
Listeria spp.
D100℃ = 6.68 – 11.12
	Superheated steaming is an effective method for inactivating foodborne pathogens on almonds and pistachios while preserving product quality.
	(Ban and Kang, 2016)

	Enterococcus faecium
	Peanut butter
	Superheated steam
	Water activity
(0.19 - 0.80)
Temperature (125 - 250℃)
	> 5 log CFU/g
	Weibull
models

	D125℃ = 129.70 - 6.33s
D175℃ = 32.41 - 3.38s
D225℃= 24.62 - 1.93s
D250℃= 18.49 - 3.22s
Z value = 194.66℃
	E. faecium inactivation kinetics on peanut butter-contaminated surfaces can provide detailed information for superheated steam sanitation treatment, which can be applied to environmental surfaces for effective microbial inactivation.
	(Park et al., 2021)

	Salmonella Typhimurium
Salmonella Enteritidis
	Black peppercorns Pecans
Almonds
	Superheated steam
	Temperature
(100 -180℃)
Time
(1 – 45 s)
	>6 log CFU/g
	Weibull model
	D100℃ = 4.65 – 9.2
Z – value = 47.06 – 146.26℃
	Salmonella was completely inactivated on food tested in 40 s, regardless of whether the SS or SHS treatment was used. The SS treatment was ineffective because the moisture content of the samples was high.
	(Ban et al., 2018)

	Salmonella Typhimurium	Comment by YAZAR: Same as above, delete it
Salmonella Enteritidis
	Black peppercorns Pecans
Almonds
	Superheated steam
	Temperature
(100 -180℃)
Time
(1 – 45 s)
	>6 log CFU/g
	Weibull model
	D100℃ = 4.65 – 9.2
Z – value = 47.06 – 146.26℃
	Salmonella was completely inactivated on food tested in 40 s, regardless of whether the SS or SHS treatment was used. The SS treatment was ineffective because the moisture content of the samples was high.
	(Ban et al., 2018a)

	Salmonella Enteritidis PT30
	Glucose
Fructose
Honey powder
	TCA
	Temperature
(80℃)
Water activity
(0.3 – 0.4)
Moisture content
(0.02 – 0.5%)
	>4 log CFU/g
	N/A
	D80℃ = 9.7 – 63.8
	During thermal processing, the D-values of Salmonella Enteritidis PT30 in high sugar-low aw products decreased with increasing aw, following a semi-log linear trend.
	(Alshammari et al., 2020b)

	Salmonella spp.

	Burger binder
Skim milk powder
	TDT cells
	Temperature
(70℃)
Time
(5 - 25 mins)
	< 2 log CFU/g
	Weibull model
	Burger:
D70℃ = .5.57 – 27.42
	Salmonella spp. thermal resistance was determined by strain type, inoculation methodology, aw, and the nature of the food components.
	(Dhaliwal et al., 2021)

	Salmonella spp.
Listeria spp.
Enterococcus faecium NRRL B- 2354
	Desiccated shredded coconut
	TDT cells
	Temperature
(75 - 90℃)
Water activity
(0.25 – 0.45)
	>5 log CFU/g
	N/A
	Salmonella spp.:
D80℃ = 38.7 – 53.2
Listeria spp.:
14.2 – 40.2
Enterococcus faecium NRRL B- 2354:
D80℃ = 49.6 – 85.5

	In DSC, Listeria monocytogenes has less thermal resistance than Salmonella. The study focuses on thermal inactivation strategies for controlling Salmonella and Listeria monocytogenes during the DSC post-drying process.
	(Dhowlaghar et al., 2021)

	Salmonella spp.
Enterococcus faecium
	Egg powder
	TDT cells
	Temperature
(20 - 80℃)
Time
(0 - 150 mins)
Water activity
(0.3 – 0.74)
	Salmonella spp.:
0 - >6 log CFU/g
Enterococcus faecium:
0 - >7 log CFU/g
	N/A
	Salmonella spp.:
D80℃ = 5.1 – 25.9
Enterococcus faecium:
D80℃ = 10.4 – 43.8
	The D values for both bacteria had a linear relationship with the water activity and the composition differences.
	(Pérez-Reyes et al., 2021a)

	Salmonella spp.
	Whole black peppercorns
	TDT cells
	Temperature
(60 - 85℃)
Water activity
(0.33 – 0.75)
	0.41 – 2.19 log CFU/g
	Weibull model
	D75℃ = 106 - 198
	Modifying the food water activity may be an effective way to achieve the required level of pathogen activation in a relatively short period of time at low treatment temperatures.
	(Marco et al., 2021)

