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ABSTRACT 
 
The consumer demands for high-quality, minimally-processed products that are microbiologically safe 
have been increased. Raw skim milk or pathogenic bacteria-inoculated sterilized milk was treated with 
gaseous or liquid (subcritical) CO2at different levels and stored at 4°C for 7 days. The bacterial 
reduction performed by gaseous or liquid (subcritical) CO2, as nonthermal method, at different levels 
in raw milk was compared to those of achieved by laboratory thermal pasteurization. The counts of 
standard plate count (SPC), coliforms and psychrotrophic bacteria were determined at 1, 3, 5 and 7 days 
of storage period in raw milk treatments and pasteurized milk. The pathogenic bacterial counts were 
determined in inoculated sterilized milk during storage period. Changes in the pH values and sensorial 
properties of raw skim milk treated with different levels of gaseous or liquid CO2during storage at 4°C 
were evaluated. The results showed that the SPC reduced till the 5th day of storage period with liquid 
CO2 at different levels, while the SPC of control (without adding CO2) and gaseous CO2 treated raw 
milk treatments increased with prolonging storage period but the SPC growth rate of gaseous CO2 
treated raw milk treatments was lower than those of control allover storage period. The coliforms and 
psychrotrophic bacteria of liquid CO2– treated raw milks were lower than those of treated with gaseous 
CO2 along storage period. The liquid CO2 (28.17 mM) treated raw milk showed the absence of coliforms 
allover storage period and almost similar low counts of SPC and psychrotrophic bacteria to those of 
pasteurized milk. The counts of different studied pathogenic strains inoculated in sterilized milk 
declined with increasing liquid CO2 level and prolonging storage period. The counts of E. coli (two 
strains) lowered, while S. aureus and B. cereus slightly increased with gaseousCO2. The pH slightly 
decreased with increasing gaseous or liquid CO2levels and storage period. Off odors and coagulation 
are not recorded for liquid CO2 - raw milk treatments along storage period. Hence, the liquid CO2 
(28.17mM) can be used as effective method of storing bulk raw milk and as nonthermal method for 
milk pasteurization.  
 
Keywords: Gaseous CO2., Liquid CO2, raw milk, SPC, coliforms and psychrotrophic bacteria, milk 

pasteurization 

 
1. Introduction 

 
Raw milk serves as an excellent growth medium for microorganisms, and the numbers and types 

of organisms that can be found in milk directly affect safety and shelf life (Rajagopal et al., 2005). In 
addition to extending the shelf life of processed dairy products, there are advantages to reducing 
microbial growth rates in raw milk. The yield and quality of milk products, including cheeses, ice cream 
and yogurt mixes, cultured products, and related products, can be affected by the condition of raw milk 
(Ma et al., 2000). Thermal pasteurization is applied to produce microbiologically safe food products. 
However, heat treatment can affect the nutritional and organoleptic properties. Nowadays, consumer 
demand for high-quality, minimally-processed products that are microbiologically safe and have a long 
shelf life has led to strengthened research to non-thermal systems (e.g., irradiation, pulsed electric fields, 
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pulsed magnetic fields, high hydrostatic pressure, and high pressure CO2) (Garcia-Gonzalez et al., 
2009). Among these systems high pressure carbon dioxide (HPCD). 

CO2 is a colourless, odourless, not flammable, low cost and non- toxic gas which is naturally 
present in milk at low concentrations (˂ 5% by volume). It is generally regarded as safe (GRAS)and 
easy to remove after the treatment. It is easily soluble in water and the solubility increases under 
pressure.The HPCD system has lower impact on the nutritional and physicochemical properties of food 
compared to those of thermal processing. When added to milk and dairy products, it hasn’t effect on 
appearance and aroma at less than of 11.9 mM (Deeth and Lewis, 2017). 

Carbon dioxide (CO2) at ≤1 atmosphere (1bar, 0.1MPa) is successful antibacterial agent and can 
be used as an inhibitor for bacterial growth, particularly Gram‐negative bacteria, in raw milk and this 
lowers the risk of residual heat‐ resistant proteases and lipases being present in the final product which 
cause bitterness, gelation and rancidity (Hotchkiss et al., 2006). Control of microbial growth enhances 
the quality and safety of dairy products. Increased storage time of raw milk and prolonged shelf life of 
pasteurized milk show economic advantages of CO2 system (Ma et al., 2001). Although carbon 
dioxide’s ability to inhibit microorganisms has been known since the 1950's (Spilimbergo and Bertucco, 
2003), only within the last 30 years it has received great interest, and the scientific and economic 
attention of practical uses has increased to a very large extent. There is now considerable interest in 
CO2 application at elevated pressure (High- pressure carbon dioxide (HPCD) HPCD is a collective term 
which includes liquid (subcritical) CO2, supercritical CO2 and dense – phase CO2 (Deeth and Lewis, 
2017). In HPCD processing, foods are contacted with either sub- or supercritical CO2 for a designated 
time in a batch, semi-batch or continuous system (Garcia-Gonzalez et al., 2009).The pressures that have 
been used in HPCD treatment of milk range from 2 to 30 MPa( Liao et al., 2014). 
At and above the critical temperature of 31°C and critical pressure of 7.35MPa( critical point), CO2 
exists as a gas and liquid in equilibrium; increasing temperature or pressure above this critical point 
does not result in any further phase changes. Below the critical point and above the triple point of -
56.6°C and 0.52 MPa, CO2 exists as aliquid (Werner and Hotchkiss, 2006).  

