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Abstract: A new non2therm al pasteu rizat ion techn ique2non2therm al p lasm a (N T P ) w as invest igated. T h is study show s

that N T P is capab le of k illing foodbo rne pathogens such as E scherich ia coliO 157: H 7 and S a lm onellae in liqu id foods such as

o range ju ice and m ilk. F ive logs reduction in the bacteria coun ts w as ach ieved under the experim en tal condit ions. T he N T P

treatm en ts w ere b rief, and did no t have no ticeab le impact on the samp les as evidenced by the analyt ical data of vitam in C in

o range ju ice and ox idat ion value in m ilk. T he energy consump tion rate w as calcu lated as 1～ 2 J ömL , w h ich is m uch low er

than that fo r therm al and o ther non2therm al p rocesses.
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1　 In troduction

　U npasteu rized fru it ju ices have been associa ted w ith
ou tb reak s of E. coli O 157: H 7 infect ion,
cry p tosp orid iosis, and sa lm onellosis[ 1～ 7 ]. A s recen t as
in 2000, 88 peop le in six w estern sta tes of U S w ere
sickened by sa lm onella from unpasteu rized o range

ju ice. In 1999, a 162m on th2o ld ch ild in Co lo rado died
of heart dam age and k idney fa ilu re after drink ing
con tam ina ted app le ju ice. A no ther case of con tam ina2
ted app le ju ice occu rred in 1996, resu lt ing in the

ho sp ita liza t ion of a 3. 52year2o ld Ch icago girl fo r 24

days. T he 1996 ou tb reak s of E. coli O 157: H 7

infect ion a lso due to con sum p tion of unpasteu rized
app le cider in theW estern U n ited Sta tes cau sed illness
in 66 person s and one dea th [ 1 ]. T hese ou tb reak s have
ra ised seriou s concern s abou t the safety of con sum ing
unpasteu rized fru it ju ices. In som e stage, p roduct ion
of the unpasteu rized fru it ju ice has been su spended. [ 2 ]

　 In 1998, FDA adop ted a regu la t ion tha t fo rces fresh
ju ice to either pasteu rize their p roduct o r a t tach the

label " W A RN IN G: th is p roduct has no t been
pasteu rized and, therefo re, m ay con ta in harm fu l
bacteria w h ich can cau se seriou s illness in ch ild ren,

the elderly and person s w ith w eakened imm une

system s. " [ 8 ] In 2001, FDA adop ted the ru ling to

im p lem en t the H azard A nalysis and C rit ica l Con tro l

Po in t (HAA CP) p rocedu res fo r the Safe and San ita ry

P rocessing and Im po rt ing of Ju ice, effect ive Feb ruary,

2002. [ 9 ] T h is pu ts a trem endou s p ressu re on the fru it

ju ice indu stry. Som e com pan ies have adop ted a

vo lun tary gu ideline fo r good p ract ice in p roduct ion of

unpasteu rized app le ju iceöcider. [ 10 ] How ever, pasteu ri2
za t ion is the p referred cho ice in th is life and dea th

issue.

　 U nfo rtuna tely, cu rren t p ract ica l pasteu riza t ion

m ethod is based on therm al p rocesses. T hough som e

therm al p rocesses such as the so2ca lled "flash pasteu r2
iza t ion" are very efficien t, therm ally pasteu rized app le

ju iceöcider canno t com pare w ith the unpasteu rized

ones in term s of fresh flavo r and arom a. O ne

alterna t ive is non2therm al pasteu riza t ion. Cu rren t ly,

there are severa l m ethods having the " non2therm al"

cla im : 1) pu lse electric f ield (PEF) , 2) irrad ia t ion, 3)

UV ligh t, 4 ) h igh p ressu re, and 5 ) freeze2thaw.

T hese m ethods are either no t t rue non2therm al

p rocess, o r im p ract ica l due to h igh co sts. T herefo re,

there is a need to seek o ther a lterna t ives. O ne of such

alterna t ives is non2therm al p lasm a (N T P).