	Salmonella Enteritidis PT30
	Ground cinnamon
	TDT cells
	Temperature
(70 - 80℃)
	<1 – 4 log CGU/g
	N/A
	D70℃ = 3.3 – 31.3
Z – value: 11.9 – 18.2℃
	Milder thermal treatments can be used to control Salmonella in cinnamon powder, as well as possibly other spices or herbs containing antimicrobial compounds, for better product quality retention.
	(Xie et al., 2021)

	Listeria monocytogenes
	Almond meal
	TDT cells
TWA
	Temperature
(70 - 85℃)
Water activity
(0.25 – 0.45)
	N/R
	N/A
	D75℃, aw0.25 = 47.6
D75℃, aw0.45 = 17.5
D80℃, aw0.25 = 22.0
D80℃, aw0.45 = 11.0
Z – value: 15.4℃
	The log-linear model fit the inactivation kinetics of L. monocytogenes in almond meal well; Thermal resistance of L. monocytogenes in almond meal was found to be inversely related to sample aw.
	(Zhu et al., 2020)

	Salmonella spp.	Comment by YAZAR: The study content in the references is not compatible with this study, check, correct or add
	Soy protein powder
	TDT cells
	Temperature
(60 - 95℃)
Water activity
(0.13 – 0.82)
	>5 log CFU/g
	N/A
	D80℃ = 4.0 – 155.2
	Salmonella thermal resistance is affected by treatment temperature and the water activity of the food environment.
	(Tsai et al., 2019a)

	Salmonella Enteritidis PT30
	Wheat flour
Almond flour
Whey protein
	TDT cells
	Water activity
(0.25 – 0.8)
	N/R
	N/A
	D20°C = 0.8 – 27.3
	The almond flour would need to be fully exposed to 80°C for 120 minutes to achieve a 6-log reduction of Salmonella Enteritidis PT30.
	(Xu et al., 2019)

	E. coli ATCC 25922
	Almond powder
	TDT cells
	Temperature
(75℃)
	0.8 – 2.55 log CFU/g
	Weibull model
	D75℃ = 12.6 – 20.5
	The effects of storage environment on reducing bacterial populations and D75℃ of E. coli became more noticeable as storage temperature increased.
	(Cheng and Wang, 2018)

	E. coli spp.
	Confectionary
Seasoning
Chicken meat powder
	TDT cells
	Storage days
(1 – 28 days)
Temperature
(80 - 110°C)
	Confectionary:
0.71 log CFU/g
Seasoning:
1.48 log CFU/g
Chicken meat powder:
1.15 log CFU/g
	Weibull model
	Confectionary
D80°C = 97.36
Seasoning:
D80°C = 29.89
Chicken meat powder:
D80°C = 184.48
	The food matrix composition on STEC heat resistance should be considered to increase the effectiveness of STEC. Increasing the temperature from 80 - 120°C significantly higher level of STEC inactivation.
	(Daryaei et al., 2018)

	Salmonella spp.
Enterococcus. faecium NRRL B- 2354
	Milk powder
	TDT sandwich
	Milk powder
(Whole milk powder, nonfat dry powder)
Temperature
(85 - 95°C)
	Salmonella spp.:
0.2 – 0.32 log CFU/g
Enterococcus faecium:
0.21 – 0.33 log CFU/g
	Weibull model
	Salmonella spp.:
D85°C: 7.98 – 10.98
D90°C: 3.35 – 4.80
D95°C: 1.68 – 1.82
E. faecium:
D85°C: 16.96 – 19.81
D90°C: 7.9 – 9.72
D95°C: 4.16 – 4.94
	Salmonella and E. faecium thermal resistance did not change appreciably over the 90-day storage of Whole milk powder and nonfat dry powder.
	(Wei et al., 2021a)

	Salmonella spp.
Enterococcus faecium NRRL B- 2354
	Black peppercorns
	TDT sandwich
	Water activity
(0.25 – 0.65)
Temperature (65 - 85°C)
	Salmonella spp.:
0.2 – 0.5 log CFU/g
Enterococcus faecium:
0.21 – 0.4 log CFU/g
	Bigelow model
	Salmonella spp.:
D65°C: 13.3 – 46.0
D70°C: 3.9 – 20.5
D75°C: 2.0 – 43.1
D80°C: 17.6
D85°C: 6.2
Enterococcus faecium:
D70°C: 12.0 – 34.1
D75°C: 3.3 – 67.6
D80°C: 1.5 – 28.9
D85°C: 12.6
	The D- values of Salmonella and E. faecium in ground black pepper were strongly influenced by water activity. Lower water activity resulted in better thermal resistance of Salmonella and E. faecium in ground black pepper.
	(Wei et al., 2021b)

