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Abstract 

Nowadays, the magneto- and electro-active materials have attracted more attention to the researchers 

because of its wide variety of applications such as actuator, sensor, infonnation storage and electromagnetic 

shielding. In the present srudy, the magnetically and electrically responsive bacterial cellulose was 

successfully prepared by step-wised synthesis of magnetic particles (Fep.) and silver particles (Ag) into 

bacterial cellulose matrix. The magnetic and silver particles were step-wised synthesized into bacterial 

cellulose matrix by using an ammonia gas-enhancing in situ co-precipitation method. Firstly, bacterial 

cellulose pellicle was immersed in an aqueous solution containing FeCI) and FeSO •. After bacterial cellulose 

was treated with ammonia gas, the absorbed Fe
2 
+ and Fe)+ ions were precipitated to be Fe)O. particles inside 

bacterial cellulose. Then the silver particles were synthesized into the magnetic particle-incorporated bacterial 

cellulose pellicle by immersing the as-prepared sample in aqueous solution containing of AgNO) and glucose. 

After the silver ion-saturated sample was treated with ammonia gas, the silver particles were formed inside the 

magnetic particle-incorporated bacterial cellulose. The obtained bacterial cellulose pellicles were rinsed with a 

large amount of distilled water until it was neutral. Finally, the magnetic and silver particle- incorporated 



VI 

bacterial cellulose were freeze dried and kept in a desicator. The formation of magnetic and silver particles 

inside bacterial cellulose matrix was investigated by scanning electron microscopy (SEM), X-ray diffraction 

(XRD), and energy dispersive X-ray (EDX). The percentage loading of each particle in bacterial cellulose 

matrix were determined by thermogravimetric analysis (TGA). The magnetic field responsive behaviors of the 

as-prepared samples were studied by vibrating sample magnetometry (YSM) where as the electric field 

responsive behaviors of the as-prepared samples were studied by two point probe electrometer. Finally, the 

magnetically and electrically responsive properties of the as-prepared samples were investigated by 

monitoring the defection of the as-prepared sample in the presence of an applied magnetic and electric fields. 
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• q, v c; IV.ci4 V .Q, .x ~ q • 
(10) 'c'I'~~il Ll1 Electromagnetic Interference (EM!) Shielding 11J'U1'c'1'fJ'YllJfI11lJ~el'lfll'HVilJlJlfl'IJ'Um L'UII'I'lJel'l 
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Shielding 

lJVfllllfl~llilli'l'l1-l1 vl~hllf{, fl1'il19lJlJl Electromagnetic Interference (EM!) Shielding O-lYi'V-lfl1'i 

~ .f '1 ~ 1"'I '1 " '1 ~ 'I cl ~I ~•Iflfl'IJlJ lJl~'fl fI LflVfl1'i 'lfVllfl1fi lJ'i:::f1UlJl LlJlll~~'lJM~-lllllllHlfl (Magnetic Nanoparticles) lulJm'il~ll 

~ .. <i. 1 """~I
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~ ~.I ~'''~I·.I .1" ~.IlJVfllllfllJlJ Magnetic nanoparticles V-l\lflU'i:::qfl~ 'lHulJ~llJu'i:::flV1Jl1lJ-l lJ l~'lu'i:::lfl'l'l 
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t..:$ ~I Q..It ~ qQ,l a II 
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~ .f , Go> <Q d ~di'<V , 
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.1 ~~.. ·,.1.1 "''11!'1'' .~l'iu'i:::flV1JVlVmlJV'i 1l-l~llllHllJl UU'i:::Qfl~ 'II Ifll1(11fll1(11 V l'lflJ Biological separation systems [15], 

Drug delivery [16], Waste water purification adsorbents [17], Magnetic resonance markers [18] and Different 

magnetic reprographic methods [19,20]11(1::: External magnetic field-responsive polymers[21] 
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.1 'i .. , 4 ".I d. ~ . 1, ':'1 ~ ~.I
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Shielding ~u11J 
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-ff ~ N-n 1,r~11lJ ~ 'f) ~ fll'i 1lJ fll'i 1~!I (l::: fll'i 'I1WllJ 1 

"",,J I , 4 
(Electromagnetic Interference (EM!) Shielding) lfll1'IJlJ'f)Ol~91'f)llJ'f)~ 

Shielding) 1l:::'l'il-nlJ 111011ciflfll'i fllHy:::l1''f)lJ (Rel1ection) 1I-n::I11~'f) fllHJl1~U (Absorption) [10) 