　N T P can be genera ted th rough electric d ischarge in

gaseou s vo lum e. A sim p le N T P reacto r m ay con sist of

tw o electrodes w ith a space ( the d ischarge vo lum e)

and som etim es one o r tw o dielectric layers in betw een

and connected to a h igh vo ltage pow er supp ly. W hen a

h igh vo ltage is app lied to the electrodes, an electric

f ield is genera ted acro ss the space betw een the

electrodes, w h ich, if sufficien t ly h igh, cau ses electric
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discharge. Such electric d ischarge p roduces m any
energet ic and h igh ly react ive species tha t can react

w ith chem ica l com pounds in con tact w ith them. T he

resu lt of such chem ica l react ion s o r N T P induced
chem ica l react ion s m ay be decom po sit ion of the

chem ica l com pounds.

　 N T P has been trad it iona lly u sed fo r su rface

trea tm en t and decom po sit ion of po llu t ing gases. Som e
researches have dem on stra ted tha t N T P is capab le of

k illing a ir2bo rne pathogen s and m icrobes on

su rfaces[ 11～ 13 ]. T here are tw o fundam en ta l quest ion s
regard ing the app lica t ion of N T P p rocess in

inact iva t ion of pa thogen ic o rgan ism s in bu lk liqu id.

F irst, can w e effect ively genera te N T P species in bu lk

liqu id? Second, can N T P species k ill m icroo rgan ism s
in bu lk w ater?

　 Info rm at ion on the u se of N T P in inact iva t ion of

m icroo rgan ism s is lim ited in gas phase [ 11～ 14 ]. R esearch

data on pasteu riza t ion of bu lk liqu ids u sing N T P is
a lm o st nonex isten t. In p rincip le, N T P species are

h igh ly energet ic, and are expected to in teract w ith and

cau se dam ages to m icroo rgan ism s in con tact. T here
are how ever som e research data show ing tha t N T P

destroyed air2bo rne m icroo rgan ism s. [ 12～ 15 ] B irm ingh2
am and H amm erstrom [ 15 ] u sed am b ien t p ressu re non2
therm al p lasm a to deact iva te bacteria l spo res in gas
and on su rfaces. In their study, a ir con tam ina ted w ith

Bacillu s g lob ig i spo re aero so ls w as sen t th rough the

annu lu s of a gas co rona reacto r system , w h ich is a

packed barrier d ischarge device. A 4 logs reduct ion in
the spo res w as ach ieved after the trea tm en t. In

ano ther experim en t, the researchers p laced con tam in2
a ted m ateria ls such as steel, p last ic, and clo th in to the

non2therm al p lasm a reacto r, w h ich resu lted in
sign if ican t bacteria l reduct ion. T he researchers

show ed th rough scann ing electron m icro scopy tha t

after p lasm a trea tm en t, the cell w alls of the bacteria l
spo res w ere b reached expo sing the cellu la r con ten ts

w h ile the rem ain ing su rface appeared fo lded and

m o tt led. M on tie [ 13 ] and co2w o rkers developed the one

a tm o sphere un ifo rm glow discharge p lasm a
(OAU GD P ) system fo r steriliza t ion of su rfaces and

m ateria ls. T h is system opera tes a t a tm o spheric

p ressu re in a ir and p roduces an t i2m icrob ia l act ive

species a t room tem pera tu re. W ith th is system , they
w ere ab le to ach ieve 2～ 5 logs reduct ion in bacteria
(E. coli, S. au reus, B acil lus subtilus, etc) , yeast (S.

cerev isiae, C. a lbicans) , and viru ses (B acteriop hag e

p h i X 174) , depending on the type of su rface on w h ich

m icrobes w ere inocu la ted. T he D values range from 2

seconds to 3 m in. Spo res and yeast seem ed to requ ire

longer t rea tm en t t im e. T heir t ran sm ission electron

m icro scopy w o rk ind ica ted tha t fo r E. coli, the

con t inu ity of the cellu la r envelope w as b reached, and

cellu la r con ten t w as released in the su rrounding

m edium w ith in 30 seconds of expo su re to non2therm al

p lasm a.