	Bacillus spp.
	Mesquite flour
	Thermal treatment
	Temperature
(100 - 150℃)
Time 
(30 – 120 mins)
	1.32 – 4.76 log CFU/g
	N/A
	D100℃ = 0.28 – 0.63 h
D110℃ = 0.14 – 0.49 h
	The findings shows that the natural occurring Bacillus spp. In flour are heat resistance, whereas increasing the water activity will increase the heat sensitivity.
	(Fan et al., 2021)

	Escherichia coli
Salmonella Typhimurium
Salmonella Senftenberg
Cronobacter sakazakii
	Milk powder
	Thermocycler
	Temperature
(85 - 100℃)
Water activity
(0.11 – 0.58)
	N/R
	Weibull model
	E. coli:
D85℃ = 60.5 -139
Salmonella Typhimurium:
D85℃ = 42.5 - 127
Salmonella Senftenberg:
D85℃ = 56.4 - 156
Cronobacter sakazakii:
D85℃ = 54 – 122
Z – value: 29.6 – 62.2℃
	The values obtained for Z value shows that Salmonella Typhimurium is the most resistant to temperature variations while E. coli is the most resistant to variation of water activity.
	(Lang et al., 2017)

	Salmonella Tennessee Salmonella Oranienburg
	Peanut butter
	Thin metal plate
	Temperature
(25 and 85℃)
	4 – 5 log CFU/g
	N/A
	Salmonella Tennessee:
D85℃ = 11.95
Salmonella Oranienburg:
D85℃ = 12.83
	Both of the serovars significantly survived in peanut butter at 25℃ when grown at solid media compared to culture in liquid.
	(Keller et al., 2012)

	Salmonella Enteritidis PT 30
Enterococcus faecium NRRL B-2354 ATCC 8459
Escherichia coli O157:H7
	Flaxseed
Quinoa
Sunflower kernels
Black peppercorns
	Vacuum pasteurization
	Temperature
(75 - 105℃)
Time
(0.5 - 5.0 mins)
	~7 – 8 log CFU/g
	N/A
	N/R
	Pathogens were reduced by more than 5 logs in whole flaxseed, sunflower kernels, and peppercorns at 75 °C and milled flaxseed and quinoa at 85 °C.
	(Shah et al., 2017)

	Salmonella spp.
Shiga toxin-producing Escherichia coli
L. monocytogenes
Pediococcus acidilactici
	Apricot halves
Macadamia nuts
Raisins
	Vacuum steam pasteurization
	Temperature
(62 - 82℃)
Time
(0 – 5 mins)
	>5 log CFU/g
	Weibull model
	Salmonella spp.:
D72℃ = 0.8 – 7.5
E. coli:
D72℃ = 0.8 – 5.4
L. monocytogenes:
D72℃ = 0.7 – 7.3
P. acidilactici:
D72℃ = 1.1 – 10.3
	Depending on the temperature, low-temperature, vacuum-assisted steam pasteurisation provides a strategy for improving the safety of dried fruits and nuts in relatively short time periods.
	(Acuff et al., 2020)

	Salmonella serovars
(Agona, Enteritidis, Montevideo, and Tennessee)
	Flaxseeds
	Vacuum steam pasteurization
	Water activity
(0.5)
Temperature (71℃)
	N/R
	Geeraerd-tail model
	D71°C = 1.0 to 1.5
	The amount of time stored prior to heat treatment would have little effect on the amount of time required to inactivate Salmonella on flaxseed.
	(Malekmohammadi et al.,2020)

	Aerobic bacteria count
Yeast and molds
	Whole and milled flax seeds
	Vacuum steam pasteurization
	Temperature
(75 - 105℃)
	Aerobic bacteria count:
0 – 2.7 log CFU/g
Yeast and molds:
<1 log CFU/g
	N/A
	N/R
	When vacuum steam pasteurisation is used, the total number of aerobes, yeast, and moulds is reduced. The thermal treatment has no discernible effect on the chemical properties.
	(Shah et al., 2018)

	Salmonella spp.
Enterococcus faecium
	Whole peppercorns
Cumin seeds
	Vacuum steam pasteurization
	Temperature
(177℃)
	Salmonella spp.:
1.92 – 1.93
E. faecium:
1.64 – 2.3
	Weibull model
	N/R
	In a short period of time, vacuum assisted steam pasteurization of spices was effective in reducing Salmonella and Enterococcus faecium may be used as a surrogate for inactivation on whole peppercorns and cumin seeds.
	(Newkirk et al., 2018)

