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Abstract A novel UV apparatus based on Dean vortex

technology is designed for inactivating bacteria in milk. In

this apparatus, the milk flows through a helical quartz tube

coiling around an electrodeless UV lamp (EUL) with a

radio frequency of 2.65 MHz. Flow rate, inner diameter of

quartz tube, different UV sources, and different types of

bacteria have been found as the key factors for the valuable

effects on bacterial inactivation. The EUL apparatus

worked more efficiently in the UV inactivation of the

predetermined populations of milk-related bacteria than the

conventional low-pressure high-intensity mercury lamp.

When the UV dose of 21.3 mJ/cm2 was applied, the

numbers of all the bacteria were reduced by more than 6

log10 with a flow rate of 28.8 L/h and a tube’s inner

diameter of 1.5 mm. Dean vortices were formed in the milk

flow during the UV processing and played an important

role in the UV inactivation of the bacteria. Another inac-

tivation test with the apparatus applying the UV dose of

21.3 mJ/cm2 was also done with raw cow’s milk contain-

ing indigenous microorganisms, including Salmonella and

Shigella spp., Listeria monocytogenes, Staphylococcus

spp., Enterobacteriaceae, lactic acid bacteria, pseudomo-

nads, and the total aerobic bacteria were reduced by

approximately 3–4 log10. In short, the EUL apparatus

requires smaller energy, occupies less space, and has

simpler operating procedures than thermal pasteurization.

Thus, the novel method provides a viable alternative to

thermal pasteurization of milk for improving the microbial

safety of milk and extending its shelf life.

Keywords Milk pasteurization � UV irradiation �
Pathogen � Electrodeless UV lamp � Dean vortex

Introduction

Non-thermal processing technologies applied to food

preservation have attracted increasing research interest in

the past two decades as they provide a valid alternative to

conventional thermal processing and produce safe but

minimally processed food with a minimum of product

changes (taste, ingredients, etc.) [1]. In the case of milk and

dairy products, the antimicrobial effect of novel technolo-

gies, such as high-pressure treatment [2–4] and pulsed

electric fields [5, 6], have been demonstrated. Another

approach with considerable antimicrobial potential

involves the use of UV radiation. It can be applied for

disinfection of water, surfaces of fresh fruits or lettuce

surfaces [7, 8], and liquids such as fruit juices, apple cider,

sugar syrup, or milk [9–13].

Although UV-C light (200–280 nm) can inactivate all

bacteria in milk, the efficiency of the process is rather low

using traditional UV disinfection apparatus. The reason is

that UV-C light only penetrates a much shorter depth

below the surface of milk than pure water [14]. Due to

the high percentage of suspended solids, i.e., protein and

fat, in milk, the depth of penetration in milk is relatively

small (absorption of 99% within one millimeter). There-

fore, to minimize absorption, a special conduction of the

liquid flow is being used in most applications. Some

applications working with thin films [10] or capillaries

[15, 16] were demonstrated to be effective for the inac-

tivation of inoculated microorganisms into milk sub-

strates. The microorganisms studied in milk include

Listeria monocytogenes [10], Staphylococcus aureus [16],

G. Lu � C. Li (&) � P. Liu

Environmental Science & Engineering Research Center,

Shenzhen Graduate School, Harbin Institute of Technology,

Shenzhen 518055, China

e-mail: lichaolinhit@gmail.com

123

Eur Food Res Technol (2011) 233:79–87

DOI 10.1007/s00217-011-1498-5



Mycobacteium avium subsp. Paratuberculosis [15], and

others.

A novel apparatus is designed with a helical quartz cap-

illary coiling around a high-intensity electrodeless UV lamp.

The capillary can help the liquid flow to form secondary

vortices, known as ‘‘Dean vortices’’, and thus enhance the

radial mixture of the fluid in a laminar flow field [17].

Therefore, even in milk with low UV penetration depths, all

fluid elements can be treated. The previous studies published

with regard to UV treatment of milk focused on only several

individual bacterial species inoculated in milk. The main

objective of this study was to investigate the inactivation of

more kinds of most often found pathogenic and spoilage

microorganisms inoculated in ultra-high temperature (UHT)

milk and even the inactivation of the indigenous microor-

ganisms in raw cow’s milk using this novel UV apparatus.