Liquid (subcritical) and supercritical forms of CO2 have been shown to be antimicrobial , thought 
in part to be due to solubility properties of CO2 (Werner and Hotchkiss, 2006). Also, Low pressures(less 
than 0.1MPa) may limit microbial metabolism (Verseux, 2020). 

Several studies were performed to investigate the antimicrobial effect of gaseous CO2 in milk, 
however fewer investigations were carried out to study antibacterial activity of liquid (subcritical) CO2 
compared to gaseous CO2. Hence, the main goal of this work is to compare the antibacterial effect of 
gaseous and liquid (subcritical) CO2 at different levels in raw milk or pathogenic bacteria-inoculated 
sterilized milk. Also, to compare the bacterial reduction performed by gaseous or liquid (subcritical) 
CO2, as nonthermal method, at different levels in raw milk and those of achieved by laboratory thermal 
pasteurization. 
 
2. Materials and Methods 
 

Skim buffalo’s milk (0.1% fat, pH 6.63) was obtained from Faculty of Agriculture, Cairo Univ., 
Egypt. Sterilized or pasteurized milk was prepared from skim buffalo’s milk at 115 °C / 15min using 
autoclave (FSSA, 2003) and 72°C / 15 s, respectively.  

Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923 were obtained from 
American Type Culture Collection, USA. E. coli O157 was obtained from Dr. Hommer, Institute FÜR 
Hygiene, Kiel, Germany. Finally, Bacillus cereus ATCC 33018 obtained from Egyptian Microbial 
Culture Collection (EMCC) at Cairo Microbiological Resources Center (Cairo MIRCEN), Faculty of 
Agriculture, Ain Shams Univ. The pathogenic bacteria were maintained on nutrient agar slants at 4°C 
and sub-cultured at 37°C for 24 h in nutrient broth.  
 
2.1. Gaseous CO2 treatment  

Raw skim buffalo’s milk (0.1% fat, 6.60 Log CFU/ml) was aliquotted into5 treatments (50 ml 
each) in 100-mlsterile glass bottles capped with gas-tight rubber plugs. Sterilized milk (50 ml each) in 
100- ml glass bottles capped with gas-tight rubber plugs was inoculated with 106 CFU/ml of Escherichia 
coli ATCC 25922, Staphylococcus aureus ATCC 25923, E. coli O157 or Bacillus cereus ATCC 33018. 
Both of raw and inoculated sterilized milk bottles were treated with food-grade CO2 gas at Food 
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Engineering and Packaging Department, Food Technology Research Institute, Agricultural Research 
Centre, Giza, Egypt.A50-ml syringe equipped with control valve was fastened to the pointed nozzle 
connected to carbon dioxide gas cylinder (99.99% purity).The gas was drawn into syringe by opening 
of syringe valve then closed. The gas was injected at different levels {0, 7.04, 14.08, 21.13, and 28.17 
mM of CO2} by inserting the gas syringe into rubber plug of milk bottles. The gas-treated milk bottles 
were transferred under cooling using icebox to laboratory then stored for 1, 3, 5 and 7days at 4°C and 
microbiologically analysed.  

 
2.2. Liquid CO2 treatment  

Both of raw and inoculated sterilized milks (100 ml each in 250-ml Erlenmeyer flasks) were 
treated with liquid CO2 at Coca- Cola Factory, Industrial Zone, 6th zone, Nasr City, Cairo, Egypt. Liquid 
CO2 is present in double-wall cryogenic-vacuum powder adiabatic liquid tank (vertical structure) made 
of 16MnDR alloy steel inside and Q235bcarbon steel outside. The middle vacuum layer is filled with 
pearl sand. The inner tank size (Dia*L*Thickness mm), outer tank size (Dia*L* Thickness iron), outer 
size (Dia*H/L (mm) and net weight (Kg) are DN2800*9250*22/22, DN3300*10170*12/12/12, 
ɸ3324*12460 and 37170, respectively. The liquid CO2-tank temperature and pressure are -70 °C and 
25 bar (2.5 Mpa), respectively. The raw or inoculated sterilized milks were treated with liquid CO2by 
opening the tank stopcock and using snow bagat different levels (0, 7.04, 14.08, 21.13, and 28.17 mM 
of CO2).The liquid CO2 treated- milk treatments were transported under cooling using icebox to 
laboratory then stored at for 1, 3, 5 and 7days at 4°C and microbiologically analysed. Also, prepared 
pasteurized milk was microbiologically analysed as a control to compare it with gaseous or liquid-
treated raw milk treatments. 

