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 !"#$"%&$'()* +,-"."!)/"* %0&!,123 +&+40)( () ,#(,1& 

5,$"6%"$&(%&0&.%)$)%) " "##$&-,1)("& 7#%,89"1,#%" ,!"#$&((,8 5,1&03(,#%" 

$ +,-,(. /&.0+,-*'.12 &.34'(,-,2 /&56.1.157 +%*&.6.1128 +5+,.6 %)5+'.157 0'7 9::.),5*1%;% 5 

1.,%)+5<1%;% %)5+'.157 ,&.)%*28 6.6=&-1 1- %+1%*. /%'59,5'.1,.&.:,-'-,- (>?@A @B) + C.'(D 

4*.'5<.157 *%0%/&%15C-.6%+,5 5 4'4<E.157 ,&-1+/%&,128 8-&-),.&5+,5) 6.6=&-1. F2'5 5+/%'(3%-

*-12 0*. %)5+'5,.'(12. +5+,.62: * H2O2 /%0  A-+*.,%6 (H2O2/UV) 5 * +5+,.6. A.1,%1- /%0 *505-

626 +*.,%6 (Fenton/vis). >%*.&81%+,( :41)C5%1-'535&%*-1128 6.6=&-1 =2'- %8-&-),.&53%*-1- 6.-

,%0-65 )%'%&56.,&55, )&-.*%;% 4;'- +6-<5*-157, #"-+/.),&%+)%/5.G 5 &.1,;.1%*+)%G :%,%9'.),&%1-

1%G +/.),&%+)%/5.G. F2'% 1-G0.1%, <,% %)5+'.15. /&5*%05, ) 4*.'5<.15D *%0%/&%15C-.6%+,5 6.6-

=&-1 1- 28 % + 5+/%'(3%*-15.6 %)5+'.157 * +5+,.6. H2O2/UV 5 1- 13 % — * +5+,.6. Fenton/vis. @-)-

H. =2'% 534<.1% +,-&.15. %)5+'.11%;% +'%7 * ,.<.15. 360 01.G, /%)-3-1- +,-=5'(1%+,( %)5+'.11%G 

/%*.&81%+,5. 

>,@A0!.0 ',+!#: ,&.)%*2. 6.6=&-12, %)5+'.15., /.&%)+50 *%0%&%0-, +5+,.6- A.1,%1-, /&%53*%05-

,.'(1%+,( 6.6=&-1. 

 

B!090)%0 

$ +*735 + 1-&-+,-DI.G /&%='.6%G 1.8*-,)5 /5,(.*%G *%02, * ,%6 <5+'. 5 * "-3-8+,-1., 5++'.-

0%*-157 6.,%0%* /% /%'4<.15D 5 %<5+,). *%02 +,-1%*7,+7 )&-G1. -),4-'(1265. J&.05 :5'(,&-C5-

%1128 6.,%0%* %<5+,)5 *%02 %+%=%. 6.+,% 3-156-D, :5'(,&2 1- %+1%*. ,&.)%*28 6.6=&-1 [1–3]. 

@.81%'%;55 1- %+1%*. 6.6=&-1128 6.,%0%* &-30.'.157 *.I.+,* %,'5<-D,+7 *2+%)%G 9::.),5*1%-

+,(D, 153)56 &-+8%0%6 6-,.&5-'%*, 6%=5'(1%+,(D, 6%04'(1%G +,&4),4&%G 5 '.;)%+,(D 4/&-*'.157, 

<,% 7*'7.,+7 %+1%*-15.6 0'7 *)'D<.157 6.6=&-1128 ,.81%'%;5G * 1%*2G /.&+/.),5*12G +.),%& *2-

+%)58 ,.81%'%;5G, %&5.1,5&%*-112G 1- -),5*1%. &-3*5,5. 61%;%:41)C5%1-'(128 5 /&-),5<.+)58 

/&5'%H.15G. J&.05 E5&%)%;% +/.),&- ,5/%* 6.6=&-1 ,&.)%*2. 6.6=&-12 (TM) 56.D, +*%5 /&.564-

I.+,*-: 9)%'%;5<.+)-7 =.3%/-+1%+,(, *2+%)-7 8565<.+)-7 5 ,.&65<.+)-7 +,-=5'(1%+,(, /&%<1%+,( 5 

43)%. &-+/&.0.'.15. /%& /% &-36.&-6. $+. 9,% %/&.0.'5'% 58 /&56.1.15. * /&%C.++-8 &-30.'.157, 

65)&%:5'(,&-C55 *%02, &-3'5<128 )%''%50128 &-+,*%&%* 5 +'%H128 +6.+.G =5%/%'56.&%*, * 1-1%-

)-,-'53. 5 1-1%+.1+%&-8, * =5%,.81%'%;55 5 6.05C51. [4]. 

$ 1-+,%7I.. *&.67 *% 61%;58 '-=%&-,%&578 65&- *.04,+7 51,.1+5*12. 5++'.0%*-157 /% +%30--

15D /&%+,28 5 ,.81%'%;5<128 6.,%0%* 6%05:5)-C55 /%*.&81%+,5 ,&.)%*28 6.6=&-1, /%3*%'7DI58 

/&50-,( 56 ,&.=4.62. +*%G+,*- 5 ,-)56 %=&-3%6 /%'4<5,( @B + 415)-'(1265 ,.815<.+)565 8-&-)-

,.&5+,5)-65.  H. %+*%.1 &70 :535<.+)58 5 8565<.+)58 6.,%0%* 6%05:5)-C55 /%*.&81%+,.G @B, 

/%3*%'7DI58 /&50-,( 56 ,&.=4.62. ;50&%:5'(12. +*%G+,*-. K5&%)% /&-),5)4.62. /%08%02 ) /%-

*2E.15D ;50&%:5'(1%+,5 @B * =%'(E51+,*. +'4<-.* %+1%*-12 1- )%*-'.1,1%6 /&5+%.051.155 ;50-

&%:5'(128 /%'56.&%* 1- /%*.&81%+,( /%& [5, 6]. L01-)% 9,%, +/%+%= <-I. *+.;% /&5*%05, ) 31-<5-

,.'(1%64 +4H.15D 5 1.)%1,&%'5&4.6%64 «3-E5*-15D» /%& 3- +<M, 1.%01%&%01%G /'%,1%+,5 /&5E5-
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26 !)*+,-' ".$./.,0-,*'#/# 1,-()$*-+)+. 