　T hough there is no direct evidence to show N T P’s

letha l effect on m icroo rgan ism s p resen t in bu lk liqu id,

the fact tha t N T P k ills a ir2bo rne m icrobes ind ica tes

the po ssib ility of app lying N T P p rocess to deact iva te

pa thogen ic m icrobes in bu lk liqu id p rovided tha t w e

cou ld estab lish con tacts betw een the N T P species and

m icrobes in bu lk liqu id.

　 A s w ill be d iscu ssed la ter, N T P is genera ted

th rough electric d ischarge in gas. W ithou t sufficien t

gaseou s phase in liqu id, it is d iff icu lt to induce N T P in

liqu id. To so lve th is p rob lem , the au tho rs bo ld ly

p ropo sed to art if icia lly in troduce gases in the fo rm of

bubb les in to liqu id, and app ly electric f ield to the

m ix tu re of liqu id and gas bubb les. T h is hypo thesis

w as imm edia tely p roven valid after runn ing a tria lw ith

a sm all N T P reacto r. T h is sm all N T P reacto r has

becom e the basic m odel of the N T P system s fo r

pasteu riza t ion of bu lk liqu id.

　 T he k illing m echan ism s of N T P are no t w ell

estab lished. How ever, there are som e hypo theses. It

is w ell docum en ted tha t react ive oxygen species
(RO S) such as oxygen rad ica ls can p roduce p rofound

effects on cells by react ing w ith variou s

m acrom o lecu les[ 11 ]. N T P is p red icted to con ta in these

as w ell as m any o ther m o re stab le in term edia tes.

Am ong the cellu la r m acrom o lecu les a ltered are

m em b rane lip ids, w h ich are m o st vu lnerab le

m acrom o lecu le of the cell[ 13 ] , p robab ly becau se of

their loca t ion near the cell su rface, and their

sen sit ivity to RO S. W hen the cytop lasm ic m em b rane

lip ids are a ltered, th is w ill resu lt in a m assive release

of m acrom o lecu les, and thu s dea th of the cells.

V ariou s resistances to N T P expo su re exh ib ited by

differen t m icrobes are co rrela ted to the p ro tect ive

ou ter po lysaccharide layer st ructu re (o r th ickness) of

ind ividua l m icrobes. [ 13 ] Fo r exam p le, yeast and spo res

po ssess ex trem ely th ick po lysaccharide cell w alls and

are thu s the m o st resistan t to N T P expo su re. [ 13 ]

　T he ob ject ives of th is study w ere to dem on stra te the

feasib ility of N T P techno logy to k ill pa thogen ic

m icroo rgan ism s, and to study key facto rs affect ing the

efficiency of the techno logy.

2　M a ter ia ls and M ethods
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2. 1　Exper im en ta l System
　F ig. 1 show s tha t experim en ta l system u sed in the

study. F ig. 2 show s the five stages of the p rocess.

T he experim en ta l system con sisted of fo llow ing m ajo r
parts: 1) raw sam p le receiving tank, 2) pum p , 3) gas

in ject ion device, 4 ) N T P reacto r, 5 ) pasteu rized

p roduct tank, 6 ) gas sou rce includ ing oxygen

genera to r, 7) pow er supp ly and con tro l, and 8) liqu id
and gas flow con tro l.

F ig. 1　T he five2stage N T P liqu id

pasteu rizat ion system

1. raw samp le receiving tank; 　2. pump;

3. gas in jection device; 　4. N T P reacto r;

5. pasteurized p roduct tank

F ig. 2　F low chart illu stra t ing the five stages of the p rocess

2. 2　Sam ple Prepara tion
　O range ju ice, and m ilk w ere u sed as the liqu id

sam p les in the study. Steriliza t ion of the sam p les w as

ach ieved by filt ra t ion (Co rn ing B rand Bo tt le System

Sterile, Co rn ing N Y 14831). Sterilized sam p les w ere

inocu la ted w ith E. coli O 157: H 7 and S a lm onellae.

P repared sam p les w ere trea ted w ith in a few m inu tes.