 
2.3. Chemical Analysis  

pH value of pasteurized milk and all gaseous or liquid CO2 treated and untreated (control) –raw 
milks was measured at ambient room temperature using a pH-meter (Jenway, model 3510, UK). 

 
2.4. Microbiological analysis: 

The standard plate count (SPC) assay was applied according to Hought by et al., (1992) to 
measure of total viable microbial count in pasteurized milk and all gaseous or liquid CO2 treated and 
untreated (control) –raw milks. Coliforms count (CC) was performed according to Christen et al., 
(1992). Also, pasteurized milk and all raw milk treatments were evaluated for psychrotrophic bacteria 
count (PBC) using plate count agar at 7°C for 10 d. (APHA, 2001). Also, an inoculated pathogenic 
bacteria in gaseous or liquid CO2 treated sterilized milks were enumerated. E. coli, Staphylococcus 
aureus and Bacillus cereus were enumerated according to the Standard Methods for the Examination 
of Dairy Products (Christen et al., 1992). All bacterial enumeration were performed at 1, 3, 5and 7days 
of storage period. 

 
2.5. Sensorial properties 

Off odors and coagulation were checked for pasteurized milk and all gaseous or liquid CO2 treated 
and untreated (control) raw milks. 
 
2.6. Statistical analysis 

Statistical analysis was performed using the GLM procedure with SAS (2006) software. The 
analysis was carried out using the Duncan multiple ranges test to determine the differences between 
means of the treatments. A probability of P < 0.05 was used to establish the statistical significance. 
 
3. Results and Discussion 
 
3.1. Gaseous or liquid CO2 -raw milk treatments: 

The raw skim buffalo’s milk was treated with different levels of gaseous or liquid CO2 (0, 7.04, 
14.08, 21.13, and 28.17 mM) and stored at 4°C for 7 days. The bacterial changes of gaseous or liquid 
CO2 – treated raw milks compared to pasteurized milk during storage at 4°C are presented in Table 1. 
It could be noticed from the results that the standard plate count (SPC) reduced till the 5th day of storage 
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period with liquid CO2 at different levels, while theSPC of control (without adding CO2) and gaseous 
CO2 – treated raw milk treatments increased with prolonging storage period but the SPCgrowth rate of 
gaseous CO2 – treated raw milk treatments was lower than those of control allover storage period. The 
SPC growth rate of gaseous CO2 – treated raw milk treatments decreased with increasing gaseous CO2 

level. Martin et al. (2003) found that the gaseous CO2 is operative in slowing the growth phase of raw 
milk SPC. Furthermore, the reduction of SPC increased with increasing liquid CO2 level. The lowest 
SPC (3.32 Log cfu/ml) was observed with liquid CO2 (28.17 mM) treated raw milk at 5th day of storage 
period. The SPC of pasteurized milk was 3.20 Log cfu/ml at 1st day of storage period and slightly 
increased till the end of storage period reaching 3.79 Log cfu/ml. 

Coliforms were not detected in pasteurized milk and increased in control overall storage period. 
The coliforms were affected by the phase and level of carbon dioxide, where the coliforms of liquid 
CO2– treated raw milks were lower than those of treated with gaseous CO2 along storage period. There 
was a positive correlation between CO2 level and reduction rate of coliforms. Also, coliforms were not 
detected in liquid CO2 ((28.17 mM) treated raw milk along of storage period.  

Psychrotrophic bacteria of pasteurized milk were low (1.40 Log cfu/ml at 1stday of storage period) 
and increased by progressing of storage period reaching 1.78Log cfu/ml at 7th day of storage period. 
The control had the highest counts of psychrotrophic bacteria which increased with increasing storage 
period. Also, psychrotrophic bacteria decreased with increasing gaseousor liquid CO2level and storage 
period till 5th day. A significant decrease was observed in psychrotrophic bacteria of liquid CO2 treated 
raw milks compared to those of treated with gaseous CO2. Hence, the liquid CO2 ((28.17 mM) treated 
raw milkshowed the absence of coliforms allover storage period and almost similar low counts of SPC 
and psychrotrophic bacteria to those of pasteurized milk. The CO2 solubility is significantly higher in 
cold aqueous phase. Consequently, the impact of CO2 will be greater in refrigerated raw milk 
(Genigeorgis, 1985).  
 
Table 1: Bacterial changes (LogCFU/ml) of gaseous or liquid CO2 – treated raw milks during storage 

period.  