,%;% ) /%*.&81%+,5 /%'56.&- /% 0'51. )-/5''7&-, <,% * )%1.<1%6 &.34'(,-,. +4I.+,*.11% *'57., 

1- /&%53*%05,.'(1%+,( 6.6=&-12. L0156 53 1-5=%'.. 9::.),5*128 5 <5+,28 + ,%<)5 3&.157 1.*1.-

+.157 0.:.),%* * /%*.&81%+,( 6.6=&-12 7*'7.,+7 6.,%0 %=&-=%,)5 * /'-36. ,'.DI.;% &-3&70- [7, 8], 

%01-)% +4I.+,*.1126 1.0%+,-,)%6 9,%;% 6.,%0- 7*'7.,+7 6-'%. *&.67 H5315 ;50&%:5'(1%;% +%+,%7-

157 /%*.&81%+,5: /%+'. %=&-=%,)5 * /'-36. /%*.&81%+,( 3-;&7317.,+7 /&5 *3-56%0.G+,*55 + %)&4-

H-DI.G +&.0%G 5 *%++,-1-*'5*-., +*%5 ;50&%:%=12. +*%G+,*- 4H. <.&.3 1–2 +4,%). 

@-)56 %=&-3%6, C.'.1-/&-*'.11-7 6%05:5)-C57 /%*.&81%+,1%;% +'%7 6.6=&-12 0'7 4*.'5<.157 

.. ;50&%:5'(1%+,5 7*'7.,+7 -),4-'(1%G /&%='.6%G. >&5 9,%6 +'.04., 4<5,2*-,(, <,% &-3&-=-,2*-.-

62. 6.,%02 5 6.,%05)5 ;50&%:5'53-C55 0%'H12 %=.+/.<5*-,( /%*2E.15. /&%53*%05,.'(1%+,5 

6.6=&-12 /&5 +%8&-1.155 .. *2+%)%G +.'.),5*1%+,5 5 6.8-15<.+)%G /&%<1%+,5, - ,-)H. + +%8&-1.-

15.6 9::.),- %, %)5+'.157 * ,.<.15. 0'5,.'(1%;% *&.6.15. $6.+,. + ,.6, %15 0%'H12 =2,( 9)%'%;5-

<.+)5 =.3%/-+1265 5 1.,%)+5<1265 0'7 0-'(1.GE.;% /&56.1.157 * =5%6.05C51+)58 C.'78. 

C('<0"%20)1#,-)#8 A#'1- 

7'?+9).0 2#10"%#,. % "0#D0)1.. L=N.),%6 5++'.0%*-157 +'4H5'- >?@A /'.1)- ,%&;%*%G 

6-&)5 H%st-&h-n® RNK-12,0 /&%53*%0+,*- :5&62 «Mitsubishi O%ly.st.r Film» (P.&6-157). Q%651-'(-

1-7 ,%'I51- /'.1)5 +%+,-*'7'- 12 R6, /'%,1%+,( 6-,.&5-'- — 1,4 ;/+6
3
. L=&-3C2 >?@A /'.1%) %=-

'4<-'5 5%1-65 
84

Kr
15+

 + 91.&;5.G 1,75 B9$/14)'%1, :'D.1+ 4,3·10
7
 1- 4+)%&5,.'. ,7H.'28 5%1%* 

!S-60 (T+,-151+)5G :5'5-' #1+,5,4,- 70.&1%G :535)5). >%+'. 8565<.+)%;% ,&-*'.157 * 2,2 B &-+-

,*%&. ;50&%)+50- 1-,&57 /&5 85 ºJ /%'4<-'5 6.6=&-12 + 05-6.,&%6 /%& 400±20 16. 

E(%',0)%0 FCGH GI <0"0(%'-@ !+9+"+9# <+9 !+$90&'1!%02 JH '!01#. L=&-3C2 >?@A @B 

(5×7,5 +6
2
) %)5+'7'5 * &-+,*%&. Q2L2 * 05-/-3%1. )%1C.1,&-C5G 7,5–300 6B, /&5 &Q=3 (HCl). L)5+'.-

15. /&%*%05'5 * ,.<.15. 15–180 651 * ,&.8 /-&-''.'(128 9)+/.&56.1,-8. >%+'. %)5+'.157 %=&-3C2 

/&%62*-'5 0.5%1535&%*-11%G *%0%G 0*- &-3-, +4E5'5 1- *%3048. /&5 )%61-,1%G ,.6/.&-,4&. * ,.<.-

15. 5 <. L)5+'.15. /&%*%05'5 *  A-=%)+. + &,4,1265 '-6/-65 190 W /&5 254 16. 

E(%',0)%0 FCGH GI ' <+2+K-@ D%9"+('%9-"#9%(#,#, D0)0"%"/02+D+ ! "0#(*%% H0)1+)# <+9 
!+$90&'1!%02 !%9%2+D+ '!01#. L=&-3C2 >?@A @B (5×7,5 +6

2
) %)5+'7'5 * &-+,*%&. Q2L2 * 05-/-3%1. 

)%1C.1,&-C5G 7,5–300 6B, + 0%=-*'.15.6 &.-),5*- A.1,%1- + )%1C.1,&-C5.G 0,75–30 6B &-+,*%&- 

F.Cl2. Q.%=8%056%, <,%=2 +%%,1%E.15. =2'% [F.
2+

]/[H2L2]=1/10, &Q=3,0 (HCl). L)5+'.15. /&%*%05'5 

* ,.<.15. 15–180 651 * ,&.8 /-&-''.'(128 9)+/.&56.1,-8. >%+'. %)5+'.157 %=&-3C2 /&%62*-'5 

* 4,5 B HCl, 3-,.6 0*-H02 * 0.5%1535&%*-11%G *%0., +4E5'5 1- *%3048. /&5 )%61-,1%G ,.6/.&-,4&. 