The typical pathogenic microorganisms inoculated in milk

were different strains of the following bacteria: Listeria

monocytogenes, Escherichia coli, Staphylococcus aureus,

Salmomella enteria, Shigella flexneri, and Mycobacterium

tuberculosis, while the typical spoilage microorganisms

inoculated in milk were different strains of Pseudomonas

aeruginosa and Lactococcus lactis.

Materials and methods

UV apparatus

As shown in Fig. 1, the essential part of the lab-scale UV

apparatus is a helical quartz tube coiling around an 80 W

low-pressure electrodeless UV lamp. The electrodeless UV

lamp is started by delivering radio frequency (RF) power of

2.65 MHz from the RF generator (Fig. 2a) into the

induction coil (D) in the lamp. The electric current passing

through the induction coil generates a magnetic field. Then,

the mercury–argon gas (C) inside the quartz bulb (B) is

excited and ionized in the magnetic field. Therefore, the

gas discharge occurs and a large amount of UV light

at 253.7 nm is emitted, which is similar to conventional

low-pressure mercury lamps. A cooling fin (E) and an air

chiller (F) are used to cool the UV lamp [18].

As shown in Fig. 1, the milk is pumped from a container

using a small peristaltic pump (6–600 rpm, Cole Parmer

Inc.). The milk passes through the helical quartz tube

twisting around the UV lamp in a spiral motion with a

laminar flow rate. The flow rate of the milk is controlled

with a speed controller made by the same pump company.

Milk products and preparation

Full cream UHT cow’s milk (Mengniu Dairy Ltd., Nei-

menggu, China) was purchased from a local supper market

and was used as a sterile medium for microbiological

investigations. Full cream raw cow’s milk was obtained

from Guangming dairy farm at Shenzhen, China, as the

source of indigenous milk microorganisms.

Bacterial preparation and counting methods

Listeria monocytogenes (ATCC 7644, ATCC 19114,

ATCC 19111, ATCC 15313), Mycobacterium tuberculosis

(ATCC 25177, ATCC 27294), Escherichia coli (ATCC

25922, ATCC 15597, ATCC 11229), Staphylococcus

aureus (ATCC 25923, ATCC 6538, ATCC 49444),

UV-treated milk  Feeding milk Pump

Stirrer

Speed 
controller

Air 
chiller

Outlet

Helical  
tube

Inlet

   UV lamp On-line thermocouple

  High-efficiency 
  heat exchanger

Fig. 1 Process flow diagram of

the ultraviolet apparatus

Fig. 2 Electrodeless UV mercury lamp (A radio-frequency generator,

B quartz bulb, C mercury–argon gas, D induction coil, E cooling fin,

F air chiller)
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Salmonella Typhimurium (ATCC 14028, ATCC 6539,

ATCC 19585), Shigella flexneri (ATCC 12022, ATCC

29903, ATCC 9199), Pseudomonas aeruginosa (ATCC

27853, ATCC 10145, ATCC 9027), and Lactococcus lactis

(ATCC 19435, ATCC 7962, ATCC 29146) were obtained

from the American Type Culture Collection, Manassas,

VA, USA. All the strains were isolated from different

representative sources. The strains were inoculated into

tryptone soya broth (pH 7.0 ± 0.2) supplemented with

0.6% yeast extract (TSYEB) at 30 �C under aerobic con-

ditions and shaking at 200 rpm for 24 h except the L. lactis

strains were grown in de Man, Rogosa and Sharpe (MRS)

broth under anaerobic and stationary conditions for 24 h.