Bacterial 
group 

Storage 
period 
(day) 

Ps. 
milk 

Control 

Gaseous CO2  levels 
(mM) 

Liquid Co2 levels 
(mM) 

07.04 14.08 21.13 28.17 07.04 14.08 21.13 28.17 

Standard plate 
count 

1 3.20j 6.85a 6.70b 6.67c 6.65dc 6.62e 5.11f 4.88g 4.67h 4.12i 

3 3.42j 7.00a 6.75b 6.69c 6.67d 6.64g 4.83f 4.25g 3.81h 3.60i 

5 3.66h 7.32a 6.79b 6.73c 6.70d 6.68e 4.65f 4.11g 3.62i 3.32j 

7 3.79h 7.61a 6.88b 6.80c 6.76d 6.73e 4.74f 4.23g 3.78ih 3.47j 

Coliforms 

1 ND 3.54a 2.49b 2.41cb 2.23e 2.01g 2.32d 2.21fe 1.94hg ND 

3 ND 3.59a 2.23b 2.10c 1.86fe 1.43hg 2.02d 1.89e 1.45g ND 

5 ND 3.72a 1.86b 1.56ed 1.34f 1.13h 1.79c 1.60d 1.28g ND 

7 ND 3.80a 2.00b 1.61e 1.52f 1.23h 1.86c 1.73d 1.33g ND 

Psychrotrophic 
bacteria 

1 1.40j 3.81a 2.67b 2.46d 2.31e 2.14g 2.53c 2.27fe 2.10hg 2.00i 

3 1.53j 3.98a 2.53b 2.33d 2.24e 2.06gf 2.40c 2.08f 1.97h 1.86i 

5 1.70i 4.12a 2.47b 2.27dc 2.17e 1.94f 2.28c 1.88gf 1.79h 1.61j 

7 1.78i 4.23a 2.57b 2.36c 2.27e 2.10f 2.35dc 1.98g 1.86h 1.68j 

Ps.: Pasteurized milk  Control: Raw milk without adding CO2 
Mean values bearing different superscripts within rows are significantly different at (P < 0.05)  

 
The results are in agreement with those recorded by Calvo and Balcones (2001) who found that 

microbial reductions achieved in milk with CO2 pressurized to up to 3 MPa (subcritical) were 
significant. The addition of CO2 to raw milk and dairy products controls the growth of psychrotrophic 
bacteria at refrigeration temperatures (Ma et al., 2001).Compared with control milk, the standard plate 
count (SPC) of milk containing 20 to 30 mM CO2 was 3 log cfu/mL lower after 4 days of storage at 7 
°C (Mabbitt, 1982). Espie and Madden (1997) studied the effects of 30 and 45 mM CO2 on the 
indigenous microbial populations in raw milk stored at 6 °C for up to 7 days and found that the SPC, 
coliforms, psychrotrophic bacteria inhibited with the addition of CO2. Also, several studies reported 
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that the shelf life of raw milk was extended by the addition of CO2 to milk, which was 4days at 4°C 
(Rajagopal et al., 2005) and 4 days at 2-10°C (Hotchkiss et al., 2006). 
 
3.2. Effect of gaseous or liquid CO2 on some pathogenic bacteria 

Tables (2-4) show the effect of gaseous or liquid CO2 levels on studied pathogenic bacterial count 
(Log CFU/ml) in inoculated sterilized milk during storage period at 4°C. It could be observed that the 
bacterial counts in control of each studied pathogenic bacteria increased with progressing storage 
period. The counts of different studied pathogenic strains inoculated in sterilized milk declined with 
increasing liquid CO2 level and prolonging storage period.  
 
Table 2: Effect of gaseous or liquid CO2levels on E.coli count (Log CFU/ml) in inoculated sterilized 

milk during storage period 

(Log CFU) 
Storage 
period 
(day) 

Control 
Gaseous CO2 levels (mM) Liquid CO2 levels (mM) 

07.04 14.08 21.13 28.17 07.04 14.08 21.13 28.17 

E. coli ATCC 
25922 

1 6.28a 4.36b 4.10c 3.92d 3.78e 3.13f 2.92g 2.89hg 2.71i 

3 6.89a 4.08b 3.88c 3.79d 3.60f 3.03g 2.76ed 2.54h 2.15i 

5 7.21a 3.92b 3.75c 3.66d 3.53e 2.87f 2.61g 2.39h ND 

7 7.62a 3.68b 3.70c 3.47d 3.30e 2.63f 2.40g ND ND 

E. coli O157 

1 6.31a 5.30b 5.18c 5.00d 4.89e 3.69f 3.44g 3.29h 3.04i 

3 6.77a 5.11b 4.98c 4.82d 4.69e 3.42f 3.28g 3.00h 2.84i 

5 7.19a 4.91b 4.76c 4.58d 4.43e 3.18f 3.02g 2.82h 2.73i 

7 7.59a 4.68b 4.55c 4.40d 4.17e 3.00f 2.87g 2.54h 1.11i 

Control: E. coli- inoculated sterilized milk without adding CO2 
Mean values bearing different superscripts within rows are significantly different at (P < 0.05) 

 
Table 3: Effect of gaseous or liquid CO2 levels on S. aureus count (Log CFU/ml) in inoculated sterilized 

milk during storage period 

Storage period 
(day) 

Control 
Gaseous CO2 levels(mM) Liquid CO2 levels (mM) 

07.04 14.08 21.13 28.17 07.04 14.08 21.13 28.17 

1 6.32a 6.22b 6.19c 6.15d 6.11e 4.22f 3.96g 3.73h 3.50i 

3 6.59a 6.25b 6.23c 6.21d 6.15e 4.00f 3.74g 3.41h 3.26i 

5 6.81a 6.28b 6.25c 6.24d 6.18e 2.88f 2.23g 1.90h ND 

7 7.12a 6.35b 6.29c 6.26d 6.22e 2.27f 1.89g ND ND 

Control: S. aureus- inoculated sterilized milk without adding CO2 
Mean values bearing different superscripts within rows are significantly different at (P < 0.05) 