" a d 1 " 1 jI ~ d1' G d .::i Q.JQ Q.I 1" .et Q, 1I jI.<::I d 0tl':::Vl'f)lJ~(llJ!llJl11-nfl vlfh l1lJlJ fl lJlllllJlJVlIl::;ll'f)~lJtl'lJU91llJlJ~nlJl vlfh '\1'i'f) Semi-Conductor 1110V11 tl 

I QI ..::i jI d. I d 1 " 1" fei I t 
m Volume Resistivity 'IJ'f)~1tl'flVlmlJl'ifltl'::;Vl'f)lJf1(llJlIlJl11-nfl vlfh 1l1l:::'f)QVltl'i:::lJltlJ In cm IVlllJlJ 

"'It! .et~ 'd4~ "'IYlat 'd.d"",,x.,: 0 

Ivlfh (Electric Dipole) IICl:::I11'i 'f) 'lJ1Vll~lIlJl11(l fl C)j~ 'lJ1'Vl1~ I vll"ll'\1'i 'f)'IJ 1Vll~II1JI11-n flVllflll 'lJlJlJ tl'1lJ1'i flVll 

.d.dl I d .r:::t. I GI ~ I d 0 q jI co .l 1"q
tl'l'i Vl1Jm Dielectric Constant U'~'l ltllJ tl'l'i 11l1J1I1l~ (F illers) IlJ 1tl'~ 'lJ1Yll~II1J111 Clfltl'llJ1'i flYllll'llflfl'IJlJ 11 

~ 1" .... .. .. , ~I 4' 1 '" 
1110 'If FeJO. '\1'i'f) Cl'l'iVllJf11 Dielectric Constant tr~'lllJlJCl'l'illllJlIll~ (Fillers) lJ1Cl'~ 
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A = 3.34xFoS x t x 11 x 0 ----- (I) 

l~v~ A: Electromagnetic absorption (decibel, dB) 

F: Frequency of electromagnetic wave (MHz) 

t: Material thickness one thousandths of an inch 

11 : Electrical conductivity relative to copper 

0: Relative magnetic permeability (Magnetization) 

.... ~ M '" '" • cl 1".I~1 ,!,1'flJ1Jfl'tltl'l11'f~1Jtl'lf)'U nl'i 'HJf11'U \llf)flft'UlIlJl11ftf) Tml (Electromagnetic Interference (EM!) Shielding) 'If'l 

, <V <V I cv ~ cv -=* cfGJ" ~I 
conductivity lim: fll Magnetization 'tItl'l11'f~~'lf)m1 ~'l'U'U 11'f~'Y11'fllJlHltJn:~f)f1 !'lH1J'U Electromagnetic 
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Propagation of an Eleetrom.1gneUc Wave 

EMI 
Shielding 

lU~ 3 f)[11f)fll'itl6'ln'\.jfl~'\.jlltill1~f)1rlYhU6'l Electromagnetic Interference (EMJ) Shielding 

hwirn Electroplating, Electroless plating 'l1~6 Vacuum deposition [10] ~'l\lf)t11lJlH 601'lhn~llJf)1'i 

Magnetic Nanoparticles Silver Nanopartiples hwi~II1Jf1Yii~(Jl'll[1U lmH~'UllJ91~f)'li' hWfl1f1'l1lJ1Ul11'ff~~ 

Electromagnetic 

Interference (EM!) Shielding 1Yi 

d d 1 ",I ., i 1'; ~ ....., ., ;;
!!lJfI'VlI'WI'lI[1U [1'ff (Bacterial Cellulose) LlJ'\.jI'ff'\.j tJl'lI[1~ [1'ff'Vl'ffllJl'Hl'ff'llfl'il::'l11f11l1f)l'IHl 

IIlJflYii~um\ltJ'lIiJfI (Genus) 61'Vil'li'\.j Acetobacter, Achromobacter, Aerobacter, Alcaligenes, Agrobacterium 
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Alcaligenes, Agrobacterium Il:::N~~I~'U'lJI'l1Cl'J lCl{1''U~tJ Fibrils "h'U Acetobacter \l:::Nil~I~'U'lJI'l1Cl\llCl'c1''U 

Bacterial cellulosellCl:::Plant cellulose \l:::iI1m..:J'c1;\':I'Yl1..:Jlfllj~ll1li~'Ut1'Ufi~ Celloboise units ~L~mJ ltJ..:Jt1'U 