2. 3　Ana lysis
　Con tro l and trea ted sam p les w ere seria lly d ilu ted in

Pep tone w ater (D IFCO L abo ra to ries, M D , U SA ) ,

and p la ted on T rip t ic Soy A gar (D IFCO L abo ra to ries,

M D , U SA ). Cells w ere incubated fo r 24 h at 35℃ and

then coun ted. T he p la tes w ith p lasm a trea ted w ere

fu rther incubated fo r a 24 h to check fo r po ssib le cell

in ju ry since in ju red cells m ay no t grow as qu ick ly
w ith in 24 h of trea tm en t to be coun ted, yet w ere st ill

viab le. Bacteria and spo res inact iva t ion are repo rted as

the logarithm ( base 10 ) of the m icrob ia l su rviva l
fract ion, exp ressed as the ra t io betw een su rviving cell

coun t (N ) over in it ia l cell (N 0). V itam in C and

ox ida t ion value w ere a lso determ ined.

3　Results and D iscuss ion

3. 1　Effect of NTP Trea tm en t on Bacter ia
　M o st of ou r w o rk w as done on S a lm onella , and

som e on E. coli. A fter test ing w ith a sing le cell
reacto r, w e designed and bu ilt a m u lt i2cell system

w h ich con sisted of 5 reacto r cells a rranged in seria l.

T he num ber of the react ion cells to be u sed can be
varied so tha t the effect of the num ber of cells tha t

liqu id sam p le passes can be exam ined. F ig. 3～ 4 show

tha t th is system can resu lt in up to 5 logs S a lm onella

reduct ion.

　
F ig. 3　P relim inary test resu lt of the N T P liqu id disinfect ion

system w ith bacteria (20 kV , liqu id flow rate at

30 galonsöhour (113. 55 L öh) , a ir in ject ion at 2 CFH ).

F ig. 4　So lid cu ltu re of S a lm onelae samp les sub jected to N T P

treatm en ts. T he num bers indicate the num ber of N T P react ion

cells (arranged in seria l show n in F ig. 1) in a part icu lar test
(20 kV , liqu id flow rate at 10 galonsöhour (37. 85 L öh) ,

a ir in ject ion at 2 CFH 0. 057 m 3öh)

　T ab le 1 show s the im po rtance of gas in troduct ion in

inact iva t ion of S a lm onella w ith the N T P system.

Sim ila r resu lts w ere ob ta ined fo r E. coli (F ig. 5). T he

o rder of increasing log reduct ion is no a ir, a ir, and

oxygen. M ix ing oxygen in to the liqu id stream is m o st

effect ive. O ne po ssib le exp lana t ion is tha t a ir has
m o re n it rogen, w h ich requ ires h igher ion iza t ion

energy than oxygen, and therefo re the p lasm a
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concen tra t ion w ou ld be low er w ith a ir than w ith
oxygen under the sam e discharge condit ion. T he gas

bubb les in the liqu id stream cou ld be regarded in som e

w ay as a " d isinfectan t" tha t needs to be act iva ted by
strong electrica l f ields ( o r "electric2f ield 2activa ted

d isinf ectan t" ). T he quan t ity and quality of such "

d isinfectan t " of cou rse affect the efficiency of the

p rocess.

Table 1　Sa lm onella reduction by NTP trea tm en t (The

reactor had str ipped electrodes, and was opera ted at
25 kV. The gap between electrodes was 10 mm , however

the effective reaction volum e had a gap of 7 mm )

T reatm ent　　　　 L og reduction

w ithout air bubbles ～ 1

w ith air bubbles 3～ 4

w ith oxygen bubbles > 5

F ig. 5　Effect of gas in troduction

on reduction of E. coli

3. 2　Chem ica l Effect of NTP Trea tm en t
　To invest iga te if N T P trea tm en t affects the chem ica l

p ropert ies of the sam p les, w e m easu red the change in

vitam in C (o range ju ice ) o r perox ide va lue (m ilk )

after t rea tm en t. W e believed tha t vitam in C and

perox ide va lue are good ind ica to rs of ox ida t ion cau sed

by the trea tm en t. T ab le 2 show s tha t the vitam in C

values in o range ju ice dropped sligh t ly (10%～ 15% )

after N T P trea tm en t, com pared w ith to ta l lo ss of

vitam in C in therm ally trea ted ju ice. T hese are very

excit ing data w h ich ind ica te tha t N T P trea tm en t does

no t cau se m uch dam age to act ive ingred ien ts in foods.