The M. tuberculosis strains were grown at 35 �C for

14 days in Middlebrook and Cohn 7H-9 liquid medium

(Difco Micro. Inc.) containing 0.05% Tween 80. All cul-

tures were subcultured twice, and then, the cells were taken

in stationary growth phase. Then, the cells were centri-

fuged at 7,500 g for 10 min, washed three times with a

sterilized phosphate buffer solution (pH 7.6) and finally

added to the UHT milk to achieve the required final con-

centration (106–107 CFU/mL). For enumeration of the

bacteria before and after UV treatment, the milk samples

were immediately plated out on tryptone soya agar (pH

7.0 ± 0.2) supplemented with 0.6% yeast extract (TSYEA)

and incubated at 37 �C for 24 h, except the milk samples

containing L. lactis were immediately plated out on MRS

agar and incubated at 37 �C for 48 h, and the milk samples

containing M. tuberculosis were immediately plated out on

Middlebrook 7H-10 agar and incubated at 35 �C for the

appropriate length of time [19, 20].

The indigenous microorganisms [up to 104 colony

forming units (CFU) per mL] in two samples of raw milk

were, respectively, grown by incubation at 37 �C for 24 h

and at 4 �C for 24 h and then were mixed for producing a

diversified microbial population of up to 109 CFU per mL.

Subsequently, this milk was filtered through a 50-lm mesh

and used as inoculum. Subsamples of this milk were

applied to inoculate UHT milk in a 1:50 ratio. The UHT

milk inoculated with incubated raw milk was used for the

inactivation experiments.

Comprehensive microbiological analyses of the raw

milk samples were accomplished using spread plate

method with the following agar types: Total bacterial

counts on plate count agar (PCA) as described by Mol [21];

Lactic acid bacteria on De Man, Rogosa, and Sharpe agar

(CM0361, Oxoid Ltd, Basingstoke, Hampshire, UK) [22];

Pseudomonads on Ps. selective agar (CM0559 and

SR0103, Oxoid Ltd) [23, 24]; Salmonella and Shigella

counts on Salmonella–Shigella (SS) agar (Difco) [25];

Staphylococcus counts on Baird Parker agar (CM0275 and

SR54, Oxoid Ltd) [26]; L. monocytogenes on Listeria

selective agar (LSA, CM0856 and SR0140, Oxoid Ltd.)

[10]; Enterobacteriaceae on Violet Red Bile Dextrose agar

(VRBD) (Huankai, Guangdong, China) [27].

UV inactivation experiments

The electrodeless UV lamp is kept on for 10 min for pre-

heating before the milk processing, while the air chiller is

started. Flow rate and inner diameter of the quartz tube

were optimized in the UV processing to achieve the max-

imum microbial reduction. The effect of milk flow rate on

UV inactivation of bacteria was examined by cycling the

milk for 1, 2, 3, 4 times at a flow rate of 6.8 L/h, and for 3,

6, 9, 12 times at 17.3 L/h, and for 5, 10, 15, 20 times at

28.8 L/h. Also, tube’s inner diameters of 1.5, 2.0, and

3.0 mm were examined. Their respective tube cross-sec-

tional areas were 1.8, 3.1, and 7.1 mm2, and their related

volumes were 6.8, 8.9, and 13.3 mL. The Dean number

was calculated using the following equation: De ¼

qvD
.

l �
ffiffiffiffiffiffiffiffiffiffiffiffi
D=2R

p
; where q is the density of the milk fluid

(kg/m3), v is the average velocity of milk flow (m/s), D is

the diameter of the tubing (m), l is the viscosity of the fluid

(N s/m2), and R is the radius of curvature of the path of the

helical tube (m) [28]. The values used to calculate Dean

numbers for each operating mode were as follows:

q = 1,029 kg/m3; v is shown in Table 1; D = 0.0015,

0.002 or 0.003 m for different tube diameters;

l = 0.002725 Ns/m2; R = 0.025 m. The calculated Dean

numbers are also shown in Table 1. In the optimization

experiments, the milk was inoculated with pure cultures of

E. coli (a mixture of three strains) and well mixed by a stir

plate (Model 310T, Fisher Scientific). A better microbial

reduction in milk would be obtained by multiple passes

through the apparatus; therefore, the apparatus needed to be

cleaned and sanitized after each pass. A volume 200 ppm

Table 1 The average velocity and Dean number at different operating parameters

Flow rates (L/h) The average velocity (m/s) (first column) and Dean number (second column) at the quartz tube inner diameter of

1.5 mm 2.0 mm 3.0 mm

6.8 1.0 103 0.6 92 0.3 74

17.3 2.7 262 1.6 234 0.7 188

28.8 4.4 436 2.6 390 1.1 313
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hypochlorite solution was used and then flushed with

sterilized water to remove the chlorine residue [11].