 
Table 4: Effect of gaseous or liquid CO2 levels on B. cereus count (Log CFU/ml) in inoculated sterilized 

milk during storage period 

Storage period 
(day) 

Control 
Gaseous CO2 levels(mM) Liquid CO2 levels (mM) 

07.04 14.08 21.13 28.17 07.04 14.08 21.13 28.17 

1 6.35a 6.26b 6.21c 6.17d 6.14e 5.22f 4.82g 4.47h 4.24i 

3 6.67a 6.29b 6.24c 6.20d 6.17e 4.88f 4.61g 4.20h 3.95i 

5 6.98a 6.38b 6.30c 6.25d 6.21e 4.65f 4.34g 3.97h 3.73i 

7 7.24a 6.51b 6.42c 6.34d 6.28e 4.37f 4.17g 3.84h 3.46i 

Control: B. cereus - inoculated sterilized milk without adding CO2 
Mean values bearing different superscripts within rows are significantly different at (P < 0.05). 

 
The counts of E. coli (two strains) lowered, while S. aureus and B. cereus slightly increased with 
gaseousCO2. The growth rate of S. aureus and B. cereus was lower than those of control with gaseous 
CO2. Also, the E. coli ATCC 25922 was more sensitive to the treatment with gaseous or liquid CO2 

than E. coli O157 and not detected at 5th and 7th day of storage period (Table 2).The results are in an 
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agreement with Erkmen (2001) who found that the high-pressure carbon dioxide (100, 75, 50 and 25 
bar) has a bactericidal effect against E. coli. The CO2 at high pressure induces more cellular penetration 
of CO2 (Ballestra et al., 1996). Also, S. aureus ATCC 25923was not detected at 5th and 7th day in 
treatment with 28.17mM and at 7th day with 21.13mM liquid CO2 ( Table 3). Finally, B. cereus ATCC 
33018 showed more resistance to liquid CO2 compared to other studied pathogenic bacteria (Table 4). 
Werner and Hotchkiss (2002) investigated the effect of added CO2 on B. cereus and Clostridium 
botulinum growth inoculated into sterile homogenized whole milk and stored at 6.1 °C for 35 days and 
found that the CO2 at levels of <20 mM inhibits the growth of selected spoilage organisms and extends 
refrigerated shelf life. Martin et al. (2003) examined the effects of 0.6 to 61.4 mM CO2 on bacterial 
growth in both raw and inoculated sterile milks during storage at 15 °C and found that these 
concentrations significantly inhibited the growth of raw milk bacteria. For each specific microorganism 
studied (Pseudomonas fluorescens, E. faecalis, B. cereus, Listeria monocytogenes and E. coli), CO2 

showed a greater effect toward gram negative than toward gram positive bacteria. For B. cereus, slight 
decreases in growth rate and no change in lag time were noted with increasing CO2 concentration. 
Furukawa et al., (2009) reported that HPCD at 10MPa caused a reduction of ~6 log of strains of the 
pathogens Ps. aeruginosa, E.coli O157 (two strains) and S. aureus. However, Noriega et al., (2003) 
reported that the counts of B. cereus progressively decreased and not detected beyond the 14th day in 
carbonated heat-treated skim milk through the refrigerated storage, whereas it still remained viable until 
the end of storage (35 days) in non-carbonated milk. 
 
3.3. Changes in the pH values: 

Changes in pH values of raw skim milk treated with different levels of gaseous or liquid 
CO2during storage at 4°C are showed in Table 5. It could be seen from the data that the pH slightly 
decreased with increasing gaseous or liquid CO2 levels and storage period. The reduction of control pH 
was greater than those of gaseous CO2 treated raw milks from 3rd day of storage period and 5th day for 
liquidCO2. Also, raw milks treated with liquid CO2 showed lower pH compared to those of treated with 
gaseous CO2 during storage period. Ma and Barbano (2003) found that increasing CO2 concentration 
and pressure decreased the pH of skim milk. The pH values of milk treated with 0 to 54 mM CO2 during 
pasteurization was found to decrease in response to increases in pressure and in CO2 (Hotchkiss et al., 
2006). 
 