T h is cou ld be a b reak th rough in search ing m ethods fo r

d isinfect ion of hea t2sen sit ive m ateria ls such as fresh

fru it ju ice, b lood p roducts, vaccines, and o ther

b io log ica l f lu ids. It seem s tha t the trea tm en t w ith

oxygen in ject ion cau sed sligh t ly m o re vitam in C lo ss

than w ith a ir in ject ion. T he reason fo r tha t cou ld be

one o r bo th of fo llow ing: 1 ) oxygen cau sed m o re

vigo rou s ox ida t ive react ion s than a ir du ring N T P

trea tm en t, andöo r 2) residua l oxygen in the sam p le

after the N T P trea tm en t con t inued to cau se ox ida t ion.

If the second reason is t rue, degassing after t rea tm en t

shou ld reduce the lo ss due to po st2t rea tm en t
ox ida t ion. Su rp rising ly, perox ide va lue w as even

reduced as a resu lt of N T P trea tm en t, p robab ly due to

m easu rem en t erro rs, o r there w ere in sufficien t da ta
po in ts fo r m ean ingfu l in terp reta t ion of the resu lt. T he

low ox ida t ive effect of N T P p rocess on food

com ponen ts m ay be associa ted w ith the low m ean
electron energ ies of N T P, w h ich is abou t 20 eV , m uch
low er than tha t of irrad ia t ion (a few hundred eV ).

Table 2　V itam in C and perox ide va lue as a

function of NTP trea tm en ts

V itam in C in ju iceöm eq· (100 g) - 1

O riginal W ith air W ith O 2

72. 9 65. 9 61. 6

Peroxide value of m ilköm g·kg- 1

O riginal W ith air W ith O 2

5. 21 3. 39 4. 56

4　Conclusion s

　 T h is research dem on stra tes tha t non2therm al
p lasm a ( N T P ) is capab le of k illing foodbo rne

pathogen s such as E scherich ia coli O 157: H 7 and
S a lm onellae in liqu id foods such as o range ju ice and
m ilk. F ive logs reduct ion in the bacteria coun ts w as
ach ieved under the experim en ta l condit ion s. T he N T P

trea tm en ts w ere b rief, and did no t have no t iceab le

im pact on the sam p les as evidenced by the ana lyt ica l

da ta of vitam in C in o range ju ice and perox ide va lue in
m ilk. T he energy efficiency w as ca lcu la ted as 1～ 2

J ömL energy inpu t com pared w ith 5～ 70 J ömL by PEF

and 360 J ömL by h igh tem pera tu re sho rt t im e
( H T ST ) , st rongly suggest ing tha t N T P is a
techno logy tha t has the po ten t ia l to com pete o r rep lace

therm al pasteu riza t ion p rocesses and som e new ly

developed co ld pasteu riza t ion p rocesses such as pu lsed
electric f ield ( PEF ) and h igh hydrau lic p ressu re
(HH P) techno log ies.
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低温等离子体用于液体食品的低温杀菌

马虹兵1, 阮榕生1, 林向阳1, 邓少波1, 叶晓非1, 刘玉环2, 陈　灵1

(1. 美国明尼苏达大学生物系统与农业工程系和食品营养系, 圣保罗M N 55108,U SA ;

2. 南昌大学食品工程中心, 南昌 330047)

摘　要: 介绍了一项新的非热 (或低温)巴氏杀菌技术——低温等离子体 (N T P)的初步研究结果。N T P 一般由高压电场下
的气体介质放电所诱发。该文作者的一项美国专利技术成功的在液体介质中诱发N T P。该研究表明这项新的N T P 技术可
以在常温下和极短的时间内杀死液体食品中的病源菌包括大肠杆菌O 157: H 7 和沙门氏菌。实验中,N T P 可使接种在橙汁
和牛奶细菌总数降低 5 个对数值, 而对橙汁中的维生素C 和牛奶的氧化值影响甚微。能量消耗估算为 1～ 2 J ömL , 比之于
热杀菌和其它低温杀菌技术能耗率要低得多。
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