* ,.<.15. 5 <. !'7 %)5+'.157 * *5056%6 +*.,. =2'5 5+/%'(3%*-12 ;-'%;.1-*%'(:&-6%*2. '-6/2 

(100 $,). 

>+,%A0'1!0))#8 +*0)(# (+)*0)1"#*%% (+)*0!.? :/)(*%+)#,-).? D"/<< )# <+!0"?)+'1% 
FCGH GI. L=&-3.C >?@A @B &-36.&%6 1 +6

2
 /%6.I-'5 * 10 6' I.'%<1%;% &-+,*%&- (N-LH, &H=10) 

,%'45051%*%;% +51.;% (@J) + )%1C.1,&-C5.G 5·10
–4

 B 5 1./&.&2*1% *+,&785*-'5 1- E.G).&. * ,.<.-

15. 3 <, %=.+/.<5*-7 ,-)56 %=&-3%6 1-5=%'.. /%'14D +%&=C5D )&-+5,.'7 1- /%*.&81%+,( 6.6=&-12. 

>% %)%1<-155 *+,&785*-157 %=&-3.C /&%62*-'5 * &-+,*%&. N-LH (&H=10) 5 0*-H02 * 0.5%15-

35&%*-11%G *%0., /%+'. <.;% *2+4E5*-'5 1- :5'(,&%*-'(1%G =46-;. 1- *%3048.. !.+%&=C5D %)&--

E.1128 %=&-3C%* /&%*%05'5 * 5 6' 50 % &-+,*%&- 4)+4+1%G )5+'%,2 * ,.<.15. 10 651 /&5 51,.1+5*-

1%6 *+,&785*-155 1- E.G).&.. L/,5<.+)4D /'%,1%+,( /%'4<.11%;% %)&-E.11%;% &-+,*%&- %/&.0.'7-

'5 /&5 0'51. *%'12 633 16, )%1C.1,&-C5D )%1C.*28 )-&=%)+5'(128 ;&4// — /% )-'5=&%*%<1%64 

;&-:5)4. 

>"#0!+& /D+, '2#A%!#)%8 (>JL). "&-.*%G 4;%' +6-<5*-157 =2' 536.&.1 1- /&5=%&. «P%15%6.,& 

Krüss DST100» (Kruss GmbH, G.rm-ny) * '-=%&-,%&55 &-05-C5%11%G 85655 /%'56.&%* ( 15*.&+5,., 

H-c.tt.&., T1)-&-, @4&C57) /&5 G = 21 ºJ.  ;%' +6-<5*-157 %C.15*-'5 + /%6%I(D 6.,%0- +,-,5<1%G 

)-/'5, %=N.6 )-/'5 +%+,-*'7' 10 µ', +&.01.. 31-<.15. " J =2'% /%'4<.1% /4,.6 536.&.157 /7,5 

&-3'5<128 /%'%H.15G )-H0%;% %=&-3C-. 

7>-'<0(1"+'(+<%8. #"-+/.),&2 =2'5 +17,2 1- #"-A4&(. +/.),&%6.,&. C-ry 600 S.ri.s /&%53-

*%0+,*- Tgil.nt T.chn%l%gi.s (JKT) + 5+/%'(3%*-15.6 /&5+,-*)5 %01%)&-,1%;% %,&-H.157 1- -'6-3. 

Gl-di-tr /&%53*%0+,*- OIKU (JKT). $+. 536.&.157 /&%*%05'5 /&5 &-3&.E.155 2,0 +6
-1

 5 ,.6/.&-,4&. 

21 ºJ, )%'5<.+,*% +)-15&%*-15G +%+,-*'7'% 1. 6.1.. 32. >%'4<.112. +/.),&2 =2'5 %=&-=%,-12 * 

/&%;&-66. Tgil.nt R.s%luti%n Or%. 
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;0)1D0)+!'(#8 :+1+M,0(1"+))#8 '<0(1"+'(+<%8. J%+,-* /%*.&81%+,5 %=&-3C%* %/&.0.'7'5 6.-

,%0%6 OA?J 1- 51,.;&5&%*-11%6 OA? +/.),&%6.,&. K-Tl&h- :5&62 «Th.rm% Sci.ntific» (JKT) * 

Q-C5%1-'(1%6 1-1%,.81%'%;5<.+)%6 C.1,&. UNTM (T1)-&-, @4&C57). J/.),&2 &.;5+,&5&%*-'5 * 

&.H56. CTU (O-ss Un.rgy 200,0 9$) + E-;%6 1,0 9$. J/.),&2 *2+%)%;% &-3&.E.157 (C, N, F 5 L) 3-/5-

+2*-'5 * -1-'%;5<1%6 &.H56. + O-ss Un.rgy, &-*1%G 30,0 9$, 5 + E-;%6 0,1 9$. L=&-=%,)4 /%'4<.1-

128 0-1128 *2/%'17'5 /&5 /%6%I5 /&%;&-661%;% %=.+/.<.157 Tv-nt-g.. 

61+2)+-'%,+!#8 2%("+'(+<%8 (6LI). B%&:%'%;5D /%*.&81%+,5 %)5+'.1128 5 6%05:5C5&%*-1-

128 /%'56.&128 /'.1%) 5++'.0%*-'5 +)-15&4DI56 3%10%*26 65)&%+)%/%6 (JVB) Sm-rtSOM-1000 

:5&62 TIST-NT * -,6%+:.&128 4+'%*578 * /%'4)%1,-),1%6 &.H56. + 5+/%'(3%*-15.6 )&.615.*%;% 

)-1,5'.*.&- NSG10 :5&62 NT-MDT + &-054+%6 %+,&57 1. =%'.. 10 16. B-++5* 0-1128, /%'4<-.628 

+ /%6%I(D JVB, %=&-=-,2*-'5 5 -1-'535&%*-'5 + /%6%I(D /&%;&-662 Gwyddi%n. 

