
C H A P T E R  IV
R E S U L T S  A N D  D IS C U S S IO N

4.1 A b s tr a c t

G en erally , the aim  o f  u sin g  food  pack agin g  is to preserve fo o d  products. 
H ow ever , m icrob ia l con tam in ation  is ab le to  ca u se  food  deterioration . T h erefore , the 
antim icrobial su b stan ces are often  incorporated into pack agin g  m ateria ls. In this 
w ork , z in c  o x id e  (Z nO ) coated  p o lyp rop y len e  (PP ) film  w a s prepared w ith  the aid o f  
d ielectr ic  barrier d ischarge (D B D ) p lasm a treatm ent. The surface h yd ro p h ilic ity  o f  
PP film  w as increased  after D B D  p lasm a treatm ent due to the p resen ce o f  o x y g en -  
con ta in in g  fun ction al groups on the plasm a-treated  PP surface. In ad d ition , the 
su rface rou gh n ess o f  the plasm a-treated  PP film  increased w ith  in creasin g  treatm ent 
tim e. The D B D  p lasm a treatm ent did not a ffec t the m ech an ica l properties o f  the PP  
film . T he op tim u m  D B D  p lasm a treatm ent tim e w as 10 ร. T h e p lasm a-treated  PP film  
w a s further im m ersed  in z in c  nitrate so lu tio n  before b ein g  con verted  to z in c  o x id e  
particles by reacting w ith  sod iu m  h yd roxid e. T h e h ighest am ount o f  z in c  o x id e  on PP 
film  w as 0 .2 6  wt.% . T he Z nO -loaded  plasm a-treated  PP film  p o ssessed  high  
antibacterial a c tiv ity  against both gram -n egative  E sch erich ia  co li and gra m -p o sitive  
S ta p h y lo co ccu s  auerus.
K e y w o r d s:  Z in c o x id e / P o lyp rop y len e / D ie lec tr ic  Barrier D isch a rg e / A ntibacteria l 
a ctiv ities

4 .2  In tr o d u c tio n

O ne o f  the m ost im portant fu n ction s o f  the food  p ack agin g  is to  preserve  
food  products from  su n light, m oisture, tem perature, o x y g e n , and m icro org an ism s. \ 
A m o n g  a variety  o f  factors cap a b le  o f  a ffe c tin g  the food  q u ality , m icro org an ism s are 
con sid ered  to be the m ost s ig n ifican t b ecau se  they  can lead to cross con tam in ation , 
d isco lora tion , stinky adore, and food  borne illn ess . A cco rd in g ly , the antim icrob ial 
agen ts, either organ ic or in organ ic com p o u n d s, are a lw a y s used to m in im iz e  the 
am ount o f  m icroorgan ism s in order to m aintain  the quality o f  food stu ffs.
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In general, there are tw o  ap p roach es to incorporate the an tim icrob ia l agen ts  
into food  packaging —  preparation o f  c o m p o site  f ilm s and surface co a tin g . H ow ever , 
the resu ltin g co m p o sites  sh o w  lo w  an tim icrob ial a c tiv itie s  b ecau se  the incorporated  
an tim icrob ial agents do not cov er  the su rface o f  the p ack agin g  film s . T hus, th ey  are 
not tota lly  availab le for an tim icrob ial activ ity . On the contrary, the coa tin g  is an 
alternative approach to im prove the an tim icrob ial activ ity  v ia  incorporating the 
an tim icrob ial agents into the food  con tact layer [14].

Z in c o x id e  (Z n O ) is o ften  used  as an antim icrob ial agent du e to its severa l 
ad van tages, such as in ex p en siv e  cost, h igh  antim icrob ial a c tiv itie s , n o n -to x ic itie s , 
high sa fety , and b io com p atib ilitie s . ZnO  has been  used  as a f ill in g  in m ed ica l 
m aterials in d iverse f ie ld s , includ ing drug d elivery , co sm e tic s , and pharm aceutica l 
[15]. T h e antim icrobial ac tiv itie s  o f  ZnO  are o f  great interest s in ce  it inhib its the 
m icrobial grow th or k ills  m icroorgan ism s either w ith  or w ith ou t u v  light [8], 
G en erally , the ZnO  particles are frequently  tested  against G ram -n egative  and G ram 
p ositiv e  bacteria [18 ]. M oreover, it can  inhibit the grow th o f  fu n g u s, such  as 
Aspergillus Niger [17 ]. R egard less o f  its antim icrob ial a c tiv itie s , Z nO  is incorporated  
into a num ber o f  m ateria ls for in troducing n ew  properties, lik e  p h otocata ly tic  
a ctiv ities , e lectr ica l co n d u ctiv itie s , and resistiv ity  to p h oto-degrad ation .