1l1U Glycosidic Bonds [26] ~llJ~tJ~ 5 

OH OH OHH ~H OH
HO . . . 0 HO 0 HO 0HO~O~~o o~O~9;o o~O~9;~OH 

~~ OH ~~ OH ~~ OH 

00 00 n 00 ~ 
Cellobiose unit 
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(Eleclrospinning) 

(x7,500) 

':'1 ... ~ ,",1 0 oj I ~ ~ I "Q.f IIUu 2007 fHlJ~f;l1\HJ flu~~L1'UmllHnl~\l Wn~L1''11ml~'I1 Silver Nanoparticles 'I1lfWl'lJWnU U 

l1yulu Bacterial cellulose [10] l~wli' Sodium borohydride (NaBH.) ~'lI~U Reducing agent If1u Sodium 

d oQ " + I 91 ~I a c:.. ~ 
borohydride \l~~~19f Silver ion (Ag) 'I1f1mmuU Silver atom 'I1Hl Silver nanoparticles Uum'l 1l'lL1'llJ1HI 

iJ do I a.o::::i iJ.d :11Q.f ... oQ 0 

U~fI\llfi Sodium borohydride (NaBH.) 1l"1U'IlJL1'1~ u~ ~flflUll(l~I'V1f1UflflU"l'V1L1'llJl~ On1'11Ul'rlluU 

Reducing agent '~fIl'lill 

Q.<I ~ 1 I ,,: ~I ~.. 0

Polysaccharide method: 11iU\l::;I~~ UlJ Silver nanoparticles LflU 'I1UlluU~1'V11"~"lV 

~I • ~ ~ 1 1" Polysaccharides luU Capping agent 1'l111 L1''11ml~'I1 Starch-Silver nanoparticles ~U '11 
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:;'1 . 1":;'1 .. 1 dStarch llJlJ Cappmg agent ll"~ 'IS a-O-glucose llJlJ Reducing agent [27] ·Wi eJ lJ1Jl.:)f)HU 

o iJ.J cl ~ .<::t. Q,I 

Polysaccharides eJlIlYll'l1lJl'VIIUlJ'Vl':) Reducing agent II"~ Capping agent 1lJl1"11~W1f)lJ 

. ~.. 1 .1 1 • " ..
l'lSlJ "CI'':)lfl'il~lf Silver nanoparticles lJ Heparin solution lJ~~~m.J lJ Heparin Il~YlllflJl'Vl 

ItllJi.:) Reducing agent ll"~ Capping agent 1lJl1ml~(J1nlJ [28] 

~ , 

Tollen's method: l1itjll~l~i~ UlJ Silver nanoparticles li"Cl'llJl'i f.)fI11JfJlJ'IIlJl~'IIeJ':) Silver 

1"1 ~ .. " ~.I~~nanoparticles ~ ~UYllJlllJ'IIeJ':) Tollens reaction 1l~!f)U1'11eJ.:)f)1JlJ{)mUl Reduction 'IIeJ':) 

Ag(NH)2\aq) + RCHO(aq) -- Ag(S) + RCOOH(aq) ----·(2) 

.. 1jJ "'" ~ .d" .cia 
riel ~ Vl"lJ'VlU'i~f)eJ1J~lU Silver nanoparticles 'VllJ'IIlJl~ 50-200 nm [29, 30) 

laser irradiation [31] Microwave irradiation [32] lf~eJ Gamma radiation (33) ltllJ,rlJ ~.:) 

c:u::II Q,I" c:u::II QI 4:1': Q,I'
11if)1'i"Cl'':)Ifl'il~lf Silver nanoparticles 1~U11if)1Hl1U'i':)"CI'lJ ll~mlJl'iO"Cl'':)Ifl'il~lf Silver 

~ . 1. 1 " • ~" 1..I~" ~ ~ 4 " 
~.:)f)m1 lJII"111lJeJf)\l1f)"CI'lJ1J~Yll.:)mlJ YfYll'Vl\.lf)Yl\llJlJl'lllJ\llf)f)1'il~lJ Silver Nanoparticles 11"1 

QJ iJ V<Q'" d.c:fo jI.o:!l ~q..o,":
Electromagnetic Interference (EMl) Shielding U'l~eJ.:)f)1'i "CI'lJ1J~'Vll.:)~llJlllJl'I1"f)eJf)mU 9i.:)"CI'lJ1J~~.:)f)m1lJ 

.c:i.A.ct. ,o:jl" 1".J~lJ1"C1'lJ1\llJlf)'Vl"'l'~ llJeJ':)lllf)lJfI1 Saturation magnetization ty".:) (92-100 emu/g) lJfI1~11lJ~llJ'VlllJ'Vll':) vlYll'Vl~l I 

http:c:i.A.ct
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2'" )+ . 