	E. coli O121
Salmonella Enteritidis PT30
	Hard red spring in wheat flour
	Vacuum steaming
	Temperature
(65 - 85℃)
Time
(4 and 8 mins)
	Salmonella:
3.21 log CFU/g
E. coli:
3.57 log CFU/g
	N/A
	N/R
	In the flour milling industry, vacuum steaming can be an effective pathogen inactivation process.
	(Snelling et al., 2020)

	Listeria monocytogenes
Salmonella spp. Enterococcus faecium NRRL B-2354
	Peanut butter
Powder infant formula
Wheat flour
	Water bath
	Temperature
(60 - 90℃)
Water activity
(0.11 – 0.45)
Fat content
(2 – 45%)
	N/R
	N/A
	Listeria monocytogenes:
D75℃ = 9 – 17.9
Salmonella spp.:
D75℃ = 4.7 – 21.1
Enterococcus faecium NRRL B-2354:
D75℃ = 10.3 – 28.1
Z- value: 11.8 – 29.9℃
	Controlled heat treatments on organisms in inoculated powder infant formula showed the greatest thermotolerance, whereas the same organisms in wheat flour showed the least.
	(Quinn et al., 2021)

	Salmonella
	Dry and hydrated non-fat dry milk (NFDM) and whole milk
powder (WMP)
	Water bath
	Temperature (80 - 90°C)
	
1.8 log CFU/g

	N/A
	D80 - 90°C =
18.9 - 4.4 min
D80 - 90°C =
29.4 - 6.5 min
D80 - 90°C =
17.9 - 4.4 min
z-value = 6.4 – 16.3ºC
	Salmonella population was reduced significantly in milk
powders and corresponding hydrated powders during the storage period.
	(Sekhon et al.,2021)

	E. coli 
Listeria innocua, Lactobacillus plantarum
Bifidobacterium lactis
Enterococcus faecium
	Wheat flour
	Water bath
	Moisture level
(8 and 13%)
Water activity
(0.25 and 0.55)
Temperature
(82 and 87°C)
	>5 log CFU/g
	N/A
	N/R
	A heat treatment at 82°C for 5 minutes was effective in activating STEC in flour with a water content of 13%. To achieve the same level of inactivation at lower water content levels, a higher temperature or longer holding times would be required.
	(Daryaei et al., 2020)

	Salmonella spp.
	Philippine flowing-type peanut butter
	Water bath
	Temperature
(60 - 80℃)
	0.1 – 3.07 log CFU/g
	N/A
	D80℃ = 16.15
Z – value: 44.5℃
	According to the findings of this study, achieving safety against pathogenic microorganisms such as Salmonella enterica necessitates a relatively harsh thermal process.
	(Pelaez et al., 2020)

	Enterococcus faecium NRRL B-2354
	Almond meal
	Water bath
	Temperature
(80℃)
Inoculation method
(Wet (WI), dry (DI), wet talc (WT) and powder talc (PT)
	WI: 2.5 – 3.0 log CFU/g
DI: 1.6 – 1.9
WT: 2.3 – 2.8
PT: 1.9 – 2.5

	N/A
	D80℃:
WI: 40.5
DI: 63.5
WT: 46.9
PT: 20.6
	Carriers like talc should not be used for inoculation of LMF unless the impact on the target organism is identified.
	(Ahmad et al., 2019)

	Salmonella
	Almonds
	Water bath
	Temperature (80℃)
Water activity
(0.36)
	N/R
	Weibull model
	D80℃ = 15.7 - 18.0 min
	The sorption state of LMF products should be considered when estimating bacterial inactivation kinetics, developing models, and validating processes.
	(Garces-vega et al.,2019)	Comment by YAZAR: Add to references

	Salmonella Enteritidis PT30
	Almond flour
Wheat flour
Date paste
	Water bath
	Temperature
(80℃)
	Almond flour:
0.42 – 1.13 log CFU/g
Wheat flour:
0.42 – 0.98 log CFU/g
Date paste:
0.32 – 0.70 log CFU/g
	Weibull model
	Almond flour:
D80℃ = 18.3 – 49.8
Wheat flour:
D80℃ = 8.9 – 19.5
Date paste:
D80℃ = 1.2 – 3.5
	These findings suggest that the method of inoculation has a significant impact on the thermal resistance of Salmonella in LMF.
	(Limcharoenchat et al., 2018)