Cleaning time was less than 2 min, and sterility check for

the apparatus was made after each cleaning process. One

liter of inoculated milk was pumped from one sterilized

container and passed through the UV apparatus to another

sterilized container and then repeated the process until the

predetermined times were completed. After certain times,

50 mL of milk was collected from the UV apparatus and

immediately assessed for microbial load. The experiments

were carried out in an aseptic condition of a laminar flow

class II biological safety cabinet (Model: LB2-3B1, Esco

Technologies Inc., Singapore). As controls, identical sam-

ples were pumped through the UV reactors and held for the

same time as required for irradiation without UV light. The

control sample was enumerated both before and after each

experiment in order to confirm that significant die-off did

not occur over the period of each experiment. The mea-

surement of incident UV intensity was made at a 254 nm

wavelength, using a radio meter with a UVX-25 sensor

(UVP Inc., CA, USA). The average intensity within the

milk sample was calculated by an integration of Lambert–

Beer law over the sample thickness. The UV dose was

calculated using the equation UV dose (mJ/cm2) = UV

intensity 9 exposure time. The UV intensity was calcu-

lated by the method described by Quintero-Ramos et al.

[11]. It was determined by multiplying the sensor readings

by the radial factor, reflection factor, and the absorption

factor, which for this milk was 0.3046. The exposure time

was equal to the volume of the helical quartz tube divided

by the milk flow rate and multiplied by the number of

cycling times. The results were shown in Table 2. To avoid

air oxidation of the milk, the experiments were carried out

in a nitrogen gas environment at room temperature (25 �C).

After each pass through the UV apparatus, milk tempera-

ture would be raised by 2–3 �C. Therefore, a high-effi-

ciency heat exchanger and an online thermocouple were

used to keep the milk temperature at 25 ± 2 �C after each

UV treatment. In this way, the milk heated by the UV

treatment energy could not reach a temperature sufficient

for heat inactivation of microorganisms. Survivors were

enumerated both before and after each UV treatment by

plate counting. Reduction in bacteria was expressed as log

(N0/N), where N0 and N were the concentrations of bacteria

before and after irradiation, respectively. All experiments

were done three times in duplicate. The results were

expressed as the mean, and the standard errors were

calculated.

For comparing the performance of the self-made elec-

trodeless UV lamp (EUL) with that of the conventional

low-pressure high-intensity mercury lamp (LHML), UV

inactivation of different bacteria was also investigated. The

EUL had a typically operating life span of 20,000–30,000 h

and an incident UV intensity of 101.1 mW/cm2, while the

conventional LHML (UVMax, Model C, Trojan Technolo-

gies Inc.) had only about 5,000–10,000 h and about

51.6 mW/cm2, respectively. The milk was inoculated with

the pure cultures of multiple strain mixtures from eight

varieties of bacteria to inoculum concentration of about

106–107 CFU/mL, respectively, and then processed in

the tube’s inner diameter of 1.5 mm with the flow rate of

28.8 L/h for 10, 15, 20 times. All experiments were done at

least three times in duplicate. Survivors were enumerated

both before and after each UV treatment by plate counting as

described above. The results were expressed as log10 (CFU

per mL), where counts were the means of the three replicate

trials. Analysis of variance was applied to compare the

effects of the different UV sources, the UV doses, and the

types of microorganisms treated, with Tukey’s Studentized

Range (honestly significant difference) test at significant

levels of a = 0.05 in Minitab software (Minitab Inc., States

College, Pa.). The purpose was to determine the statistical

significant differences between samples means.

After each experiment, the apparatus was immediately

washed with 25 �C water for 20 min, cleaned with 60 �C

NaOH solution (1%) for 15 min, and then with 60 �C

heated water for 20 min. Finally, the helical tube was

sterilized by autoclave at 121 �C for 20 min.