P o lyp rop y len e (P P ) is co m m o n ly  used in food  p ack ag in g  b ecau se  o f  its 
m any ad van tages, in c lu d in g  abundant su p p ly , in ex p en siv e  cost, g o o d  resistan ce to  
ch em ica l and harsh en viron m en t, and ex ce llen t m oisture barrier. H o w ev er , the 
w ettab ility , ad h esion , and printability o f  PP are lo w  [2 ], In this stu d y, the d ie lectr ic  
barrier d isch arge (D B D ) p lasm a techn iqu e is ch o sen  to en h an ce the c o a tin g  ab ility  o f  
the PP su rface. T he D B D  p lasm a w a s used  for su rface m od ifica tion  b y in trod u cin g  
the o x y g en -co n ta in in g  fun ction a l groups at the surface o f  m ateria ls. M o reover, it a lso  
provid es m an y ad van tages such  as en v iron m en ta lly  frien d ly , in e x p e n s iv e , and ea sy  
to operate [7] w h ich  m ake the D B D  p lasm a techn iqu e b eco m e a favorab le  tech n iq u e.

In the present w ork , Z n O -coated  PP film s w ere acco m p lish ed  w ith  the aid o f  
D B D  p lasm a treatm ent. T he optim um  con d ition  for D B D  p lasm a treatm ent w ere  
ch osen  based  on the resu lts o f  water con tact an g le m easu rem en t, m ech an ica l testin g , 
X -ray p h otoelectron  sp ectro scop y  (X P S ), scan in g  probe m icro sco p y  (S P M ), and 
fourier-transform ed infrared (FT IR ) sp ectro scop y . T he an tim icrob ial a c tiv itie s  o f
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Z n O -coated  plasm a-treated  pp  film s at d ifferen t ZnO  con ten ts w ere a lso  tested  
against both G ram -n egative  Escherichia coli and G ram -p ositive  Staphylococcus 
auerus.

4 .3  E x p e r im e n ta l

4.3.1 C h em ica ls  and M aterials
4.3.1.1 Materials

PP film s w ere purchased  from  S om b oo n  P lastic  C o ., Ltd
(T hailand).

4.3.1.2 Chemicals
(a) Zn(NC>3 ) 2 , tech n ica l grade, w as purchased  from  A jax

F in ech em  Pty Ltd.
(b) N aO H  an h yd rou s p e lle ts , an a ly tica l grade, w ere  

purchased from A jax  F in ech em  Pty Ltd.
4.3.1.3 A ir Gas for Plasma Treatment

A ir zero (h igh  purity) used  in the p la sm a  treatm ent w as  
obtained  from  Thai Industrial G as C o ., Ltd. (T h ailan d ).

4 .3 .2  E quipm ent
4.3.2.1 Water Contact Angle M easurement

W ater con tact an g le  m easu rem en t w a s  carried out at room  
tem perature u sin g  the se s s ile  drop tech n iq u e. T h e con tact an g le  form ed  b etw een  the 
10-p l d istilled  w ater droplet and the p p  surface w as m easured  b y  a drop shape  
an a lysis  system  (K rü ss, D S A 1 0  M k 2). T h e reported va lu es w ere  the average o f  five  
m easurem ents.

4.3.2.2 Lloyd Tensile Tester
M ech an ica l properties in term s o f  u ltim ate ten sile  strength  

and elon gation  at break w ere m easured  b y u sin g  a universal testin g  m ach in e (L lo yd , 
LFLX). T he sp ecim en  w a s cut into a dum b bell shape w ith  the d im en sio n  o f  6  m m  X 1 
m m  w ith  the gau ge area o f  6 m m  X ] m m . T he load c e ll, the g a u g e  length , and the 
d isp lacem en t rate used  during the testin g  w ere 2 5 0 0  N , 5 m m , and 100 mm min"1, 
resp ective ly . Each reported datum w a s the m ean o f  ten m easu rem en ts.
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4 3 .2 .3  ATR-FTIR Spectroscopy
T he A T R -F T IR  sp ectro scop y  (T h erm o N ic o le t  N e x u s , 6 7 0 )  

w a s em p lo yed  to an a lyze the su rface ch em ica l com p o sition  o f  the p p  f ilm s  both  
b efore and after the D B D  p lasm a treatm ent. A ll A T R -F T IR  spectra w ere co llec ted  
u sin g  32  scan s in a w aven u m b er range o f  4 0 0 0  cm"1 to 6 0 0  cm"1 at a reso lu tion  o f  4 
cm"1. A ll PP sp ec im en s su b jected  to the A T R -F T IR  an a lysis  w ere cut into a precise  
d im en sio n  o f  1.0 cm  X 7 .0  cm .