Fe + 2Fe + 80H --- Fep. + 4H20 -----(3) 

1~wi1hl m::;u1'Uf11'.i'l1ftf)1'Uf)l'jl~-;UlJ Nanocomposite '.i::;'1ril~ Magnetic Nanoparticles 1m::; 

Encapsulation of magnetic particles by polymer [37] 1m::; Melt or solution mixture of the polymer, and 

~I " magnetic particles to form films or fibers [38, 39] 	lu'U~'U 

~ 'l' ,cl ~ ",.11 1 = ..
2. In situ method; 1~U tll-JfIlfi1'U'.i::;~U'Ull'U'lJtl~~.:JlllJl'l1ftf)\l::;\lf)'ff~lfl'n::;'I1'IJ'Umu 'U'VWftllJtl'.i 

q '" 1 """ 1 d 1 .v ".1 " 1'"IlJ~'.if)'II (Polymer matrix) I~UTIif)l'.i~f)~::;f)tl'U 	 'U'fffll1::;IU'ff 'II~ ~Uln !ullft1f111lJ'ffllJl'.i() 'Uf)l'.iU~llf1l::; 
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,)-lJlJ 1lJ-lllJllltJ~Il~Y\lm~iY-llml~~ Magnetic Nanoparticles hwn In situ co-precipitation UCl~ 

Silver Nanopartic1es hwn Tollen's method M1JlJl-cVlJltJlI1JflVi~ tJl'll(l(.l hrf lf1tJfI1f1'\1lJltJ':hlrf~~I~i~tJlJM 

~ 	 0:::1 ~ ~ 1 P.I ~ I d .A '1 " d
lJlJ ll~lJYl-lrflJ1J~ 'Vl1-l vll"IlllCl~rflJ1J~'Vl1-l!llJl'\1Cl f) Il'IvrfllJ1Hl'lh ~ qf) ~ 'lHUlJ Electromagnetic Interference 

(EMI) Shielding 

~ .<:1.<:1 	 Q., X '.c:..<:1 d' Q.I "::q... 

l'I1v!l1JflYlI~ tJ Acetabacte,. xylinum (strain T1STR 975) rf-l'llt)lllf) t1lJtJ~olJ Yl~ tJ rf011JlJ1,W 

lYltJlfflrf~flLo~lYlflllJ hUll11nh~lYlff1YltJ, Analytical grade D-glucose anhydrous ,,*,-l~Vlllf) Ajax 

.;. .r 
Finechem, Yeast extract powder rf-l'llvlllf) HiMedia, Analytical grade sodium hydroxide anhydrate pellet 

.;. .r 	 .;. .r 
rf-l'llvlllf) Aldrich Chemical, Analytical grade glacial acetic acid rf-l'lltllllf) CSL Chemical, Analytical grade 

.;. .r 
iron (III) chloride hexahydrate rf-l'llvlllf) Riedel-deHaen, Analytical grade iron (II) sulphate lICl~ Analytical 

"' .r 	 "' .rgrade silver nitrate rf-l'llvlllf) Ajax Finechem, lICl~ Aqueous solution of 30% ammonia rf-l'llvlllf) Panreac 

"' .rQuimica SA NaBH] rf-l'llvlllf) CARLO ERBA 

~,l ,d ~9~" "9 
1. 	 X-ray Diffraction (XRD) : nl'ilnfl'IJlJ'lJtl'lv'4mfl!llJl'\1of)lIo~tl'4mfll'llJ IlJllJmf)'II'lJv'llrflJ ItJ 

lI1JflVi~ tJI'IIot11orfrfllJl~ ()VlJOlJ1,)1fltJlYlflijfl X -ray diffraction (Rigaku, model Dmax 2002) lf1tJ~ 

y 	 , 

;lJYlflrfvUIl~Qf)rfllf)lJ Illf) 26 = 300~" 26 = 80° ~1tJer~n1mmrff)lJVi 100 26 Imin 
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2. Scanning Electron Microscope (SEM) : rlf)1Jru~1m'H"~l'l'Yl1'1~ftfl1fl'IJCl'lVr\.j;:i';lI1:rtll(J!l'\.Jfl'n~(J 

4

llfl'.il:::11
~1

fl(J JEOLlJSM 5200 scanning electron microscope (SEM) 