Energy consumption

The actual amount of energy needed for the treatment with

the novel UV apparatus was the result of the following cal-

culation. The energy for it based on using 80 W high-pressure

UV lamp with a milk flow rate of 28.8 L/h (0.0228 m3/h),

cycling for 20 times is Euv = 20 9 80 9 10-3 kW/

(0.0288 m3/h) = 55.6 kW h/m3 or 194.2 kJ/kg.

Results and discussion

Effect of flow rate on microbial reduction

Figure 3 indicated that the reduction in E. coli was related

to the flow rate of the milk through the UV apparatus with

Table 2 UV irradiation doses at different sizes of quartz tubes and

numbers of passes

Number of passes UV dose (mJ/cm2) at the tube’s inner diameter of

1.5 (mm) 2.0 (mm) 3.0 (mm)

5 5.3 5.2 5.1

10 10.7 10.4 10.2

15 16.0 15.6 15.3

20 21.3 20.8 20.5
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the tube of 1.5 mm in inner diameter. As the flow rate was

increased, the E. coli reduction went up at the same UV

dose. When operating at the flow rate of 6.8 L/h with the

UV dose of 21.3 mJ/cm2, approximately 3.9 log10 reduc-

tion in E. coli was achieved. At the flow rate of 17.3 L/h,

the E. coli reduction increased to approximately 6 log10 for

the same UV dose of 21.3 mJ/cm2. At the flow rate of

28.8 L/h, the E. coli reduction further increased to

approximately 6.5 log10 reduction at the same UV dose.

Therefore, the following experiments were conducted at

the flow rate of 28.8 L/h.

The effect of UV irradiation on microorganisms may

depend on the UV dose, UV intensity, the absorptive

properties and flow patterns of the mediums in which the

organism are suspended, and the species of microorgan-

isms [29]. Selecting proper flow patterns in milk flow is

important for UV inactivation of microorganisms in milk.

Matak et al. [10] reported that a proper turbulent flow in the

Cidersure 3,500 apparatus could lead to the increase in the

bacterial reduction rate in milk at the same UV dose, and

the Reynolds number related with the turbulent flow was

5,187. In our study, the calculated Reynolds numbers for

6.8, 17.3, and 28.8 L/h were 595, 1,513, and 2,517, which

could be translated into laminar and transient flow.

According to our calculated Reynolds number, there might

be no turbulent flow in the helical quartz tube, but the

E. coli reduction rates significantly increased as the flow

rate increased from 6.8 to 28.8 L/h. As we know, the

helical quartz tube has helped the liquid flow to form the

Dean vortices and thus has enhanced the radial mixture of

the fluid in a laminar flow field [17]. Similar to the function

of a critical Reynolds number for judging whether a fluid

flow in a straight pipe is laminar or turbulent, a critical

Dean number is utilized to determine whether the fluid flow

in the curved pipe forms Dean vortices. It is proposed by

several authors that the critical Dean number for non-

Newtonian fluid is 150 [17, 30, 31]. In our experiments, the

calculated Dean numbers for the flow rates of 6.8, 17.3, and

28.8 L/h with the 1.5-mm tube were 103, 262, and 436,

respectively (Table 2). As the result, the E. coli reduction

could only achieve approximately 4 log10 units at 6.8 L/h.

However, for 17.3 and 28.8 L/h, the calculated Dean

numbers were much greater than the critical one and more

than 6 log10 reduction in E. coli could be achieved. It could

be concluded that the strong mixing of the liquid caused by

Dean vortices played an important role in the UV inacti-

vation of the bacteria.

Effect of inner diameter of quartz tube

on microbial reduction

Figure 4 demonstrated that the inner diameter of quartz

tube had a great effect on UV inactivation of E. coli with

the milk flow rate of 28.8 L/h. As the quartz tube inner

diameter decreased, the E. coli reduction increased at the

same UV dose. When 3.0-mm tube was applied, the

achieved E. coli reduction was approximately 4.0 log10

with the highest UV dose of 20.8 ± 0.5 mJ/cm2. At

2.0 mm, the E. coli reduction dramatically increased to

approximately 6.2 log10 units at the UV dose of

20.8 ± 0.5 mJ/cm2. Yet, only a slight increase appeared in

the E. coli reduction with the 1.5-mm tube at the UV dose

of 20.8 ± 0.5 mJ/cm2 compared with the 2.0-mm tube.