4 3 .2 .4  Scanning Electron M icroscopy (SEM)
The su rface  m orp h o log y  o f  the syn th esized  ZnO  and the p p  

sp ec im en s w ere ob served  under a SE M  m icro sco p e  (H itachi, ร -4 8 0 0 )  operated  at 2 .0  
k v .  T he sam p les w ere placed on a brass stub before coated  w ith  a thin layer o f  go ld  
u sin g  an ion sputtering d e v ic e  operated  at 120 m A  for 2 m in . The SE M  w a s a lso  
operated  in the en ergy  d isp ers iv e  X -ray  (E D X ) m ode in order to q u a lita tive ly  
d eterm ine the d ep o sitio n  o f  z in c  o x id e  (Z nO ) on  the surface o f  p p  film .

4 3 .2 .5  Atomic Absorption Spectroscopy (AAS)
A n A A S  sp ectrop hotom eter  (V arian spectra, 3 0 0 /4 0 0 )  w as 

used  for the quantitative an a ly sis  o f  the d ep osition  o f  Z nO  on  the p p  film . The 
sam p les  w ere exa m in ed  by u sin g  a h o llo w  cath od e lamp w ith  a standard w a v e len g th  
o f  2 1 3 .9  nm . T h e con cen tration  o f  the d ep osited  ZnO  w a s ca lcu lated  from  a 
calibration  cu rve o f  Z n2+ in the con cen tration  range o f  0 .4  ppm  to 2 .0  ppm .

4.3.2.6 Wide Angle X-ray Diffraction (WAXD) Analysis
T he crysta llin e  structure o f  ZnO  w a s characterized  b y an X -  

ray d iffractom eter  (B ruker A X S , D 8  ad v an ce) operated w ith  the u se o f  C u K a  as the 
X -ray  source. T h e  W A X D  a n a ly sis  w as d on e in a con tin u ou s m o d e  w ith  a scan  sp eed  
o f  1° min"1 co v er in g  the an g le  (2 0 )  from  10° to 80°. The W A X D  data w ere a lso  used  
to ca lcu la te  the Z nO  grain s ize  u sin g  the Scherrer formula:

d=3X-p  cost?

w h ere D  is the grain size , K is 0 .8 9 , X is the X -ray w a v e len g th  (0 .1 5  n m ), 0 is the  
B ragg d iffraction  a n g le , and (3 is the peak w id th  at h a lf  m axim u m  (F W H M ).
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4.3 .2 .7  Surface Probe M icroscopy (SPM )
T h e su r fa ce  to p o g ra p h y  o f  th e  p o ly m e r ic  su b stra tes  w a s  

in v e s tig a te d  b y  u s in g  a sc a n n in g  p rob e m ic r o sc o p e  (S P M ) ( V e e c o , N a n o s c o p e  IV ) 
w ith  th e ta p p in g  m o d e  in  air at room  tem peratu re. T h e  o b ta in ed  m icro g ra p h s w ere  
m in im a lly  f la tte m e d , and  h ig h  freq u en cy  n o ise  w a s  d im in ish e d  in  ord er to  fa c ilita te  
data a n a ly s is .

4.3.2.8 X -ray Photoelectron Spectroscopy (XPS)
T h e c h e m ic a l c o m p o s it io n  o f  treated  p p  film  an d  Z n O  co a ted  

p p  f ilm s  w e r e  a lso  a n a liz e d  b y  K ratos A x is  U ltra  D L D  w ith  the a c t iv e  area 2 m m 2. 
T h e  X P S  sp ectra  w ere  e x c ite d  b y  th e  A1 K a  X -ra y  so u r c e  ( 1 4 8 6 .6  e V ) .