3. Thennal Gravimetric Analysis (TGA) : ?I'lJllii'Yl1'1mllJ~Cltl'IJCl'lIl'Uflii~(JI'lm~1m,. !l'UfliiL~(J 

4, Vibrating Sample Magnetometer (VSM) : r11fll1lJ?I'llJl'HIltlf11) ~Cl'\.J?I'tlCl'l~Cl?l'tlllJll1im~f)'lJCl'l 

5. Two Points Probe Conductivity Measurement : r11mllJ?I'llJl)1l'tlf11'i~tJ'\.J?I'tlCl'l~Cl?l'tlllJ1VlVh 

Conductivity Measurement 

'lJCl'l 'UYllh 
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v J ... 1 '" '" ..
fl11tl.:jlml~'I1mU tJlI1JflYlllV1'11"tl!l;ltl 

d .a" d' "'" 
nmlllUJlJV111nJlItNJ'lfV'lfl-mmfl? (Culture Medium) 

J' .f «:to 0 Q,t A .c:t.o::f _I" 
61'111'W'HFlI'iltl'illJ ~1'I11'11 1'1'1'11 'j 1J I'l1VII1J~ 'YlI'HJ Acelobacler xylinum lJ'j ~ ntl1J~1U D-Glucose 

.d'l v d' J ,dd 

t'(il1']::n !'lf1UnnWtNJ'lfVlllJFltllJtJ Acelobacler xylinum (Cullure Condi/ion) 

0' ...... ' .... 1 ~ .£ o~!"i 0~_1""nwVll 'I1ll'1'lJ UIl1J~ 'YlI'HJI'III'I~ I'Il'I'm"1'Yllil'l'1lJl'.Hl'Yll t~ t~lJm'jlJ1 tlJ~lJ lJ 1% w /v 'lJtl.:jI'l'1Hl~l'IllJ 
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fm ~rl~:t:rl tl'W lw '(l'fI11:t:lU'(l' (In situ co-precipitation) ~fl'l'(l'l'Hl:t:mtJI'l1~rl i ¢lOthW-ll., 1!Ji 1l'i "Hl~fl'll~t-I10 


""" ." ,,~ cl , ~ " .!il\)~'Yl 1l\):t:Qrl'Yllll'l1'11l1tJ1'Ylflt-lfl Freeze-Drying 1I~:t:lrlU 1 !t-I~mU~lJmllJ'1St-I 

0.5 M ll~:t: I M mmh1iu 
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II 
U 

c ..."~ ',,~••, NH) gas Inlel 

Expel"imentalset up 

~ Iron Ion salul1Iled-bacl<l'lal cellulost 
~ pellicle clamped" IIh sAmple holde~ 

11uNHlgaSWaS 
- genenutd byboIllDgNH,OH 

, solulion at SOCC. 

Reactor • 
Rtaction: 


FeSO, + 2FeO, + 8l:'<-a.OH'H,O ~ F.,O, + 61''H.CI + <l''H,}zSO, + 4H,O 


HEAT 

_I'" ~ ~ . 1 1...... 1 cO cO 1:;11 ~.d Q

llJ't17 f)1HI''11fl'il~'I11l~mfll!lJl'I1''fl fW 'lHfflJ V!l1JflVlI'iVlC)j,,'Q "mu1.JllJ~'iflC)j mlJfl'i~1J1lJf)1'i 

Ammonia gas-enhancing in situ co-precipitation method 

v , 'I ... 1 ""'.. .. .d_ I ... ,Q " 
ill'i(Y-31fl'il~'I1 f)1Ullfll-3lHH Il!ml! fJll1Jfl't1I'i fJI91tH' III (Y't1u'i::: flf)1J m[Jf)l!.fl1fllllJl 'I1ll fl. "'. 

http:61''H.CI
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, 1 """ 0" J! ~ d '''''' " .l!l ~mHI'Yl ~1l~~fl'Ylllll1'l~nVl'YlfltJfl Freeze-Drying 1l'fl~lflU -J ltJ~mUfJlJmllJ'lftJ 

, .. ~ " " , .1'" " " 1 Q ~I
l'lltJl~V1flUfl':i~U1tJfl1'i'\Jl'lfltJllm1J'flvtJmllJl'\JlJ'\JtJ'\J€J'lTI'1'i'fl~'fllV AgNO) ~Vl'l"llJl1JtJ 0.05 M Il'fl~ 0.1 M 

",.I".l .... ~ .. ~ .. 1 , .... ,1flV'Yl1 1J1l'fl11'lf€JIlUfl'YlI'iVAcetobacler xylinum TI'lV'I"ltJ~ TISTR 975 TI'llJl'ifllll'ii1!lflU fl flfl tJ 