	Salmonella
Coronobacter sakazakii
Pediococcus acidilactici
	Galactooligosaccharide
	Water bath
	Temperature
(70 - 85°C)
Time
(0 – 150s)
	Salmonella:
1.3 – 2.2 log CFU/g
C. sakazakii:
2.2 – 2.7 log CFU/g
P. acidilactici:
0.8 – 1.8 log CFU/g
	N/A
	Salmonella:
D70°C = 0.24
Coronobacter sakazakii:
D70°C = 0.2
P. acidilactici:
D70°C = 1.72
Z – value:
13.04 – 33.18
	Pathogenic bacteria such as Salmonella and Coronobacter sakazakii may be resistant to heat treatments used to sterilize GOS during production.
	(Bang et al., 2017)

	Salmonella Enteritidis PT30
	Wheat flour
	Water bath
	Temperature
(70 - 85℃)
Water activity
(0.3 – 0.7)
	0.26 – 1.01 log CFU/g
	Weibull model
Bigelow model
	D75℃ = 2.28 – 13.37
	Water activity is a key factor in the thermal inactivation of Salmonella in LMF and should be accounted for in thermal inactivation models for these systems.
	(Smith et al., 2016)

	Salmonella Enteritidis PT30
	Wheat flour
Peanut butter
	Water bath
	Temperature
(80℃)
	2.75 – 5.07 log CFU/g
	N/A
	D80℃ = 9.7 – 63.8
	Changes in water activity at high temperatures, as well as the thermal resistance of Salmonella in all-purpose wheat flour and peanut butter.
	(Syamaladevi et al., 2016)

	Salmonella spp.
	Peanut butter products
	Water bath
	Temperature
(70 - 90℃)
Different formulation
(Fat, carbohydrate, protein, and sodium)
	1.01 – 5.86 log CFU/g
	Weibull model
	N/R
	Salmonella in reduced fat peanut butter spread was significantly more thermally resistant than Salmonella in other peanut butter products.
	(Li et al., 2014)



	Salmonella Enteritidis PT30
	Almond kernels
	Water bath
	Temperature
(56 - 80℃)
Water activity
(0.6 – 0.95)
Moisture content
(6 – 18%)
	N/R
	Weibull model
	D68℃ = 0.42 – 6.97
Z – value: 8.28℃
	A minimum 4-log reduction, a 12-minute treatment at 60°C, and aw of 0.946 could be used to meet the USDA pasteurisation standard.
	(Villa-Rojas et al., 2013)

	Salmonella spp.
	In shells pecans
	Water bath
	Temperature
(75 – 95℃)
Time
(2 -15 mins)
	1.38 – 7.68 log CFU/g
	N/A
	N/R
	To achieve a 5-log reduction on and in immersion-inoculated, dried in-shell, higher temperatures, or longer periods of exposure to hot water, or both, will be required.
	(Beuchat and Mann, 2011b)

	Salmonella enterica
Escherichia coli O157:H7
	Peanut Butter
	Water bath
	Water activity
(0.4 - 0.7)
Temperature (72 - 90°C)
	< 2- 7.1-log CFU/g
	Bigelow model
	Salmonella enterica:
D72°C = < 30 min
D90°C = < 10 min
	The high carbohydrate content of peanut butter, combined with the low incubation temperature, resulted in higher bacterial survival during storage but lower bacterial resistance to heat treatment.
	(He et al.,2011)



Table 3 Nonthermal inactivation studies of low-moisture foods between 2001-2021
	Target microorganisms
	Food sample
	Nonthermal treatment
	Processing parameters
	Log reduction
	Model
	D-values (min) and z-values (℃)
	Significant findings
	References

	Salmonella
Listeria monocytogenes
Enterococcus faecium
Listeria innocua
	Cocoa powder
	Radiofrequency heating
	Water activity (0.45)
Temperature 
(75 °C)

	4.6 log CFU/g

	Bigelow model
	L. innocua:
D75°C = 3.6
z-values = 14.3◦C
Salmonella:
D90°C = 2.5
Enterococcus faecium:
D90°C = 2.3
	Enterococcus faecium and L. innocua were appropriate surrogate strains for
controlling Salmonella and L. monocytogenes, respectively, during RF
processing of cocoa powder.
	(Ballom et al., 2021)

	Salmonella
	Raw almonds
	Pulsed light
	One-time dipping of almonds in water for 1 min followed by a PL treatment of 500 g of almonds at an intensity of 0.75 W/cm2 for 18 min
	>5 log reduction
	N/A
	N/R
	Pasteurization of raw almonds using PL treatment in conjunction with prior water dipping could be a viable option.
	(Liu et al., 2021)