4 .3 .3  P la sm a  T rea tm en t and S a m p le  P reparation
T h e  P P -f ilm s  w e r e  cut in to  a square sh a p e  w ith  th e  d im e n s io n  o f  2 

c m x  2 cm  b e fo r e  treated  w ith  the D B D  p la sm a . T h e o p tim u m  o p era tin g  co n d it io n s  
for  the D B D  p la sm a  treatm en t w er e  s e le c te d  at the v o lta g e  o f  5 0  k v ,  th e  freq u en cy  
o f  3 2 5  H z, and  th e  e le c tr o d e  gap  o f  4  m m  u n der air e n v ir o n m e n t [1 2 ] . A fte r  that, the  
treated  P P -f ilm  w a s d ip p ed  in to  an a q u eo u s  Z n ( N 0 3)2 so lu t io n  at d ifferen t  
c o n c e n tr a tio n s , fo llo w e d  b y  a drop w is e  a d d itio n  o f  a 2 .5  M  N a O H  so lu t io n , N e x t,  
th e  sa m p le  w a s  w a sh e d  w ith  an e x c e s s  am o u n t o f  d e io n iz e d  w a ter  and  d ried  in air at 
th e  roo m  tem p era tu re.
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F ig u r e  4 .1  T he D B D  set up (1 ) p ow er su p p ly  unit, (2 )  h igh v o ltag e  transform er, (3 )  
upper e lectrod e , (4 ) low er  e lectrod e, (5 ) d ie lectr ic  g la ss , (6 ) P o lyp rop y len e  film , (7 )  
m a ss-flo w  controller, (8 ) air gas, (9 ) n eed le  ca lv e , (1 0 )  vacuum  pum p and (1 1 )  
plasm a cham ber.

4 .3 .4  A ntibacteria l A ctiv ity  T estin g
T he E. co li and ร . aureus w ere se lec ted  as rep resen tatives o f  G ram 

n egative  and G ram -p ositive  bacteria, resp ective ly . T h e an tim icrob ial a c tiv itie s  o f  
ZnO  n an op article-coated  D B D  plasm a-treated  p p  f ilm s w ere d eterm in ed  based on  
the tw o  m eth od s.

A ntibacteria l properties o f  Z n O -coated  p p  film  w ere evaluated  based  
on the c o lo n y  count m ethod  u sin g  A S T M  E 2 1 4 9 -0 1 . First, a cu lture m edium  w as  
prepared b y m ix in g  0 .3  g o f  b e e f  extract w ith  0.5 g o f  peptone in 100 m l water. T he  
bacterial in ocu lu m s w ere prepared by transferring on e  c o lo n y  o f  each  m icroorgan ism  
into 2 0  m l o f  a culture m ed iu m . A fter that, the m ixture w as incubated in a sh ak in g  
incubator at 150 rpm and 3 7  ๐c  for 2 4  h. A b out 1 m l o f  the as-prepared in ocu lu m s  
w as added into several v ia ls  o f  9 m l o f  0 .85%  ster ile  N aC l aq u eo u s so lu tion . 
Standard seria l d ilu tion  m ethod  w as used to ob tain  an appropriate bacterial 
con cen tration , i.e ., 10‘6 for ร. aureus and 10‘5 for E. coli. N ex t, the test sam p le w as  
cut into square shape w ith  the d im en sio n  o f  2 .0  cm  X 2 .0  cm  b efore  added to the
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bacterial su sp en sion . T he su sp en sion  m ixture w a s then incubated  in a sh ak in g  
incubator at 150 rpm and 37 ๐c .  A fter the con tact tim e interval o f  3 h, 100 pi o f  the 
su sp en sio n  w as w ithdraw n and su b seq u en tly  spread on the ster ilized  agar plate. 
B acterial grow th w as v isu a lized  after an ov ern igh t incubation at 37  ๐c  for 2 4  h [20 ], 
T he percentage o f  bacterial reduction  w as determ ined b y u sin g  the fo llo w in g  
equation:

(V ia b le  c e ll cou n t at 0  h -  V ia b le  ce ll co u n t at 2 4  h)B acterial reduction  =  ------------------------- — --------------------------------------------------X 100V iab le  c e ll cou n t at 0  h

4 .4  R e su lts  an d  D isc u ss io n

4.4.1 C haracterization o f  D B D  P lasm a-T reated  p p  Film
4.4.1.1 Effect o f  DBD Plasma Treatment Time on Water Contact 

Angle on p p  Film.
T he hyd roph ilic  properties o f  D B D  p lasm a-treated  p p  film  