F"+%$!+9%10,-)+'1- 202="#). >&%53*%05,.'(1%+,( 5+8%01%G (,&-*'.11%G) 5 6%05:5C5&%*-1-

128 >?@A ,&.)%*28 6.6=&-1 %/&.0.'7'5 +%;'-+1% +,-10-&,1%G 6.,%05). [9]. O.34'(,-,2 536.&.15G 

*2&-H-'5 * .0515C-8 '/<·6
2
, 0'7 )-H0%;% %=&-3C- /&%*%05'5 6515646 10–15 536.&.15G. 

>&%53*%05,.'(1%+,( 6.6=&-1 /% *%0. %/&.0.'7'5 /&5 /.&./-0. 0-*'.157 0,15 B>-, /&%/4+)-7 

0.5%1535&%*-114D *%04 (18,2 BW) <.&.3 %=&-3C2 ,&.)%*28 6.6=&-1 05-6.,&%6 25 66, ,%'I51%G 

12 6)6. 

V1-<.157 40.'(1%G /&%53*%05,.'(1%+,5 6.6=&-1 &-++<5,2*-'5 /% 4&-*1.15D X-;.1-->4-3.G'7 

 
2

8

r ;
Q

r ?

 ! "
#

$! "
, (1) 

;0. Q — /%,%) (*%02) <.&.3 6.6=&-14 /&5 0*5H4I.G +5'. Y;/Y? (N; — &-31%+,( 0-*'.15G; Y? — 

,%'I51- 6.6=&-12); r — &-054+ /%&; O — *73)%+,( H50)%+,5; Z — /%&5+,%+,( 6.6=&-12. 

;0$/,-1#1. % +='/P90)%0 

E(%',0)%0 FCGH GI "#$,%A).2% 201+9#2%. >%*.&81%+,( >?@A 6%H1% 8-&-),.&53%*-,( )-) 

46.&.11% ;50&%:5'(14D, /%9,%64 4*.'5<.15. ;50&%:5'(1%+,5 /%*.&81%+,5 &-+E5&7., 05-/-3%1 

:41)C5%1-'(128 +*%G+,* 9,%;% /%'56.&- /%+&.0+,*%6 /&%*.0.157 8565<.+)%G 6%05:5)-C55 /%-

*.&81%+,5, *)'D<-DI.. )%*-'.1,1%. /&5+%.051.15. &-3'5<128 :41)C5%1-'(128 ;&4//, - ,-)H. 4*.-

'5<.15. )%1C.1,&-C55 )-&=%)+5'(128 ;&4// /%+&.0+,*%6 %)5+'.157 * &-3'5<128 +5+,.6-8 [9]. 

J5'(1.GE4D -),5*53-C5D /&%C.++- %)5+'.157 /.&.)5+(D *%0%&%0- (>$) + %=&-3%*-15.6 

;50&%)+50-&-05)-'- *232*-., :%,%'53 (4'(,&-:5%'.,%*%. %='4<.15.). $ 9,58 4+'%*578 /&%5+8%05, 

&-3'%H.15. >$ 5 %=&-3%*-15. QL
· 
&-05)-'%*, +%/&%*%H0-DI5.+7 &70%6 /%=%<128 &.-)C5G + 

%=&-3%*-15.6 ,-)58 <-+,5C, )-) QL2
-
, QLL·, L2 5 0&. 

B%05:5)-C5D /%*.&81%+,5 +,.1%) /%& 6.6=&-1 /&%*%05'5 %)5+'.15.6 + 5+/%'(3%*-15.6 +%-

*&.6.1128 1.,%)+5<128 5 9)%'%;5<.+)5 <5+,28 %)5+'5,.'(128 +5+,.6. O-1.. '-=%&-,%&5.G ,&.)%-

*28 6.6=&-1 TA #[A =2'- 4+,-1%*'.1- 9::.),5*1%+,( /&56.1.157 %)5+'5,.'(128 +5+,.6 1- %+1%-

*. H2O2 [10] 0'7 536.1.157 8565<.+)%;% +%+,-*- 5 6%&:%'%;55 /%*.&81%+,5 >?@A @B. J5+,.62 

&-+,*%& /.&%)+50- *%0%&%0- /%0  A-%='4<.15.6 (H2O2/UV) – +5+,.6- A.1,%1- /%0 *505626 +*.,%6 

(Fenton/vis) /%)-3-'5 1-5=%'(E4D 9::.),5*1%+,(. $ 0-11%G &-=%,. /&.0+,-*'.12 &.34'(,-,2 /%0-

&%=1%;% 5++'.0%*-157 5+/%'(3%*-157 0-1128 %)5+'5,.'(128 +5+,.6 + C.'(D /&50-157 6.6=&-1-6 

1%*28 8-&-),.&5+,5). 

@-) )-) *-H1.GE56 /-&-6.,&%6 * 6.6=&-11%-&-30.'5,.'(128 /&%C.++-8 7*'7D,+7 +*%G+,*- /%-

*.&81%+,5 6-,.&5-'-, ,% 1-65 =2'- *+.+,%&%11. 5++'.0%*-1- 56.11% /%*.&81%+,( ,&-*'.1128 5 6%-

05:5C5&%*-1128 6.6=&-1. 

L)5+'.15. ,&.)%*28 6.6=&-1 =2'% *2/%'1.1% * &-+,*%&. /.&.)5+5 *%0%&%0- /%0  A-%='4<.-

15.6 5 * &-+,*%&. A.1,%1- /%0 *505626 %='4<.15.6 /&5 /%+,%711%G ,.6/.&-,4&. 5 )%1C.1,&-C55 

%)5+'5,.'(1%;% -;.1,-, ,%;0- )-) *&.67 %)5+'.157 536.17'%+( %, 30 0% 180 651. 