Comparison of the two factors—tube’s inner

diameter and flow rate

At 1.5-mm tube with 17.3 L/h and 3.0-mm tube with

28.8 L/h, the calculated Dean numbers were 262 and 313

and their E. coli reductions were 6.0 log10 and 3.9 log10

Fig. 3 UV inactivation of E. coli in response to UV irradiation at

different flow rates

Fig. 4 UV inactivation of E. coli in response to UV irradiation at

different tube’s inner diameters
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units, respectively. Clearly, the results implicated that the

UV inactivation of E. coli was much lower in 3.0-mm tube

experiment although stronger mixing it had, compared

with 1.5-mm tube test. So, the conclusion could be that

increasing the inner diameter of the tubes led to the

decreasing of the E. coli reduction. According to Lambert–

Beer law, the absorption of the UV irradiation in its pas-

sage through a liquid increased with increasing depth of

the liquid, which resulted in a decrease in UV irradiation

on bacteria and thus led to the decreased UV inactivation

of bacteria. Therefore, the 1.5-mm tube was chosen for the

systems studied for UV processing of milk.

Inactivation of bacteria inoculated in UHT milk

with different UV sources

Table 3 summarized UV inactivation of all the test strains

inoculated in UHT milk with the electrodeless UV lamp

(EUL) and the low-pressure high-intensity mercury lamp

(LHML) at different UV doses. The viable count reduction

results were for multiple strain mixtures from eight vari-

eties of bacteria. The 1.5-mm tube was used in this UV

processing, and the milk was circulated in the tube at the

flow rate of 28.8 L/h for 10, 15, and 20 times, respectively.

The results indicated that the inactivation of each bacte-

rium increased as the UV dose rose up from 10.7 to

21.3 mJ/cm2 (P \ 0.05) and, UV inactivation with the

EUL was more effective than that with the LHML. At the

UV dose of 10.7 mJ/cm2, the EUL had an average increase

of 0.9 log10 compared with the LHML, when 16.0 mJ/cm2,

it was 1.4 log10 and when 21.3 mJ/cm2, 2.4 log10, the

highest increase was achieved.

When the EUL was used as the UV source and the UV

dose increased from 10.7 to 16.0 mJ/cm2, approximately

2–4 log10 reduction in L. lactis, L. monocytogenes, and

M. tuberculosis, 3–5 log10 reduction in S. aureus, S. ty-

phimurium, E. coli, and P. aeruginosa, and 3.5–6.5 log10

reduction in S. flexneri were achieved. Furthermore, more

than 6 log10 reduction in all test bacteria could be achieved

with a UV dose of 21.3 mJ/cm2. It was also found that the

test bacteria’s resistance varied with the bacterial species.

The resistance levels to the UV irradiation were listed in a

decreasing order for the following test bacteria: L. lactis,

L. monocytogenes, M. tuberculosis, S. aureus, S. ty-

phimurium, E. coli, P. aeruginosa, S. flexneri (Note: the

levels of resistance among L. lactis, L. monocytogenes, and

M. tuberculosis and those among S. aureus, S. typhimuri-

um, and E. coli did not significantly differ at the level of

P \ 0.05).

The EUL was more efficient in the UV inactivation of

various test bacteria compared with the LHML. Although

both UV lamps irradiated UV light mainly at 253.7 nm, the

EUL had an incident intensity of 101.1 mW/cm2, about T
a
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two times more than that of the LHML. Moreover, the

higher the UV dose was applied, the larger differences in

UV inactivation the both lamps had. These results were in

good agreement with the research of Sommer, Haider,

Cabaj, Pribil, and Lhotsky [32]. According to their reports,

inactivation of the E. coli strains with a high UV intensity

for a short amount of time was higher than that with a

lower UV intensity for a longer amount of time at the same

UV dose. Furthermore, the differences of E. coli inacti-

vation between the high and low UV intensities were

greater at UV doses of 8–10 mJ/cm2 than those at lower

UV doses of 4–6 mJ/cm2. This effect might be due to the

repair enzymes of the cells, which were significantly more

influenced by high intensities.