w ere characterized by w ater con tact an g le m easurem ent. Figure 4 .2  sh o w s the e ffec t  
o f  D B D  p lasm a treatm ent tim e on the w ater con tact angle on p p  film . O b v io u sly , the 
w ater contact an g le  d rastica lly  d ecreased  from  8 9 .7 °  to 50 .4 °  as the D B D  p lasm a  
treatm ent tim e in creased  from  0 ร to 10 ร. A  con stan t water con tact an g le  around 50°  
at the treatm ent tim e lon ger than 10 ร im plied  a saturation state o f  surface w ettab ility . 
T he resu lt indicated that the D B D  p lasm a treatm ent led to an in crease in the surface  
h yd rop h ilic ity  o f  p p  film . T his sh ou ld  be m ostly  lik e ly  due to the p resen ce o f  n ew  
polar functional groups on the p lasm a-treated  su rface  induced b y the a c tiv e  sp e c ie s  
generated  by the air p lasm a, e sp e c ia lly  o x y g en -b a sed  sp ec ies  (N O , N O 2 , and N 2 O ) as 
w ell as charged sp e c ie s  (N O +, 0 2 +, and O ), w h ich  are very reactive . T hus, a num ber  
o f  n ew  polar fun ction a l groups w ere incorporated  into the su rface o f  p p  film , 
resu ltin g in an in crem ent o f  the h yd roph ilic ity  o f  p p  film s after p lasm a treatm ent [5].
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Figure 4.2 Effect of plasma treatment time on water contact angle on pp film.

4.4.1.2 Effect o f DBD Plasma Treatment Time on Mechanical 
Properties of pp Film.
The mechanical properties of DBD plasma treated-PP film 

were investigated in terms of tensile strength and percentage of elongation at break. 
As shown in Figures 4.3 (a) and (b), the DBD plasma treatment insignificantly 
affected both tensile strength and elongation at break of pp film, suggesting that the 
DBD plasma treatment modified only the top of the pp surface. Therefore, the bulk 
properties of pp film remained steady after the DBD plasma treatment [19]
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(a)

(b)

Figure 4.3 Effect of DBD plasma treatment time on (a) tensile strength and (b) 
elongation at break of pp film.
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4.4.1.3 Effect ofDBD Plasma Treatment Time on Surface Chemical 
Composition o f pp Film.
The surface chemical composition ofDBD plasma-treated pp 

film was investigated by using the ATR-FTIR technique. Figure 4.4 shows the ATR- 
FT1R spectra of the pp films before and after the DBD plasma treatment. After the 
DBD plasma treatment, the new characteristic peaks appeared at the wavenumbers of 
1633 cm"1, 1718 cm"1, and 3400 cm"1 corresponding to COO” asymmetrical stretching 
vibration, c=0 stretching vibration, and O-H stretching vibration, respectively [16] . 
The intensity of new peaks was also found to increase with increasing the DBD 
plasma treatment time, implying a higher amount of the new oxygen-containing 
functional groups at a longer treatment time. These new functional groups should 
relate to an increase in the surface hydrophilicity after the DBD plasma treatment.

Figure 4.4 ATR-FTIR spectra of pp films at different DBD plasma treatment time.



31

Moreover, the chemical composition of treated-PP films was 
further examined using the XPS technique. Figures 4.5 (a) and (b) show the C(ls) 
spectra of untreated pp films and plasma-treated pp films at 10 ร. The result shows 
that the chemical composition of untreated PP-films is altered after the plasma 
treatment which can be observed from three main peaks. The peak at 285.0 and 285,8 
eV was attributed to C-C/C-H and C-CO2 bond [5J. The last peak at 287.1 eV was 
attributed to C-0 bond [11], As shown in table 4.1, the percentage of oxygen- 
containing polar group which are C-O, c= 0  and 0-C=0 are increased as increasing 
the plasma treatment time whereas the percentage of C-C/C-H was decreased. It 
might be implied that the DBD plasma generates active species, such as oxygen 
radicals, ozone, nitrogen oxide, as well as neutral and metastable molecules. These 
active species abstract the secondary hydrogen atom from polymeric chain to form 
the alkyl radicals. The alkyl radicals will further react with reactive oxygen species 
to form alkoxyl radicals. Both alkyl and alkoxyl radicals lead to the formation of the 
oxygen-containing polar functional groups, relating to an increase in the C-O, c= 0  
and 0-C=0 bond [7], These results were in agreement with the FTIR results.

Binding energy (eV)
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Figure 4.5 XPS spectra of (a) untreated-PP films and (b) plasma-treated pp films at 
10 ร.