T1-'53 9::.),5*1%+,5 %)5+'.157 /% /-&-6.,&4 )%1C.1,&-C55 JLLQ-;&4// /&%*%05'5 6.,%-

0-65 +/.C5:5<.+)%;% %)&-E5*-157 + )&-+5,.'.6 ,%'45051%*26 +5156, +/%+%=126 +.'.),5*1% *3-5-

6%0.G+,*%*-,( + )-&=%)+5'(1265 ;&4//-65 [11]. >.&*%1-<-'(1% %=I-7 )%1C.1,&-C57 )-&=%)+5'(128 

;&4// 1- /%*.&81%+,5 5 *14,&5 /%& * ,&-*'.11%G 6.6=&-1. +%+,-*5'- 0,90±0,21 1B/c6
2
 5 /%+,./.11% 

*%3&-+,-'- * 8%0. %)5+'.157, 0%+,5;14* 1,92±0,21 1B/c6
2 
/&5 %)5+'.155 * +5+,.6. Fenton/vis, %01-)% 

%)5+'.15. * +5+,.6. H2O2/UV /&5*.'% ) 31-<5,.'(1%64 *%3&-+,-15D JLLQ-;&4//, )%,%&%. 0%+,5;'% 

15,35±0,44 1B/c6
2 
/%+'. 180 651 %='4<.157. O.34'(,-,2 /&.0+,-*'.12 1- &5+41). 1. 
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28 !)*+,-' ".$./.,0-,*'#/# 1,-()$*-+)+. 

 

O5+41%) 1. #36.1.15. )%1C.1,&-C55 )-&=%)+5'(128 ;&4// >?@A @B  

/&5 %)5+'.155 * +5+,.6-8 H2O2/UV 5 Fenton/vis 

P50&%:5'(12. +*%G+,*- =2'5 %C.1.12 6.,%0%6 %/&.0.'.157 )&-.*%;% 4;'- +6-<5*-157 /% *%0.. 

O.34'(,-,2 /&.0+,-*'.12 1- &5+41). 2. F2'% 1-G0.1%, <,% )&-.*%G 4;%' +6-<5*-157 46.1(E5'+7 1- 

6,4°±1,3 /&5 %)5+'.155 * H2O2/UV 5 1- 3,6°±1,3 * +'4<-. %)5+'.157 * +5+,.6. Fenton/vis. 

 

 
" J 43,0°±1,4° " J 39,4°±1,4° " J 36,6°±1,8° 

a = ! 

O5+41%) 2. #36.1.15. )&-.*%;% 4;'- +6-<5*-157 >?@A @B (#)  

/&5 %)5+'.155 * +5+,.6. Fenton/vis 180 651 (=) 5 H2O2/UV 180 651 (!) 

O-1.. 0&4;565 -*,%&-65 =2'5 0%+,5;14,2 1-5'4<E5. &.34'(,-,2 /&5 %)5+'.155 * /'-36. /&5 

&-3'5<128 4+'%*578, ,-), 4;%' +6-<5*-157 46.1(E5'+7 + 75
o
 0% 35

o 
[12] 5 + 71

o
 0o 38,5

o
 [13]. L01-)% 

%)5+'.112G +'%G, /%'4<.112G 0-11265 6.,%0-65, 7*'7'+7 1.+,-=5'(126 5 ,.&7' /&5%=&.,.112. 

;50&%:5'(12. +*%G+,*- 4H. /%+'. 1.+)%'()58 +4,%) 8&-1.157 1- *%3048.. 

7'',09+!#)%0 +(%',0)).? FCGH GI ;HCL % 7>-'<0(1"+'(+<%0&, 6LI. @&-*'.11-7 5 %)5+'.1-

1-7 >?@A @B =2'5 ,-)H. 534<.12 6.,%0%6 OA?J-+/.),&%+)%/55. !-112G 6.,%0 /%3*%'7., 534<5,( 

8565<.+)5G +%+,-* /%*.&81%+,5 6-,.&5-'- ;'4=51%G 0% 10 16. Q- &5+41). 3 /&.0+,-*'.12 OA?J C1s 

5 O1s +/.),&2 *2+%)%;% &-3&.E.157. C1s +/.),& /&.0+,-*'.1 ,&.67 /5)-65 C–C/C–H ;&4// 

(~284,6 eV), C–OH/C–O–C ;&4// /&5 ~286,2 eV 5 COOH ;&4// /&5 ~288,6 eV. O1s +/.),& 56.., 0*- 

/5)- ~531,5 eV (C=O) 5 /&5 533,8 eV (C–O). 

J*%012. &.34'(,-,2, /%'4<.112. /%+'. %=&-=%,)5 +/.),&%*, /&.0+,-*'.12 * ,-='5C. 1. Q-='D-

0-.,+7 /%*2E.15. +%0.&H-157 )5+'%&%0- )-&=%)+5'(128 5 ;50&%)+5'(128 ;&4//. 

#"-+/.),&2 ,&-*'.1128 5 %)5+'.1128 >?@A @B /%)-3-12 1- &5+41). 4. L+1%*12. /%'%+2 /%-

;'%I.157: 3432 +6
-1

 (L–Q), 2972 +6
-1

 (-&%6-,5<.+)5. J–Q), 2910 +6
-1

 (-'5:-,5<.+)5G C–H), 1715 +6
-1

 

(J=L ;&4//-), 1615, 1470, 1430, 1409 +6
-1

 (-&%6-,5<.+)5. )%'.=-157 4;'.&%01%;% +).'.,-), *-'.1,12. 

)%'.=-157 C(L)–L +*73.G 9:5&128 ;&4// (1238 +6
-1

), 980 +6
-1

 (L–CH2) [14]. P'-*1%. %,'5<5. 6.H04 

+/.),&-65 %='4<.11%G, ,&-*'.11%G 5 %)5+'.11%G >?@A @B +%+,%5, * +%%,1%E.155 /%'%+ /%;'%I.-

157 /&5 1715 (\ C=L) +6
-1

,
 
<,% 8%&%E% *501% 53 4*.'5<.11%G <-+,5 +/.),&-. 