~ .. " , 1 .l .... ".1""
TI''llfln~11lTI'tJ Vl'lf'fl~ 'flTI''\J€J'lI'll€JllUfl'YlI'i IJ Acelobacler xylinum ll~fl€J'l1J'i~fl€JU~11J€J1111'ifl€J Glucose ll'fl~ 
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~ " ... '" ..\ . 1 ". F- " 1 .... '1Acetobacter xylinum 'ffl0'VI'U1J T1STR 975 fHl'Yl4 %w/v l'UtJ.:J\l1f111 ltlJ~lJlrul'ff'U OU'IJfI'Yll~o!'lmtlICl'fft!.:J 

18 .-------- ------------------------- .. OA 
I 

l 035 
f . 9 
10 3 ~ 
,, 
i .9 

= '" 
f 0.25 e , .~ 
j 0.2 ~ 
~ E 
t015 ~ 
. , c:'"I ~0. 1 

L 0.05 

10 \2 \4 
Percentwelght gilicose (% w"') 

.r .o::td cv fI "i 1" J'.r cv 
~fl.:JI'lnHI'lJfI'YlI'jO Acetobacter xylinum 'ffl0'VI'U1J T1STR 975 IfiO 'IH1C1lI,WWlffl 5 1'U 
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IItJflVii~(J ACeLObaCler xy/inurn ffl(J'rl'lJf TISTR 975 ;itl~ 4 llJ ~'1 ru nen 4 llJ\l::;1~fl11lJl1lJl'IJtl'l1lr-ilJ 

cl , J' J .o:::t.o:::t <V tI ~ .=i 
ff11J fffl11::;'Vlll1lJl::;fflJ lJf11'WW'Il'lftllltJfl'VlI'W Acelobacler xylinurn ffl(J'VIlJ~ TISTR 975 fltl'Vl 
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fll'V'I Scanning electron microscope (SEM) im'lTI'h:j'Vll'l~nfl1fl'IHN ~''\1'\hm:::fI1mrfl'll'WlJfl'l 
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3U~ 11 fl1~ SEM lm~l1hrvn~~ftmfl"Hl~ (a) f:i1lf,h (X5000) 11m: (b) fl1ml~'Il11~ (X2000) 'Ilu,:ml'Ul/J 

.. :;II ... d i ..... I ••!1 ,,~ ....
(electrostatic interactions) 'If ~Iu'U HftlJ1\llflIlH~~~m ~lf11~ Ilfft fl 888 'U 'I'111u 'j ~ ~1J1flllft~lf 12rt~ fl'l1'U '1'111 
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~ d V d .d v .0::1,'1< "1 .... 1 . ~ 
'Ylfl11lJl'lJlJ'lJlJ'IJ'V'Iffl'HI:::(llm"HHH'HJ~lJ'Yl 'IIVlJl{\'lJ ml1JfI'YlI'WI'b'(l~ (l{\'I'V11fl1J 0.01 M (b), 0.05 M (c) U(l::: 

O.IM (d) ~llJrll~1J 

11 "... '1.I~ ~. ,. I 
fl11lJ'IIlJlI(l11l'llJl lJ11f1n:::,.,~'V lJ 
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, d d .d. d,., )J 

HlJllH'lf1'li'lI~'lVlJ\llmnH'l~rn[Jl'lH'lf1f111lJl~lJ~'U 0.01 M (a), 0.05 M (b), 0.1 M (c), 0.5 M (d) Uft~ I M (e) 
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I c:f.oJ. .d c:f jJ iJ 
IIlHmlf)'lI..:jlfl~VlJ\llf)ffl'Hl~mV!,\Hlf)fIlllJl'lJlJ'lJlJ 0.01 M (a), 0.025 M (b), 0.05 M (c), 0.075 M (d) IIn~ 0.01 
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.. ., " .. . "1 "1 ...... .,., 1" ..ill 'i fl illlllm ,nn1~ I'HHl'lHl ,HI 'iillflUlJ l'InHl Ulin! tlUU fll'!1 'i til 'lI " g"HI'!~ tI '!Ill'! fl U fl X-ray 

Diffraction (XRD) 

-CIo ~I oC;lo"';, "4 ~ "l" SI ~ ,. , " .. 
Il1fltJfl X-Ray Diffraction (XRD) llJlHl'lfltJfll'l 'IH'YHll1illlllflHTI'HHWfl'IJfl'llftl1:::IH'1::: 'IH'YHl 

SI 'j.I 0 Q.I 

fl11lJl'IJlJ'UtJ 0, I 1I1lJftlfl1J 

" , .... '\" "'.1" . '\" '" .1"Qpattern 'lJfl'llTI'tJ tJlIUfll'lI'HJI'lIft~ lftTI'l'llJ~:::m)1JmtJfl'4f11fllllJmftfl IfltJl'l XRD pattern lJ~:::flflumtJ 6 peaks 

~ ~ 
'\" ~ .... '\" " ..