Table 5: Changes in the pH values of gaseous or liquid CO2– treated raw milks during storage period 

Storage period 
(day) 

Pasteurized 
milk 

Control 
Gaseous CO2 levels(mM) Liquid Co2 levels (mM) 

07.04 14.08 21.13 28.17 07.04 14.08 21.13 28.17 

1 6.62a 6.61b 6.60c 6.58e 6.56f 6.55g 6.59d 6.55g 6.53h 6.51i 

3 6.58a 6.50g 6.58a 6.55c 6.53d 6.51f 6.57b 6.53d 6.52e 6.47h 

5 6.53c 6.41h 6.56a 6.53c 6.50d 6.49e 6.54b 6.50d 6.47f 6.45g 

7 6.50c 6.12i 6.52a 6.51b 6.49d 6.46f 6.51b 6.47e 6.44g 6.41h 

Control: Raw milk without adding CO2 

 
Mean values bearing different superscripts within rows are significantly different at (P < 0.05) 

However, a reduction in the pH is not sufficient for the antimicrobial action of CO2, since it shows a 
specific inhibitory effect which is greater than that of the other acids used to lower medium acidity 
(hydrochloric acid, phosphoric acid, etc. These acids do not penetrate the microbial cells as easily as 
carbon dioxide (Debs-Louka et al., 1999).Under pressure, it is possible that a large number of CO2 
molecules pass through the cell membrane and then lower the internal pH leading to a collapse the pH 
gradient across the membrane. ( Hong et al., 1997 and Lin et al., 1994 ).Although many different 
theories have been put forward to explain the bactericidal action of pressurized CO2, the exact 
inactivation mechanism(s) still remain(s)to be unraveled. The different steps in the (still 
hypothetical)inactivation mechanism, however, can be summarized as follows : (1) solubilization of 
pressurized CO2 in the external liquid phase decreasing the extracellular pH ( pHex), (2) cell membrane 
modification due to diffusion of CO2 into the cellular membrane, (3) cellular penetration of CO2 
decreasing the intracellular pH( pHin), (4) key enzyme inactivation/cellular metabolism inhibition due 
to pHin lowering, (5) direct ( inhibitory) effect of molecular CO2 and HCO3

- on cell metabolism , 
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(6)precipitation of CO3
2− with inorganic electrolytes and Ca2+ binding proteins disordering the 

intracellular electrolyte balance, and (7) removal of vital constituents from cells and cell membranes 
(Werner and Hotchkiss 2006;Spilimbergo and Bertucco, 2003; Damar and Balaban, 2006 ; Garcia-
Gonzalez et al., 2007). Also, Hotchkiss et al., 2006 reported the lipophilic nature of CO2 allows it to 
pass through membranes and concentrate inside the cell and the intracellular CO2 could stimulate “futile 
cycles”; carboxylation and decarboxylation reactions, which are common to all cells, could be 
stimulated without beneficial outcomes, resulting in a net energy expenditure and loss of ATP. Lastly, 
CO2 may interfere directly with required enzymatic processes within cells, including gene expression. 
 
3.4. Sensory evaluation 

Off odors and coagulation were checked for pasteurized milk and all gaseous or liquid CO2 treated 
and untreated (control) raw milks during storage period. The slightly off odors were recorded for control 
and gaseous CO2 (07.04 mM) – treated raw milk sat 7th day of storage period. Neither gaseous or liquid 
CO2 raw milk treatments nor control or pasteurized milk showed coagulation. Similar observations were 
found by Ruas Madiedo et al. (1996) who reported that the sensory properties of CO2‐treated raw milk 
are not significantly different after 4 days of storage. Reductions in total microbial populations as well 
as reductions in coliforms and psychrotrophic populations would result in improved quality of the raw 
milk. Ruas Madiedo et al., (1996) found that lower levels of volatile compounds (ethanol, 2-propanone, 
and 2-butanone, which are microbial metabolites) were produced in carbonated milk during storage and 
that higher sensory scores were achieved than in untreated milks. In a later study, Ma et al., (2003) 
showed that raw milk stored under 34 mM CO2 at 4 °C resulted in reduced growth of milk bacteria and 
subsequent reduced overall proteolysis. CO2 has been used effectively in extending the shelf life of 
cold– stored dairy products (Werner and Hotchkiss, 2002).  
 

4. Conclusion 
From the aforementioned results, it can be conclude that the liquid CO2was operative against raw 

milk bacteria and studied pathogens compared to gaseous CO2. .The liquid CO2 (28.17 mM) treated raw 
milk showed the absence of coliforms allover storage period and almost similar low counts of SPC and 
psychrotrophic bacteria to those of pasteurized milk. Hence, Liquid CO2 (28.17mM) can be used as 
effective method of storing bulk raw milk and as nonthermal method for milk pasteurization.  
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	ABSTRACT