L+%=2G 51,.&.+ * 8%0. %)5+'.157 /&.0+,-*'7D, 6%&:%'%;5<.+)5. 536.1.157 /%*.&81%+,5 

>?@A @B, ,-) )-) 0-'(1.GE-7 :41)C5%1-'53-C57 5 /&-),5<.+)%. /&56.1.15. =404, ,.6 4+/.E1.., 

<.6 6.1.. /%*&.H0.11%G %)-H.,+7 /%*.&81%+,( @B. 

T1-'53 /%*.&81%+,5 6.6=&-1 6.,%0%6 TJB /%3*%'5' %/&.0.'5,( +&.01.. 31-<.15. E.&%8%*--

,%+,5 * 1-1%6-+E,-=.. J156)5, +0.'-112. + /%6%I(D JVB 0'7 )-H0%;% 5++'.04.6%;% %=&-3C-, 

/&.0+,-*'.12 1- &5+41). 5. 
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) 3. C1s 5 O1s OA?J +/.),&2 ,&-*'.11%G (a, !)  

+'.11%G * +5+,.6. H2O2/UV (=, D) >?@A @B 

9&#!"8 #,#%)1 ,40);/,1 5, <=>? #5&!%0)+ 

?'.6.1,12G +%+,-*, % OA

C O O/C C–C/C–H C

74,36 25,64 0,345 67,20 

O2/UV 72,34 27,66 0,382 59,08 

 

%) 4. #" +/.),&2 >?@A @B: ,&-*'.11%G (1),  

%G * +5+,.6. Fenton/vis (2), * +5+,.6. H2L2/UV (3) 

-+)%&,.3 4#0-5-'.6-3 … 

29 

284 282 280
*(3;-,<!

C-C/C-H

530 528

(;3-,<!

=O

@ - = ' 5 C -  1  

A?J C1s, % 

C–OH/C–O–C COOH 

17,62 15,18 

22,98 17,94 
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30 !)*+,-' ".$./.,0-,*'#/# 1,-()$*-+)+. 

B%&:%'%;5<.+)5. 536.1.157 /%*.&81%+,5 >?@A TB 3-*5+7, %, 4+'%*5G %)5+'.157. F2'% %=1--

&4H.1%, <,% 65)&%&.'(.: 5+8%01%G (,&-*'.11%G) >?@A @B 8-&-),.&534.,+7 153)56 31-<.15.6 E.-

&%8%*-,%+,5, )%,%&%. /%+'. %)5+'.157 4*.'5<5*-.,+7. 

 

 
@&-*'.11-7 >?@A @B 

R# = 4,5 16 (%='-+,( +)-15&%*-157 

1,5×1,5 R6) 

H2L2/UV 

R# = 4,8 16 

F.nt%n/vis 

R# = 5,4 16 

O5+41%) 5. TJB 53%=&-H.157 >?@A @B 

@-)56 %=&-3%6, %)5+'.15. >?@A @B 1. +,%'( +4I.+,*.11% 536.17., 6%&:%'%;5D /%*.&81%+,5, 

- * 31-<5,.'(1%G +,./.15 *'57., 1- 8565<.+)4D +,&4),4&4 /%*.&81%+,5. 

7'',09+!#)%0 <"+%$!+9%10,-)+'1% FCGH GI % '1#=%,-)+'1% +(%',0))+D+ ',+8. !&4;56 *-H-

126 /-&-6.,&%6 /&%C.++- %)5+'.157 7*'7.,+7 5++'.0%*-15. /%*.0.157 %)5+'.11%G /%*.&81%+,5 +% 

*&.6.1.6. J,-&.15. %)5+'.1128 /'.1%) 534<-'5 1- /&%,7H.155 360 01.G. $ ,.<.15. +,-&.157 %=&-3-

C2 %)5+'.1128 /'.1%) 8&-15'5+( 6.H04 '5+,-65 :5'(,&%*-'(1%G =46-;5 1- *%3048. * ,.61%,.. 

O.34'(,-,2 /% 5++'.0%*-15D /&%0%'H5,.'(1%+,5 +%8&-1.157 ;50&%:5'(128 +*%G+,* 6.6=&-12 

/&.0+,-*'.12 * ,-='5C. 2. 

@ - = ' 5 C -  2  

@)((2& 5, #%)0&("A ,!"#$&((23 B>C= CD 

$&.67  

+,-&.157, 015 
H2O2/UV Fenton/vis 

 [COOH], 1B/+6
2
  ;%' +6-<5*-157, ;&-0. [COOH], 1B/+6

2
  ;%' +6-<5*-157, ;&-0.

0 15,35±0,44 36,5±1,5 1,92±0,21 39,3±1,6 

14 15,21±1,24 36,3±1,4 1,92±0,26 41,8±2,3 

30 15,37±0,85 37,5±0,9 1,88±0,41 42,3±1,2 

60 14,26±0,85 39,9±0,8 1,87±0,27 45,1±1,8 

90 12,42±0,71 39,8±0,6 1,86±0,33 44,5±2,0 

180 12,41±1,23 39,6±0,5 1,84±0,31 44,3±0,9 

360 12,32±0,88 39,8±0,9 1,84±0,34 44,5±1,4 

 

"-) *501% 53 /&.0+,-*'.1128 0-1128, )&-.*%G 4;%' +6-<5*-157 1.+)%'()% /%*2E-.,+7 + /%15-

H.15.6 )%1C.1,&-C55 )-&=%)+5'(128 ;&4//. !'7 %)5+'.157 >?@A @B * +5+,.6. H2O2/UV +,-=5'(-

12G 4;%' +6-<5*-157 +%+,-*5' 39,8±0,9
o
, )%1C.1,&-C57 )-&=%)+5'(128 ;&4// — 12,42±0,71 1B/+6

2
, 

0'7 %)5+'.157 * +5+,.6. Fenton/vis — +%%,*.,+,*.11% 44,5±1,4
o
 5 1,86±0,33, %01-)%, ,.6 1. 6.1.., 

31-<.157 %+,-D,+7 3- /&.0.'-65 1.6%05:5C5&%*-1128 %=&-3C%*. J15H.15. )%1C.1,&-C55 )-&=%)-

+5'(128 ;&4// 1- /%*.&81%+,5 6%H., =2,( %=N7+1.1% ,.6, <,% /%'7&12. ;&4//2, ,-)5. )-)  

–COOH, –OH, 6%;4, /.&.%&5.1,5&%*-,(+7 + /%*.&81%+,5 * 6-++4 /%'56.&- [11], <,% ,-)H. /&%5+8%-

05, * +'4<-. /&56.1.157 /'-362, 1% /&5 5+/%'(3%*-155 %)5+'5,.'7 /.&%)+50- *%0%&%0- 0-112G 

/&%C.++ 31-<5,.'(1% 3-6.0'7.,+7, 5 6.6=&-1- +%8&-17., ;50&%:5'(12. +*%G+,*- =%'(E. 1 ;%0-. 