	E. coli O157:H7 Salmonella Typhimurium
	Black pepper
	Radiofrequency
	Temperature
(100°C)
	E. coli O157: H7: > 6 log CFU/g
Salmonella: > 6 log CFU/g
	N/A
	N/R
	E. coli O157: H7 and S. Typhimurium were effectively inactivated by RF without affecting the quality of black pepper kernels.
	(Wei et al., 2019)

	Salmonella Enterococcus faecium NRRL B-2354
	Dried basil leaves
	Radiofrequency heating
	Temperature (100°C)
	Salmonella:4.8 log CFU/g
E. faecium:
2.7 log CFU/g
	N/A
	N/R
	The rapid heating of the dried basil leaves by RF processing improves food safety while having no effect on quality.
	(Verma et al., 2021b)

	Salmonella
Enterococcus faecium NRRL B-2354
	Black peppercorn 
Cumin seeds
	Gaseous chlorine dioxide technology
	ClO2 gas at 15 mg/L concentration and relative humidity 80% at room temperature (25°C)

	Salmonella:>5 log CFU/g
E. faecium:
Black peppercorn: 4.36 log CFU/g
Cumin seeds:
4.17 log CFU/g
	Bigelow models
	Salmonella:
Black peppercorn - D25°C: 60.3
Cumin seeds
D25°C - 58.7

	During the ClO2 treatment, Enterococcus faecium was discovered to be a suitable surrogate for Salmonella.
	(Wei et al., 2021)

	Salmonella
	Whole milk powder, Non-fat Dry Milk
	Hot air-assisted radiofrequency processing
	Water activity (0.10)
Temperature 
(95°C)
	> 5 log reduction
	N/A
	N/R
	This study validated a HARF-assisted thermal process for pasteurization of milk powder based on previously collected microbial inactivation kinetics data.
	(Wei et al., 2021)

	Aspergillus flavus
	Peanut kernels
	Radiofrequency
	Temperature
(65 - 70°C)
	3- >7 log CFU/g
	Kopelman model
	D68°C (aw= 0.74) = 8.3
D62°C (aw=0.88) = 5.7
	The non-uniformity of RF treatment causes the least A. flavus death at cold spot. The COMSOL software may aid in the development of RF.
	(Zhang et al., 2021)

	
Salmonella enterica
Enterococcus faecium

	Cumin seeds
	Continuous radio frequency
	Belt speed:
28.2 m/h
Cold spot
Temperature: 99.6°C
	S.enterica::
>5.52 log CFU/g
E. faecium:
> 6.52 log CFU/g
	N/A
	N/R
	The use of RF in the industrial pasteurisation of cumin seeds has a high potential.
	(Chen et al., 2020)

	E. coli ATCC 25922
	Almond kernels
	Radiofrequency heating
	Controlled Atmosphere
(2% O2, 20% CO2, 78% N2)
Moisture content (8%)
Temperature 
(72-78°C)
	4 log CFU/g
	N/A
	
D75°C: 5.00 – 5.5


	Under CA, RF heating has the potential to be an effective treatment method for controlling E. coli ATCC 25922 in almond kernels and could be extended to pasteurisation applications.
	(Cheng et al., 2020)

	Salmonella enterica
Enterococcus faecium
	Egg white powder
	Radiofrequency
	Temperature (80℃)
Time (0 - 16 h)
	0.58 - >5 log CFU/g
	N/A
	N/R
	Enterococcus faecium was found to be a suitable surrogate for Salmonella. The validated RF-assisted thermal process has the potential to be scaled up for use in the egg industry.
	(Wei et al., 2020b)
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Wheat flour
	

Radiofrequency
	Water activity (0.45)
Temperature
(80 – 85°C)
	
2.5–3.7 log CFU/g
	Bigelow model
	D80 °C = 8.3 min
z-value =11.7 °C
	A relatively slow RF heating rate with a hot-air assisted system is beneficial for improving RF temperature uniformity and obtaining a uniformly.
	(Xu et al., 2020)

	Salmonella Typhimurium
	Red pepper powder
	Radiofrequency
	Water activity
(0.44 – 0.70)
	≈ 4 log CFU/g
	N/A
	N/R
	The absence of Salmonella Typhimurium sublethal injury cells (SICs) in red pepper powder with an initial aw of 0.44 was confirmed by these findings.
	