	The consumer demands for high-quality, minimally-processed products that are microbiologically safe have been increased. Raw skim milk or pathogenic bacteria-inoculated sterilized milk was treated with gaseous or liquid (subcritical) CO2at different levels and stored at 4°C for 7 days. The bacterial reduction performed by gaseous or liquid (subcritical) CO2, as nonthermal method, at different levels in raw milk was compared to those of achieved by laboratory thermal pasteurization. The counts of standard plate count (SPC), coliforms and psychrotrophic bacteria were determined at 1, 3, 5 and 7 days of storage period in raw milk treatments and pasteurized milk. The pathogenic bacterial counts were determined in inoculated sterilized milk during storage period. Changes in the pH values and sensorial properties of raw skim milk treated with different levels of gaseous or liquid CO2during storage at 4°C were evaluated. The results showed that the SPC reduced till the 5th day of storage period with liquid CO2 at different levels, while the SPC of control (without adding CO2) and gaseous CO2 treated raw milk treatments increased with prolonging storage period but the SPC growth rate of gaseous CO2 treated raw milk treatments was lower than those of control allover storage period. The coliforms and psychrotrophic bacteria of liquid CO2– treated raw milks were lower than those of treated with gaseous CO2 along storage period. The liquid CO2 (28.17 mM) treated raw milk showed the absence of coliforms allover storage period and almost similar low counts of SPC and psychrotrophic bacteria to those of pasteurized milk. The counts of different studied pathogenic strains inoculated in sterilized milk declined with increasing liquid CO2 level and prolonging storage period. The counts of E. coli (two strains) lowered, while S. aureus and B. cereus slightly increased with gaseousCO2. The pH slightly decreased with increasing gaseous or liquid CO2levels and storage period. Off odors and coagulation are not recorded for liquid CO2 - raw milk treatments along storage period. Hence, the liquid CO2 (28.17mM) can be used as effective method of storing bulk raw milk and as nonthermal method for milk pasteurization. 
	2. Materials and Methods
	2.3. Chemical Analysis 
	2.4. Microbiological analysis:
	2.5. Sensorial properties
	3. Results and Discussion
	3.1. Gaseous or liquid CO2 -raw milk treatments:
	The raw skim buffalo’s milk was treated with different levels of gaseous or liquid CO2 (0, 7.04, 14.08, 21.13, and 28.17 mM) and stored at 4°C for 7 days. The bacterial changes of gaseous or liquid CO2 – treated raw milks compared to pasteurized milk during storage at 4°C are presented in Table 1. It could be noticed from the results that the standard plate count (SPC) reduced till the 5th day of storage period with liquid CO2 at different levels, while theSPC of control (without adding CO2) and gaseous CO2 – treated raw milk treatments increased with prolonging storage period but the SPCgrowth rate of gaseous CO2 – treated raw milk treatments was lower than those of control allover storage period. The SPC growth rate of gaseous CO2 – treated raw milk treatments decreased with increasing gaseous CO2 level. Martin et al. (2003) found that the gaseous CO2 is operative in slowing the growth phase of raw milk SPC. Furthermore, the reduction of SPC increased with increasing liquid CO2 level. The lowest SPC (3.32 Log cfu/ml) was observed with liquid CO2 (28.17 mM) treated raw milk at 5th day of storage period. The SPC of pasteurized milk was 3.20 Log cfu/ml at 1st day of storage period and slightly increased till the end of storage period reaching 3.79 Log cfu/ml.
	Coliforms were not detected in pasteurized milk and increased in control overall storage period. The coliforms were affected by the phase and level of carbon dioxide, where the coliforms of liquid CO2– treated raw milks were lower than those of treated with gaseous CO2 along storage period. There was a positive correlation between CO2 level and reduction rate of coliforms. Also, coliforms were not detected in liquid CO2 ((28.17 mM) treated raw milk along of storage period. 
	Psychrotrophic bacteria of pasteurized milk were low (1.40 Log cfu/ml at 1stday of storage period) and increased by progressing of storage period reaching 1.78Log cfu/ml at 7th day of storage period. The control had the highest counts of psychrotrophic bacteria which increased with increasing storage period. Also, psychrotrophic bacteria decreased with increasing gaseousor liquid CO2level and storage period till 5th day. A significant decrease was observed in psychrotrophic bacteria of liquid CO2 treated raw milks compared to those of treated with gaseous CO2. Hence, the liquid CO2 ((28.17 mM) treated raw milkshowed the absence of coliforms allover storage period and almost similar low counts of SPC and psychrotrophic bacteria to those of pasteurized milk. The CO2 solubility is significantly higher in cold aqueous phase. Consequently, the impact of CO2 will be greater in refrigerated raw milk (Genigeorgis, 1985). 
	Table 1: Bacterial changes (LogCFU/ml) of gaseous or liquid CO2 – treated raw milks during storage period. 
	Ps.: Pasteurized milk  Control: Raw milk without adding CO2
	Mean values bearing different superscripts within rows are significantly different at (P < 0.05) 
	3.2. Effect of gaseous or liquid CO2 on some pathogenic bacteria
	Control: E. coli- inoculated sterilized milk without adding CO2
	Mean values bearing different superscripts within rows are significantly different at (P < 0.05)
	Table 3: Effect of gaseous or liquid CO2 levels on S. aureus count (Log CFU/ml) in inoculated sterilized milk during storage period
	Control: S. aureus- inoculated sterilized milk without adding CO2