Table 4.1 Effect of plasma treatment time on the percentage of chemical 
composition

Treatment 
time (ร)

Percentage of chemical composition
285.0 eV 
C-C/C-H

285.8 eV 
C-CO2

287.1 eV
c - o

288.5 eV
c = o

289.7 eV
o - c = o

0 84.5 14.1 1.4 - -
10 83.5 13.1 3.4 - -

20 37.8 44.9 8.3 5.5 3.5
40 29.2 47.7 10.5 7.6 5.0
90 23.3 50.3 11.7 7.7 6.9



33

4.4.1.4 Effect ofDBD Plasma Treatment Time on Surface 
Morphology o f pp Film.
Changes in the surface topography of the pp films after the 

DBD plasma treatment were examined by using the SPM technique. Figure 4.6 show 
three-dimentional SPM images of the pp sample both before and after the DBD 
plasma treatment at different treatment times. Root mean square roughness (Rrms) 
was used to represent surface roughness of pp sample. The results revealed that the 
surface roughness of PP-films increased abruptly after plasma treatment time 10 ร 
(Rrms = 28.90 nm ± 3.52 nm) which was 8 times greater than the value of the 
untreated one (Rrms = 3.67 nm ± 0.33). Beyond 10 ร, the roughness of pp films 
further increased to 29.2153 nm ±2.13 nm, 38.33 nm ± 5.90 nm, and 59.27 nm ± 
5.67 nm as the plasma treatment time increased to 20 ร. 30 ร, and 40 ร, respectively. 
The surface morphology changed due to the reactive species generated by the plasma 
bombard the surface of pp film. Therefore, the chain scission occurred at the surface 
resulting in etching effect [4],
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Figure 4.6 Three-dimentional SPA images of the pp sample: (a) untreated film, and 
DBD plasma-treated films at (b) 10 ร, (c) 20s, (d) 30 ร, and (e) 40 ร.

4.4.2 Characterization of ZnO Nanoparticles
4.4.2.1 Crystallinity o f ZnO Nanoparticles

The crystallographic of ZnO nanoparticles was examined by 
using the WAXD technique. As shown in Figure 4.7, the WAXD pattern of ZnO 
particles shows the presence of attributive peaks located at 20 equal to 31.71 ๐, 
34.48°, 36.23°, 47.53°, 56.47°, 62.78°, and 67.92° which are associated with the 
(100), (002), (101), (102), (110), (103) and (112) planes, respectively [10]. น was 
indicated that the synthesized ZnO particles possessed hexagonal wurtzite crystal 
structure. It should be noted that the grain size of the test sample calculated by using 
the Scherrer formula based on the (101) diffraction peak is found to be 40.25 nm.



35

Figure 4.7 XRD pattern of ZnO nanoparticles.

4.4.2.2 Morphology o f ZnO Nanoparticles
The morphology and the particle sizes of ZnO were examined 

by using the SEM. As shown in Figure 4.8, the synthesized ZnO particles are 
spherical with an average diameter of about 1 19 nm.

Figure 4.8 SEM images of the as-prepared ZnO nanoparticles.
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4.4.3 ZnO Deposition on Plasma-Treated pp Film
4.4.3.1 Effect o f DBD Plasma Treatment Time on ZnO Deposition

The amount of ZnO deposited on pp film was quantitatively 
determined by the AAS technique. Figure 4.9 shows the effect of DBD plasma 
treatment time on the amount of ZnO deposited on pp film. At any studied DBD 
plasma treatment time, the amount of ZnO deposited on the pp film remained 
constant at about 0.2 wt.%, indicating that the treatment time insignificantly affect 
the deposition of ZnO on the pp film. Therefore, the optimum time for the DBD 
plasma treatment of pp films was selected at 10 ร.

Figure 4.9 Effect of DBD plasma treatment time on amount of deposited ZnO.

4.4.3.2 The Distribution o f ZnO Deposition on pp Films
The distribution of ZnO deposition on pp film was also 

observed with the use of the SEM-EDX technique. From Figures 4.10 and 4.11, the 
SEM micrographs clearly show a homogeneous distribution of ZnO particles on the 
PP surface.
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(a) (b)

Figure 4.10 SEM micrograph of (a) neat pp film and (b) ZnO-coated DBD plasma- 
treated pp film.

(a) (b)
Figure 4.11 SEM-EDX images of (a) Zn atom and (b) o  atom distributed on ZnO- 
coated DBD plasma-treated pp surface.

4.4.3.3 Effect o f Number Washing Cycle on Amount ofZnO Deposited 
on PP Films
To further verify whether or not the coating capability of the 

PP surface was enhanced after the plasma treatment, the amount of ZnO deposited on 
PP films was quantified with the use of the AAS. Figure 4.12 (a) shows the effect of 
number of washing cycles on the amount of ZnO deposited on pp films. It was found 
that the amount of ZnO deposited on surface decreased with increasing the number 
of washing cycles. After the ZnO-coated pp films were washed for two times, the 
amount of deposited ZnO on PP-fims became constant, suggesting the removal of
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loosely bound ZnO on the pp surface. Therefore, two washing cycles was chosen for 
determination of the ZnO content.

plasma-treated pp films compare to untreated pp films as a function of number 
washing cycles. It can be observed that the saturated amount of ZnO deposited on 
plasma-treated pp films was obtained after the samples were rinsed for two times. 
On the other hand, in case of untreated-PP films, the amount of ZnO deposited on the 
surfaces was gradually decreased and completely washed out as number of washing 
cycles increased. Consequently, the surface coating capability of pp films was 
improved by DBD plasma treatment.