(Zhang et al., 2020b)

	Cronobacter sakazakii ATCC 29544
	Powdered infant formula milk (PIFM)
	Thermostatic radiofrequency
	Water activity (0.2 – 0.4)
Temperature
(55 – 70 °C)
	0.16 log 
	N/A
	D70°C = 23.3 min
Z value = 14.90°C
	RF has a high potential for use in the production of PIFM to achieve higher pasteurisation efficiency.
	(Zhang et al., 2020b)

	Salmonella spp.
	Soft wheat flour
	Radiofrequency
	Temperature
(80 - 90°C)
	7-log CFU/g
	N/A
	N/R
	For SWF pasteurisation, the optimum RF-assisted thermal processing conditions of 80°C for 7 h and 90°C for 2 h were recommended, with no compromise in quality or functionality.
	(Boreddy et al., 2019)

	Salmonella enterica
Enterococcus faecium NRRL B-2354
	Cumin seeds
	Radiofrequency heating
	Water activity (0.7419)
	Salmonella:
> 5.8 log CFU/g 
Enterococcus faecium:
> 6.4 log CFU/g
	N/A
	N/R
	Enterococcus faecium is a suitable surrogate of Salmonella in cumin seeds for RF microbial inactivation. Batch variation requires stricter process control parameters for RF microbial inactivation.
	(Chen et al., 2020)

	E. coli ATCC 25922
	Almond kernels
	Radiofrequency (RF) assisted hot air heating system under modified atmosphere packaging
	Moisture content
(8.0%)
Temperature
(75°C)
	4-log reduction
	N/A
	D75 °C = 4.5 min
	MAP pre-storage thermal treatments induced by RF energy have the potential to be an effective and environmentally friendly method of controlling E. coli ATCC 25922 in almond kernels.
	(Cheng and Wang, 2019)

	Bacillus cereus spores
	Red pepper powder
	Radiofrequency
	Water activity
(0.70)
Temperature
(90°C)
	4-log reduction
	Weibull model
	D90 °C = 5.8 min
Z-value (°C) = 64.3
	RF inactivation effects could be improved by control the sample initial water activity level.
	(Jiao et al., 2019)

	 Cronobacter sakazakii
	Powdered infant formula milk
	Radiofrequency assisted traditional thermal processing
	Water activity
(0.22)
Temperature
(65°C)
	5-log CFU/g
	N/A
	N/R
	Due to lower lipid oxidation and a much shorter processing time, RF assisted-TTP is better suited for PIFM pasteurisation than TTP.
	(Lin et al., 2020)

	[bookmark: _heading=h.2qgfvshhc03e]Salmonella enterica Enteritidis PT30
Enterococcus faecium NRRL B-2354
	Corn flour
	Radiofrequency
Freezing treatment

	Water activity
(0.45)
Temperature
(85°C)
	Salmonella Enteritidis PT30: 6.59 log CFU/g
and Enterococcus faecium:4.9log CFU/g
	N/A
	Salmonella Enteritidis PT30:
D 85°C = 2.03
	For validation studies in packaged corn flour, E. faecium could be used as a surrogate. The results confirmed that RF in conjunction with freezing storage could significantly reduce the survival of both microorganisms in corn flour.
	(Ozturk et al., 2019)

	Staphylococcus aureus ATCC 25923
	In-shell walnuts
	Radiofrequency
	Moisture content
(15.01%)
	4-log reduction
	N/A
	N/R
	RF treatments could be considered as an effective method to control pathogens on in-shell walnuts.
	(Zhang et al., 2019)

	Salmonella Typhimurium
	Red pepper powders
	Radiofrequency heating
	Water activity
(0.71)
Temperature
(70°C)
	> 5 log CFU/g
	Weibull mode
	N/R
	Increasing initial aw could first increase log reductions and then decrease the log reductions, optimum aw level was 0.71 for RF inactivation of Salmonella in red pepper powders.
	(Hu et al., 2018)

	Aspergillus flavus
	Peanut kernel
	Radiofrequency
	Water activity
(0.72 - 0.92)
	N/R
	Weibull model
	D62℃ = 43.48
D68℃ = 13.68
D74℃ = 2.77
	Least log reduction achieved when the RF heating is non uniform.
	(Zhang et al., 2018)

	
	
	
	
	
	
	
	
	

	Salmonella enterica Enterococcus faecium 
	Black peppercorn
	Radiofrequency heating
	Water activity
(0.60)
	Salmonella:5.31 log CFU/g
Enterococcus faecium:
5.26-log CFU/g
	N/A
	N/R
	RF heating is a promising thermal inactivation treatment for Enterococcus faecium appears to be a suitable surrogate for Salmonella to validate the efficacy of RF heating of black peppercorn without significant quality deterioration.
	(Wei et al., 2018)

	Enterococcus faecium NRRL B-2354
	Wheat flour
	Radiofrequency
	Temperature
(75°C - 85°C)
	1.0 – 4.9 log CFU/g
	N/A
	D75°C = 14.27,
D80°C = 5.92,
D85°C = 2.79
Z-value = 13.1°C.
	RF treatment is an efficient of inactivating target microorganisms in flour samples. Freeze-dried Enterococcus faecium proved to be an effective Salmonella surrogate in LMF.
	