	Mean values bearing different superscripts within rows are significantly different at (P < 0.05)
	Table 4: Effect of gaseous or liquid CO2 levels on B. cereus count (Log CFU/ml) in inoculated sterilized milk during storage period
	Control: B. cereus - inoculated sterilized milk without adding CO2
	Mean values bearing different superscripts within rows are significantly different at (P < 0.05).
	The counts of E. coli (two strains) lowered, while S. aureus and B. cereus slightly increased with gaseousCO2. The growth rate of S. aureus and B. cereus was lower than those of control with gaseous CO2. Also, the E. coli ATCC 25922 was more sensitive to the treatment with gaseous or liquid CO2 than E. coli O157 and not detected at 5th and 7th day of storage period (Table 2).The results are in an agreement with Erkmen (2001) who found that the high-pressure carbon dioxide (100, 75, 50 and 25 bar) has a bactericidal effect against E. coli. The CO2 at high pressure induces more cellular penetration of CO2 (Ballestra et al., 1996). Also, S. aureus ATCC 25923was not detected at 5th and 7th day in treatment with 28.17mM and at 7th day with 21.13mM liquid CO2 ( Table 3). Finally, B. cereus ATCC 33018 showed more resistance to liquid CO2 compared to other studied pathogenic bacteria (Table 4). Werner and Hotchkiss (2002) investigated the effect of added CO2 on B. cereus and Clostridium botulinum growth inoculated into sterile homogenized whole milk and stored at 6.1 °C for 35 days and found that the CO2 at levels of <20 mM inhibits the growth of selected spoilage organisms and extends refrigerated shelf life. Martin et al. (2003) examined the effects of 0.6 to 61.4 mM CO2 on bacterial growth in both raw and inoculated sterile milks during storage at 15 °C and found that these concentrations significantly inhibited the growth of raw milk bacteria. For each specific microorganism studied (Pseudomonas fluorescens, E. faecalis, B. cereus, Listeria monocytogenes and E. coli), CO2 showed a greater effect toward gram negative than toward gram positive bacteria. For B. cereus, slight decreases in growth rate and no change in lag time were noted with increasing CO2 concentration. Furukawa et al., (2009) reported that HPCD at 10MPa caused a reduction of ~6 log of strains of the pathogens Ps. aeruginosa, E.coli O157 (two strains) and S. aureus. However, Noriega et al., (2003) reported that the counts of B. cereus progressively decreased and not detected beyond the 14th day in carbonated heat-treated skim milk through the refrigerated storage, whereas it still remained viable until the end of storage (35 days) in non-carbonated milk.
	3.3. Changes in the pH values:
	Changes in pH values of raw skim milk treated with different levels of gaseous or liquid CO2during storage at 4°C are showed in Table 5. It could be seen from the data that the pH slightly decreased with increasing gaseous or liquid CO2 levels and storage period. The reduction of control pH was greater than those of gaseous CO2 treated raw milks from 3rd day of storage period and 5th day for liquidCO2. Also, raw milks treated with liquid CO2 showed lower pH compared to those of treated with gaseous CO2 during storage period. Ma and Barbano (2003) found that increasing CO2 concentration and pressure decreased the pH of skim milk. The pH values of milk treated with 0 to 54 mM CO2 during pasteurization was found to decrease in response to increases in pressure and in CO2 (Hotchkiss et al., 2006).
	Table 5: Changes in the pH values of gaseous or liquid CO2– treated raw milks during storage period
	Control: Raw milk without adding CO2
	Mean values bearing different superscripts within rows are significantly different at (P < 0.05)
	However, a reduction in the pH is not sufficient for the antimicrobial action of CO2, since it shows a specific inhibitory effect which is greater than that of the other acids used to lower medium acidity (hydrochloric acid, phosphoric acid, etc. These acids do not penetrate the microbial cells as easily as carbon dioxide (Debs-Louka et al., 1999).Under pressure, it is possible that a large number of CO2 molecules pass through the cell membrane and then lower the internal pH leading to a collapse the pH gradient across the membrane. ( Hong et al., 1997 and Lin et al., 1994 ).Although many different theories have been put forward to explain the bactericidal action of pressurized CO2, the exact inactivation mechanism(s) still remain(s)to be unraveled. The different steps in the (still hypothetical)inactivation mechanism, however, can be summarized as follows : (1) solubilization of pressurized CO2 in the external liquid phase decreasing the extracellular pH ( pHex), (2) cell membrane modification due to diffusion of CO2 into the cellular membrane, (3) cellular penetration of CO2 decreasing the intracellular pH( pHin), (4) key enzyme inactivation/cellular metabolism inhibition due to pHin lowering, (5) direct ( inhibitory) effect of molecular CO2 and HCO3- on cell metabolism , (6)precipitation of CO32− with inorganic electrolytes and Ca2+ binding proteins disordering the intracellular electrolyte balance, and (7) removal of vital constituents from cells and cell membranes (Werner and Hotchkiss 2006;Spilimbergo and Bertucco, 2003; Damar and Balaban, 2006 ; Garcia-Gonzalez et al., 2007). Also, Hotchkiss et al., 2006 reported the lipophilic nature of CO2 allows it to pass through membranes and concentrate inside the cell and the intracellular CO2 could stimulate “futile cycles”; carboxylation and decarboxylation reactions, which are common to all cells, could be stimulated without beneficial outcomes, resulting in a net energy expenditure and loss of ATP. Lastly, CO2 may interfere directly with required enzymatic processes within cells, including gene expression.
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