Moreover, Figure 4.12 (b) show the amount of ZnO deposited on

0.05 M Zn(N03)2 
0.1 MZn(N03)2 

- r -  0,5 M Zn(N03)2 
- T -  1.0 M Zn(N03)2๐

N
■ร 1.5 =-

Number of washing cycle
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Figure 4.12 Effect of number of washing cycles on amount of ZnO deposited on pp 
films.

4.4.3.4 Effect o f Zn(N()j) 2  Concentration on Amount o f ZnO
Deposited on pp Films
The effect of Zn(NC>3)2 concentration on the amount of ZnO 

deposited on pp films was studied at the optimum washing cycles. As shown in 
Figure 4.13, the amount of deposited ZnO increased with increasing the Zn(N0 3 )2  
concentration from 0.05 M to 0.5 M before remaining constant at a Zn(N0 3 )2  
concentration greater than 0.5 M. The result revealed that the highest amount of ZnO 
depostied on pp film was about 0.26 wt.%.
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Concentration of Zn(N03)2 (M)

Figure 4.13 Effect of Zn(N0 3 )2  concentration on amount of deposited ZnO on PP- 
films.

4.4.3.5 ZnO Deposition on DBD Plasma-Treated pp Films
The chemical bonding between the plasma treated- pp films 

and the deposited ZnO nanoparticles was verified by the XPS technique. Figure 4.14 
shows o  Is XPS spectra of ZnO-coated DBD plasma-treated pp films. The result 
indicated that the chemical composition of ZnO-coated DBD plasma-treated pp films 
showed three main peaks. The first peak located at 530.6 eV is corresponded to ZnO. 
The second peak located at 531.8 eV is corresponded to Zn(OH)2 and the last peak 
located at 533.0 eV is corresponded to specific species, such as -CO3, and adsorbed 
H2O or adsorbed O2 [6], [1]. It might be implied that the DBD plasma enhanced the 
coating ability of ZnO on pp surfaces via the deposition of ZnO as Zn(OH)2. The 
percentages of ZnO, Zn(OH)2, and other specific species are 72.0 %, 26.3 % and 1.7 
%, respectively.
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Figure 4.14 o  Is XPS spectra of ZnO-coated DBD plasma-treated pp films.

Films
4.4.3.6 Effect o f ZnO Coating on The Mechanical Properties o f pp

The tensile strength and elongation at break of the pp films 
were also determined after the ZnO coating. As shown in Figures 4.15 (a) and (b), 
the deposited ZnO on plasma-treated pp films did not affect the mechanical 
properties of PP-films although an increase in the Zn(NÛ3)2 concentration increased 
the amount of ZnO deposited on the pp films. This is possibly because the ZnO 
nanoparticles was coated merely on the surface of treated-PP films. Hence, the ZnO 
nanoparticles did not interrupted the movement of pp chains [9j.
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Figure 4.15 Effect of ZnO-coated pp films on (a) tensile strength and (b) elongation 
at break of PP-fiims.
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4.4.4 Antibacterial Activities of ZnO-Coated DBD Plasma-Treated pp
Films

To achieve the aim of this study, the antibacterial activity of neat pp 
and ZnO-coated pp films were determined. Table 4.2 (a) and (b) shows the 
percentage of bacterial reduction as a function of Zn(NC>3)2 concentrations. The 
result indicated that an increase in the Zn(NÛ3)2 concentration increased the 
antibacterial activities of the ZnO-coated pp films. Furthermore, after the samples 
were illuminated with u v  light for 3 h, the highest antibacterial activities against 
both E.coli and ร.aureus were obtained. This can be possibly explained in that after 
ZnO-deposited pp films were illuminated with u v  light, the reactive oxygen species 
(ROS) were generated. These ROS, such as H2O2 and OH*, are harmful to the living 
organism cells [8], Compared between the two bacteria, the ZnO-coated pp films 
showed a lower percent of bacteria reduction against ร.aureus. The result might be 
due to the fact that ร. aureus has produced the oxidative stress-responsive genes 
which convert the reactive oxygen species to H2O and O2 which are not harmful to 
the cells [14]. However, the mechanism of ZnO to perform the antibacterial activities 
has still under investigated.