Our study also demonstrated that UV resistance of

microorganisms varied from species to species (Table 3).

These results were in agreement with the work of Jay [33]

and Rowan et al. [20]. Jay reported that gram-positive

bacteria were more resistant to the effects of UV light than

gram-negative bacteria. According to Rowan et al.,

L. monocytogenes was the most resistant to UV inactiva-

tion. Our data are also in agreement with the results

achieved by Chang et al. [34], i.e., S. aureus, S. typhimu-

rium, E. coli, and S. sonnei showed the same resistance to

UV light at the level P \ 0.05. In our tests, the gram-

positive bacteria, L. lactis and L. monocytogenes, and

M. tuberculosis were the most resistant to the UV irradia-

tion among the test bacteria. However, more than 3 log10

reduction in L. lactis and 4 log10 reduction in L. monocyt-

ogenes and M. tuberculosis were achieved for UV dose of

16.0 mJ/cm2 with the milk flow rate of 22.8 L/h in the

helical quartz tube with the EUL. The three bacteria could

be reduced by more than 6 log10 reduction when the UV

dose increased to 21.3 mJ/cm2. The reason was that the

apparatus had promoted the forming of Dean vortices in the

milk flow, which had brought the bacteria to the milk sur-

face for enough exposure to high-intensity UV light irra-

diated by the EUL. Therefore, the UV apparatus has created

the possible killing of the bacteria even in the opaque milk.

Inactivation of indigenous microorganisms in raw milk

Figure 5 showed the UV inactivation of indigenous

microorganisms in raw milk with different cycling times of

5, 10, 15, and 20 in the 1.5-mm tube at 28.8 L/h. The initial

microbial counts enumerated before UV treatment sug-

gested that the initial contamination was rather high at

approximately 1.2 9 104 CFU/mL total aerobic bacteria,

2.3 9 103 CFU/mL Staphylococcus spp., 6.1 9 103 CFU/

mL Enterobacteriaceae, 1.0 9 103 CFU/mL Salmonella

and Shigella spp., 1.1 9 103 CFU/mL lactic acid bacteria,

8.0 9 102 CFU/mL Listeria monocytogenes, and

6.0 9 102 CFU/mL pseudomonads. No matter, the UV

dose was 10.7 or 16.0 mJ/cm2, approximately 2–3 log10

reduction in each microbial count was achieved. No sur-

vivors were enumerated in the milk samples at the highest

UV dose of 21.3 mJ/cm2. It showed that the lactic acid

bacteria were the most resistant to the UV processing at

different UV doses as it was depicted in Table 3, but other

selective counts of the indigenous microorganisms did not

differ at the level of P \ 0.05.

The UV apparatus was quite efficient in inactivating the

pure cultures of pathogenic and spoilage microorganisms

inoculated in UHT milk, but the inactivation of the indig-

enous microorganisms in raw milk was not so efficient. For

the UV dose of 10.7 mJ/cm2, only about 2 log10 reduction

in the indigenous microorganisms in the raw milk occurred,

while more than 3 log10 reduction in each bacterium

inoculated in UHT milk was achieved except Lactobacillus

lactis, of which the reduction was 2.1 log10 units. When the

UV dose increased to 21.3 mJ/cm2, the reductions in

the indigenous microorganisms were still less than those of

the inoculated bacteria. The reasons for the above differ-

ences can only be speculated on. It may be possible that a

subpopulation of microorganisms have their UV resistance

genes turned on and thus may accelerate the production of

resistance proteins such as RecA and other proteins

involved in dark repair. Additionally, the ecology of the

indigenous microorganisms in raw milk is probably very

diverse. Selective counts of the indigenous microorganisms

were isolated and enumerated species from the same genus,

but each of the inoculated bacteria was cultivated from

only several strains of the same species. Therefore, bacte-

rial species of the indigenous microorganisms with higher

Fig. 5 UV inactivation of indigenous microorganisms in raw milk.