K5&%)% %/5+-112G * '5,.&-,4&. 6.,%0 %)5+'.157 >?@A * /'-36. [11, 12] /%)-32*-.,, <,% +,--

&.15. >?@A /'.1%) /&%5+8%05, =4)*-'(1% 3- +4,)5 5 31-<.157 " J *%3*&-I-D,+7 * 5+8%01%. /%'%-

H.15.. 

!&4;56 *-H126 /-&-6.,&%6 6.6=&-1 7*'7.,+7 +%8&-1.15. 6.8-15<.+)58 +*%G+,* 5 &-36.&%* 

1-1%)-1-'%* * 8%0. %)5+'.157. B.8-15<.+)5. +*%G+,*- =2'5 %C.1.12 /4,.6 536.&.157 /&%<1%+,5 1- 

&-3&2*. F2'% %=1-&4H.1%, <,% 9)+/.&56.1,-'(1% 536.&.112. 31-<.157 /&%<1%+,5 1- &-3&2* 0'7 

,&-*'.128 5 %)5+'.1128 6.6=&-1 %<.1( ='53)5 0&4; ) 0&4;4 5 &-*12: 30,4 ± 0,7 )>- — 0'7 ,&-*'.1-
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7)$-3 «8-4-3». 9 1(81)/2016 31 

1%G >?@A @B, 30,3 ± 0,7 )>- — 0'7 >?@A @B, %)5+'.11%G * +5+,.6. H2L2/UV, 5 30,5 ± 0,7 )>- — 

0'7 >?@A @B, %)5+'.11%G * +5+,.6. Fenton/vis. ?,% %31-<-.,, <,% %)5+'.15. /&%5+8%05, ,%'()% 1- 

/%*.&81%+,5 (*14,&.11.G 5 *1.E1.G), =.3 /%*&.H0.157 %+1%*2 /%'56.&1%G +,&4),4&2, <,% %+%=% 

*-H1% /&5 0-'(1.GE.6 5+/%'(3%*-155 6.6=&-1. 

$2+%)-7 /&%53*%05,.'(1%+,( :5'(,&%* 1- %+1%*. @B * +%*%)4/1%+,5 + 58 =5%'%;5<.+)%G +,%G-

)%+,(D 5 +,&%;%G )-'5=&%*)%G /%& %=4+'%*'5*-., 58 *.04I.. 6.+,% * 9)%1%65<.+)%6 +.;6.1,. 

:5'(,&4DI58 6-,.&5-'%*. 

J C.'(D 534<.157 *'57157 /&%C.++%* %)5+'.157 1- )%6/'.)+ 9)+/'4-,-C5%1128 +*%G+,* 65)&%-

:5'(,&-C5%1128 6.6=&-1 1-65 =2'5 /&%*.0.12 5++'.0%*-157 /&%15C-.6%+,5 5 /&%53*%05,.'(1%+,5 

%=&-3C%* >?@A @B, /%0*.&;14,28 %)5+'.15D * )-H0%G 53 &-++6-,&5*-.628 +5+,.6 %)5+'.157 /&5 

4+'%*578, +%%,*.,+,*4DI58 6-)+56-'(1%64 /&5&%+,4 ;50&%:5'(128 ;&4// 1- /%*.&81%+,5 /%'56.-

&-, - ,-)H. 536.1.157 /&%53*%05,.'(1%+,5 6.6=&-1 +% *&.6.1.6 8&-1.157. 

L)5+'.15. /%*.&81%+,5 >?@A @B /.&%)+50%6 *%0%&%0- /%0 0.G+,*5.6  A-53'4<.157 4*.'5-

<5*-., /&%53*%05,.'(1%+,( 6.6=&-1128 :5'(,&%* =%'.. <.6 1- 25 % /% +&-*1.15D +% +,-10-&,1265 

1.6%05:5C5&%*-11265 %=&-3C-65. L01-)% 0-11%. 4*.'5<.15. /&%53*%05,.'(1%+,5 6%H., =2,( ,-)-

H. +*73-1% + 4E5&.15.6 05-6.,&%* /%& 6.6=&-1. !'7 )%1,&%'7 536.1.157 05-6.,&- /%& * 8%0. %)5+-

'.157 =2' 5+/%'(3%*-1 6.,%0 536.&.157 ;-3%/&%15C-.6%+,5 6.6=&-12. F2'% 1-G0.1%, <,% ;-3%/&%-

15C-.6%+,( 6.6=&-1 %+,-.,+7 /&-),5<.+)5 1.536.11%G, <,% ;%*%&5, % 1.+4I.+,*.11%6 *'57155 /&%-

C.++- %)5+'.157 1- ;.%6.,&5D 5 05-6.,& /%&. @-), 31-<.15. ;-3%/&%15C-.6%+,5 0'7 ,&-*'.11%G 

>?@A @B +%+,-*5'% 45,2±0,5 6'/651·c6
2
, /%+'. %)5+'.157 * +5+,.6. H2O2/UV * ,.<.15. 180 651 — 

45,5±0,56'/651·c6
2
, * +5+,.6. Fenton/vis — 44,8±0,6 6'/651·c6

2
. ?::.),5*12G 05-6.,& /%&, &-++<5-

,-112G /% 4&-*1.15D X-;.1-->4-3.G'7, +%+,-*5' 0'7 ,&-*'.11%G 6.6=&-12 405,5±1,4 16, 0'7 %)5+-

'.11%G * +5+,.6. H2O2/UV — 406,4±1,5 16 5 * +5+,.6. Fenton/vis — 404,4±1,4 16. 