Table 4.2 (a) Colony forming unit (cfu) counts at 0 and 3 h incubation time intervals 
of ZnO-coated pp films against E.coli with u v  light

Incubation
time

E.coli (cfu/rnl)
Blank 

w/o PP
Original

PP
Zn(N0 3 ) 2  concentration (M)

0.05 0.1 0.5
Oh 9.1X1 o6 9.1 xio6 9.1 xio6 9.1 xio6 9.1X 10Ô
3 h 3.3x 10b 3.2x|06 1.8X103 l.OxlO3 0.2x1 o3

% decrease decrease decrease decrease decrease decrease
/increase 63.7% 63.7% 98.0% 98.9% 99.8%
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Table 4.2 (b) Colony forming unit (cfu) counts at 0 and 3 h incubation time 
intervals of ZnO-coated pp films against ร.aureus with u v  light

Incubation
time

ร. (IIIreus (cfu/ml)
Blank 
w/o PP Neat PP Zn(NÜ3)2 concentration (M)

0.05 0.1 0.5
Oh 2.3xl06 2.3x 106 2.3x 106 2.3 xio6 2.3 xio6
3 h 1,8x10b 1.8xlOb 4.6x1 o5 2.3X103 0.8x 103

% decrease decrease decrease decrease decrease decrease
/increase 21.7% 21.7% 80.0% 90.0% 96.5%

Moreover, the neat pp and ZnO-coated pp films were also tested without 
UV light and the contact interval time was 24 h. Table 4.3 (a) and (b) show the 
antibacterial activities of neat pp and ZnO-coated pp films against E.coli and 
ร.aureus, respectively. It was observed that the highest antibacterial activities of 
ZnO- coated pp films were obtained although the samples were not exposed to the 
UV light. These results might be explained that the ZnO nanoparticles on treated- pp 
film contacted to the cell membrane of bacteria resulting in occurring cell membrane 
rupture and minerals, proteins and genetic materials were leaked out, causing cell 
death [13].

As mentioned above, the ZnO- coated pp films could performed the 
antibacterial activities with and without u v  light. Therefore, it should be possibly 
used as the antibacterial packaging in order to keep the quality of food products.
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Table 4.3 (a) Colony forming unit (cfu) counts at 0 and 24 h incubation time 
intervals of ZnO-coated pp films against E.coli without uv light

Incubation
time

E.coli (cfu/ml)
Blank
w/o PP

Original
PP

Zn(N0 3 ) 2 concentration (M)
0.05 0.1 0.5

Oh 1.2 x 1 o' 1 .2 X1 0 7 1.2X107 1.2 x1 0 7 1.2X107
24 h 7.1 X  I07 8.3 xio7 l.OxlO6 1.0 x 1 0s 3.3x1 o4

% decrease increase increase decrease decrease decrease
/increase 491% 591% 91.7% 99.2% 99.8%

Table 4.3 (b) Colony forming unit (cfu) counts at 0 and 24 h incubation time 
intervals of ZnO-coated pp films against ร. aureus without uv light

Incubation s . aureus (cfu/ml)

time Blank Original Zn(NOj)2 concentration (M)
w/o PP PP 0.05 0.1 0.5

Oh 1 .Ox 1 o6 1 .Ox 1 o6 l.OxlO6 l.OxlO6 l.OxlO6
24 h 4.3 x10 s 7.5x10s l.OxlO4 6 .6 x 10 s 3.3xl0J

% decrease decrease decrease decrease decrease decrease
/increase 57.0% 25.0% 99.0% 99.3% 99.6%

4.5 Conclusions

In this works, the surface modification of PP-film was operated via DBD 
plasma in air. The results show that the hydrophilicity of treated-PP film was 
increased due to the incorporation of oxygen-containing polar groups, including C-O, 
C—o  and 0 - 0 0 .  However, the mechanical properties of treated-PP film was not 
changed because pp film was modified only the uppermost of surfaces. Therefore, 
the DBD plasma technique was a suitable process to enhance the coating capability 
of the film surfaces, whereas the bulk properties were remain. After that the plasma-
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treated pp film was further immersed in zinc nitrate solution before being converted 
to zinc oxide particles by reacting with NaOH. The saturated amount of ZnO 
deposited on treated-PP film was determined. It was found that the ZnO deposited on 
treated-PP film performed strong antibacterial against both E.coli (Gram negative) 
and ร.aureus (Gram positive) when it was illuminated with uv light for 3 h. As a 
result, the ZnO deposited treated-PP film can be used as the antibacterial packaging 
in order to keep the quality of food products.
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