PCA total aerobic plate counts on plate count agar, MRS the lactic

acid bacterial count on de Man, Rogosa, and Sharp agar, VRBD
Enterobacteriaceae count on Violet Red Bile Dextrose agar, SS
Salmonella and Shigella counts on Salmonella–Shigella agar, BP
Staphylococcus count on Baird Parker agar, LSA the Listeria
monocytogenes count on Listeria selective agar, PSA the pseudomo-
nad count on Pseudomonas selective agar
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UV resistances than the pure cultures used in the inacti-

vation experiments might have been presented, which lead

to an increased survival after UV irradiation.

However, obvious reductions from about 1 9 103 CFU/

mL of Salmonella and Shigella spp. or Listeria monocyt-

ogenes to below detectable limits occurred in the UV

processing of the indigenous microorganisms for UV doses

above 16.0 mJ/cm2. Similarly, the counts of Staphylococ-

cus spp., Enterobacteriaceae, lactic acid bacteria, or

pseudomonads were reduced from 1 9 103–1 9 104 CFU/

mL to below 10 CFU/mL or below detectable limits for

UV doses above 16.0 mJ/cm2. These were quite notable

reductions and may thus help for the microbial safety and

increased shelf life of milk.

The US Food and Drug Administration (USFDA)

requires milk to be pasteurized in order to be safe for drink.

One standard for the high temperature, short time (HTST)

pasteurization was designed to achieve a 5 log reduction,

killing 99.999% of the number of viable microorganisms in

milk, recommended by the USFDA. When the UV dose of

21.3 mJ/cm2 was applied, even the most UV-resistant

pathogen, L. monocytogenes was reduced by more than 6

log10 and higher reductions in the other test bacteria were

also achieved. This result was higher than the 5 log10

reduction required by the USFDA. Applying higher UV

dose could lead to higher reduction of pathogens in milk,

and thus the UV apparatus could further satisfy higher

requirements for pathogens in milk.

In comparison, the energy requirement for the HTST

processing is between 217 and 228 kJ/kg milk (72–75 �C)

and that for the UHT processing ranges between 573 and

667 kJ/kg milk [35]. Furthermore, the latter two processes

(HTST and UHT) have to have three stages including

heating, sterilization, and cooling, while the UV irradiation

processing needs only one.

Dean vortices were demonstrated to be formed in the

milk flow during the UV processing, which had a great

effect on the UV inactivation of the bacteria. It has also

been found out that the EUL with higher UV intensity was

more efficient in the UV inactivation of the test bacteria

than the conventional LHML. Even though L. lactis,

L. monocytogenes, and M. tuberculosis among the test

bacteria were the most resistant to the UV processing, more

than 6 log10 reduction in all the test bacteria could still be

achieved when the UV dose was increased to 21.3 mJ/cm2

with the milk flow rate of 28.8 L/h going through the 1.5-

mm tube.

Conclusions

This novel apparatus could achieve a greater than 6 log10

reduction in the pure cultures of all the milk-related

bacteria and 3–4 log10 reduction of the indigenous bacteria

in the raw cow’s milk. Dean vortices were formed in the

milk flow during the UV processing and played an

important role in the UV inactivation of the bacteria. The

apparatus has potential to improve the safety and extend

the shelf life of milk, for it also needs less energy than for

the thermal pasteurization and requires less space and has

simpler processing procedures. It could be used for the

reduction of milk-related microorganisms as a viable

alternative method to thermal pasteurization. Further

research should assess lipid and protein oxidation and

organoleptic properties of the irradiated milk. UV inacti-

vation of various raw milks from different sources and the

effect of milk fat content on UV inactivation efficiency

should also be further studied.

Acknowledgments The authors express thanks to the experts from

China National Research Institute of Food Fermentation Industries

for their continued support throughout the duration of this work and

Pro. Dayue Fan.

References

1. Elmnasser N, Dalgalarrondo M, Orange N, Bakhrouf A, Haertle

T, Federighi M, Chobert JM (2008) Effect of pulsed-light treat-

ment on milk proteins and lipids. J Agric Food Chem 56:1984–

1991
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