(422), (511) IIft:::(440) lfltJl'l'l 6 ~:::tJ11JtJlITI'fl'l()'llm'lTI'~l'lNftnIlU1J face centered cubic (fcc) 'lJfl.:jfl'4f11fl 
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d. 
(111) 

_C_.______________~_)________~(~_~_____(3~ 
(311) 

b. 

.. 


10 20 30 40 50 60 70 80 
29 (degree) 

, d Jt .c:I d ..:::i " " v " .<:t oCt ~ ..J .. 1 So'
t)'4f11rHllJll1tlfl CJ!.:Jlfl~ UlJlllmnnl:::mUll1tlfl'l'1f111lJl'lJlJ'IJ'U I M (b.), l1YlJ IUII1Jf1'1'1I~UICJ!tl~ Ift1Y'I'11J~:::flt)1J~l(J 

" .d "'" 0 Q;'m(J1Yl~ft:::m(J AgNO) 'I'1f111lJl'lJlJ'lJlJ 0.1 (d.) flllJm~1J 

~ CI "vd ~ d """.J ~ I dQ;' I 

1l1fl XRD patterns '1'1-) 4 1YllJ1HlUlJUlJ 1'(IIi1lJt)UWII~llllJ().:Jfl1~lfl~'IJ'U'lJt).:J'I'1.:Jt)'4f11f1l1lJl'11ftflllft::: 



30 

Thermal Gravimetric Analysis (TGA) 

~ ;'1 ~"', ,,"," "" '" 1'I'1f1lJfI Thennal Gravimetric Analysis (TGA) lu'Wl'l'1f1lJfI'I'1 'lIl1fl'il::;'1nn fI11lJlff!U'HllV ~fll1lJ 

, d .o:i .do d ..J ,,'j) I ~ t , 

IIlJ1'I1ftfl 'I'11~'iVlJillflffl'ift::;mVl'l1ftfl'l'1f111lJl'IJlJ'lJlJm.:j<")fllJ ~.:jll~ 0 .01 M, 0.05 M, 0 . 10 M, 0.50 M 11ft::; 1.00 


.. i" .!. ~ ~.. i" . ,. ~ 
Weight loss lJIIlJl lJlJftflft.:jYlllJfl1'ilVilJ'lJlJ'lJtl.:jtlru'l1~lJ 11ft::; il::;lJl1lJl lJlJftflft.:jtlVl.:jlJlfl lJ'lIl.:j fJru'l1~lJ 

" . <S • '" .... i ~.tt1 'i::;fltl1JfllVtl'4fllfllllJ1'I1ftfll1ft::;m Percent Weight loss 'lJtl.:j IfflJ VII1JfI'I'1I'iVl'llft{l ftff1l'i"1'1'1ti 
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100 

90 
f. 

80 
:oR 
~ e . 
'" 70 
'" 0 d.-' 60 
1: a. Pure BCf 50 -'---~ c. 

b. Fe30,IBC (0.01 M) 

C 40 
c. Fe)O,lBC (005 M)

~ 
<.) 30 ---_.. b.
Q; d. Fe30,lBC (0.10 M) a.. 

20 e . Fe;O,JBC (0.50 M) 
10 a. 

f. Fe20,fBC (1.00 M) 

0 

50 150 250 350 450 550 650 750 
Temperatu re (Oc) 

~I" , d J, d d ..i "" 
U'j~f)[)tJ~lV[)'-lmfl!llJllHlf) 'II'II~'j VlJ1l1f)nl'j(l~(llVllHlf)'VlfllllJl~lJ~'U 0.010 M (b.), 0.05 M (c.), 0.10 M 

(d.), 0.50 M (e.), 1.00 M (e.) ~llJrlWltJ 

a d .Q "" 0<:1 I •

1~'jVlJ1l1f)nl'j(l~(llVl'Yf(lf)'VlfllllJl~lJ~'U 0.01 M, 0.05 M, 0.10 M, 0.50 M !I(l~ 1.00 M lJfll Percent WeIght 