!-112. 9)+/.&56.1,%* /% /&%53*%05,.'(1%+,5 %)5+'.1128 >?@A @B 5 3-*5+56%+,( 536.1.157 

/&%53*%05,.'(1%+,5 %, *&.6.15 +,-&.157 /&.0+,-*'.12 1- &5+41). 6.  

 

 

O5+41%) 6. #36.1.15. /&%53*%05,.'(1%+,5 /% *%0. ,&-*'.11%G,  

%)5+'.11%G >?@A @B * H2O2/UV (a) 5 * Fenton/Vis (=) + ,.<.15.6 *&.6.15 +,-&.157 

Q-='D0-.,+7 1.31-<5,.'(1%. /%15H.15. /&%53*%05,.'(1%+,5 * +*735 + &-1.. %/5+-11265 /&%-

C.++-65 +,-&.157 %)5+'.1128 /'.1%). @-)56 %=&-3%6, %)5+'.15. >?@A @B /&5*%05, ) 4*.'5<.15D 

/&%53*%05,.'(1%+,5 6.6=&-1, <,% * +*%D %<.&.0( *.0., ) &%+,4 &.+4&+- :5'(,&-, /%'4<.11%;% 1- %+-

1%*. @B. 

Q#(,@A0)%0 

@-)56 %=&-3%6 =2'% /&%*.0.1% 5++'.0%*-15. 9::.),5*1%+,5 %)5+'.157 >?@A @B * +5+,.6-8 

H2L2/UV 5 F.nt%n/vis, =2'5 %/&.0.'.12 %/,56-'(12. 4+'%*57, /&5*%07I5. ) 4*.'5<.15D )%1C.1-

,&-C55 )%1C.*28 /%'7&128 JLLQ-;&4//, ) /%*2E.15D ;50&%:5'(1%+,5 /'.1%).  +,-1%*'.1%, <,% 

+5+,.6- H2L2/UV 7*'7.,+7 =%'.. /&.0/%<,5,.'(1%G, ,-) )-) %1- *232*-., +4I.+,*.112. 536.1.157 * 

;50&%:5'(128 +*%G+,*-8 6.6=&-12 5 * ,% H. *&.67 =.3 )-)%;%-'5=% +.&(.31%;% *'57157 1- 6%&:%'%-
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32 !)*+,-' ".$./.,0-,*'#/# 1,-()$*-+)+. 

;5D /%*.&81%+,5. J 5+/%'(3%*-15.6 +%*&.6.1128 :535)%-8565<.+)58 6.,%0%* 5++'.0%*-157 (TJB, 

OA?J, #"-+/.),&%+)%/57) =2' /&%*.0.1 +&-*15,.'(12G -1-'53 9::.),5*1%+,5 %)5+'.157 >?@A @B 

* &-3'5<128 +5+,.6-8 %)5+'.157, 4+,-1%*'.12 536.1.157 * 6%&:%'%;55 5 8565<.+)%6 +%+,-*. /%-

*.&81%+,5. !%)-3-1%, <,% /%*2E.15. ;50&%:5'(1%+,5 +'%7 /%*.&81%+,5 /&5*%05, ) 4*.'5<.15D 

/&%53*%05,.'(1%+,5 6.6=&-1 /% *%0. (=%'.. <.6 1- 25 %). #++'.0%*-15. +,-&.157 /%)-3-'% 0%+,--

,%<14D +,-=5'(1%+,( %)5+'.11%;% +'%7. !-11-7 6.,%05)- &.)%6.10%*-1- 0'7 0-'(1.GE.;% 5++'.0%-

*-157 5 *1.0&.157 * /&%62E'.114D ,.81%'%;5D /%'4<.157 ,&.)%*28 6.6=&-1 + 4'4<E.11265 

:5'(,&-C5%11265 /-&-6.,&-65. 

 

 

J/5+%) '5,.&-,4&2 

1 I#R0)*0!# 6.6., 6)1+)+! 6.S., 5+"%)  .5., T#,0,?#) U., 6/=#(%"+! U.4., ;/'#(+!# 6.B. #++'.0%*-15. ,.81%'%;5<.-
+)58 8-&-),.&5+,5) 5 +,&4),4&2 >?@A 6.6=&-1, /%'4<.1128 1- 4+)%&5,.'. ,7H.'28 5%1%* !S-60 // T),4-'(12. *%/&%+2 
65&1%;% 5+/%'(3%*-157 -,%61%G 91.&;55: B.H041-&. )%1:. 6%'%028 4<.128 5 +/.C5-'5+,%*, /%+*7I. 20-'.,5D %=&-3%*--
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Modification of polyethyleneterephthalate track-etched membranes  

by oxidation and aging study of the oxidized surface 

In this study we present results on the application of advanced oxidation systems for effective and non-toxic 

oxidation of poly(ethylene terephthalate) track-etched membranes (PET TeMs) to improve their wettability 

and water transport properties. Two oxidizing systems: H2O2 under UV irradiation (H2O2/UV) and Fenton 

system under visible light (Fenton/Vis) were compared. The surface of functionalized PET TeMs was charac-

terized by using colorimetric assay, contact angle measurements, FTIR and X-ray photoelectron spectroscopy 

(XPS). Results clearly showed that water permeability of PET TeMs treated with H2O2/UV was improved by 

28 %, the same parameter was found to increase by 13 % in the case of Fenton/Vis treatment. The proposed 

oxidation technique is simple, environment friendly and not requiring special equipment or expensive chemi-

cals. The surface hydrophilicity of the membranes stored for 360 days was analyzed. The hydrophilic proper-

ties of oxidized PET TeMs were found to be stable for a long period of time. 
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