(Liu, et al., 2018a)

	Escherichia coli AW1.7 
	Dry cells
	High-Pressure Carbon
Dioxide
	Temperature 
(35°C)
	>3 log reduction
(CFU/ml)
	N/A
	N/R
	Liquid and supercritical CO2 were ineffective in reducing the cell counts of dry E. coli isolates, and the effectiveness of gaseous CO2 was related to the diffusivity of CO2.
	(Chen et al., 2017)

	Salmonella Enteritidis PT 30
Enterococcus faecium NRRL B-2354
	Wheat flour
	Radiofrequency pasteurization
	
Water activity
(0.45)
Temperature
(85°C)

	> 5 log CFU/g
	N/A
	S. Enteritidis:
D85°C = 2.92
z-values: 12.8°C
z-values of E. faecium = 11.7°C
	Despite having similar z-values, Enterococcus faecium was more heat-resistant than Salmonella Enteritidis.
	(Liu et al., 2018a)

	Salmonella Enterococcus faecium
	Organic
wheat flour

	Radiofrequency
	


Water activity (0.25)



	Salmonella:
5 log CFU/g
Enterococcus faecium:
3 log CFU/g
	N/A
	N/R
	RF appears to be an acceptable method for pasteurising in wheat flour, and E. faecium B-2354 may be an adequate surrogate for future larger-scale evaluations of RF inactivation.
	(Villa-Rojas et al., 2017a)

	Aspergillus parasiticus
	Corn grains
	Radiofrequency heating
	Moisture content (15.0% w.b)
Temperature
(70 °C)
	5-6 log CFU/g
	N/A
	N/R
	To control Aspergillus parasiticus and maintain acceptable corn quality, RF treatments can provide an effective and rapid heating method.
	(Zheng et al., 2017)

	Cronobacter sakazakii Salmonella

	Non-fat dry milk
	Radiofrequency dielectric heating
	Temperature
(90°C)
	3-log CFU/g
	N/A
	Cronobacter sakazakii:
D90°C = 5.37 - 5.57
Salmonella:
D90°C = 4.55 – 5.82
z-values of Cronobacter sakazakii = 23.77 - 26.28°C
z-values of Salmonella spp. = 26.92 - 20.92°C
	Radio-frequency dielectric heating can be used to achieve target temperatures for NDM post-process lethality treatment before packaging in a faster and more uniform manner.
	(Michael et al., 2014)

	Salmonella spp.
Enterococcus faecium NRRL B-2354
	
Paprika
White pepper
Cumin powder
	Radiofrequency heating
	Temperature
(70 - 80°C)
	4 – 5 log CFU/g
	Weibull model
	Salmonella:
D70°C: 6.55- 16.61
D75°C: 3.09 – 8.01
D80°C: 1.21 – 4.47
E. faecium:
D70°C: 9.62 – 28.31
D75°C: 4.51 – 18.64
D80°C: 1.82 – 9.53
Z- value: 13.6 – 19.1℃
	RF heating could be used as an alternative pasteurization method for spices, and it is feasible to design RF pasteurization processes using Enterococcus faecium and the F-value.
	(Ozturk et al., 2020)



	Salmonella Typhimurium Escherichia coli O157:H7
Staphylococcus aureus
Listeria monocytogenes
	Cardamom
	X-ray
	350 Gy
	2 log CFU/g
	Weibull models
	E. coli: 
D10: 71.43 Gy
tR values:
S. Typhimurium: 53.57
L. monocytogenes: 87.74
S. aureus:  114.64 Gy
	Pathogens in dry cardamom could be effectively inactivated using a 150 KeV low-energy X-ray.

	(Zhang et al., 2021)

	Salmonella Enteritidis PT30
	Almonds
Dates
Wheat
	X-ray
	Water activity
(0.25 - 0.65)
Time
(7 - 103 weeks)
	N/R
	N/A
	D10-value = 0.378 - 2.34 kGy
	Product structure (whole, meals, powder, or paste), water activity (0.25 to 0.65 aw), and storage period (0 to 103 weeks) should all be considered when determining the efficacy of X-ray irradiation for inactivating Salmonella in various low-water-activity foods.
	(Steinbrunner et al., 2019)
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