Loss Ivhtiu 72.32 ±0.24, 52.34 ±1.35, 41.00 ± 1.48,30.39 ±0.35% !I(l~ 17.36 ±O. J1% t;lllJrll~U 

http:1.48,30.39
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100 


90 


lao 
§ 70 

'(S2.31 ±0.S8) § so 
e
8 50 ... > (51.S9±1 .15) 


~ 40 ./(40.35 ±1 .01) 


~ 30 


~ 20 ;(20.37 ±O.10) 


10 

o +---'-~---'---'--'---.--.--~---r--~ 
o 0.1 0 .2 0.3 0.4 0.5 0.6 0.7 0 .8 0.9 

Total Iron Ion concentration (M) 

I d .4 ..:i d.c::i iI" 
UlJl'lHHl cII'H~'HJlJ1l1fHnHI:::m0l'l1Clfl 'YImllJl'IJlJ'IJ'U 0.010 M, 0.050 M, 0.100 M, 0.500 M, 1.000 M 

«:t. d 4 v jJ .::t I jJ :: CI.I

l~~ OlJlllfHYlHI:::mm'lHlf1'Vlfl11lJt'IJlJ'IJ'U 0.01 M ,0.05 M, 0. 10 M, 0.50 M 1m::: 1.00 M lJfI1HlOft::: lflO'Ull1'Uf1 

J.15%,62.31 ± 0.68% l m~ 75.30 ± 0.43% ~llJ,i1fi'1J fi'-lUfffl-l''U~tJ~ 17 

~ a '<}iI.o:::t J I ~ ~ iI jJ d d 
l'llft'J lftfflJU'U1l'UlJll'llJ'IJ'UelOl-llJlf1 llJelmlJmllJl'IJlJ'IJ'U'lJV-lffl~ft:::ftl0l'l1ftf11l1f1 0.01 M lU'U 0.05 M Uft::: 

d .~ '~d .oj tItI d.J.,J d 
l1J'U 0.10 M ~llJftlfl1J elOl-l l'jf)~llJ llJVmllJl'IJlJ'IJ'U'lJV-l'cY1'Jft~ftl0l'l1ftf1tl'llJ'IJ'U1l1f1 0.1 M lU'U 0.5 M Uft~ 

.o::t'1"1I" .d ilV d I 

lJlf1 llft~lJll'U1l 'U11'IJ1t1f11'cYlJ'lft'VlmllJl'IJlJ'IJ'U'lJV-l'cYl'J ft~mml1ftf1lJlf1f111 1 M 

http:51.S9�1.15
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100 

90 

l 
80 

II) 70 
II) 

0 
...J 60 
:E 
.~ 50 

~ 40 
c 
Q) 

e 30 
Q) 

a. 
20 

10 

0 

f. 

e . 

d . --
a. Pure BC c . 

b. Ag/BC (0.01 0 M) 

L b. 
c. Ag/BC (0.025 M) 

d. Ag/BC (0.050 M) 

e. Ag/BC (0.750 M) 
a. -.f. Ag/BC (0 100 M) 

50 150 250 350 450 550 650 750 

Temperature (Oc) 

... 1 9J o<:lto J, do d" ".. 
lJ~::flCJlJm{JCJ'4fl1f1I.:j'tJ 'II.:jI~~tJlJ\llfl AgNO] 'Vlfl11lJl'UlJ'U'tJ 0.010 M (b.), 0.025 M (c.), 0.500 M (d.), 0.D75 

M (e.), 0.100 M (e.) ~llJrll~lJ 

58.97 ±0.33% 11ft:: 67.21 ±0.41% ~nlJ(\'l~lJ ~~lIff1l.:j''tJ~tI~ 19 
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100 

90 

~ 80 . 
(S7.21 ±OA1)5 70 

(5897 ±0.33) ~ SO _.'-- . -..,.

.. -.-·-- .. ··- --·~·(5054 ±0.35)t 50 j' 
.£ 40 
C / '~'i4021 ±OAO) 

~ 30 I 
..'(25 .83 to.42) 

~ 20 1 

1~ if-~--''-'- .------,---~~_ 
o 	 0.01 0.02 0.03 0.Q4 0.05 O.OS 0.07 0.08 0.09 0.1 

AgNO) concentration (M) 

d .c:i", 'j/ 	 0 ~ 
1~'WlJIl1f) AgNO] 'I'1f111lJI'lJlJ'lJ'U 0.010 M, 0.025 M, 0.050 M, 0.075 M, 0.100 M ~l1lJ(ml'lJ 

., ... .,,, ~.f, .. ~ " " 	 ~I 
1'llC'l~ !C'lfflJlI'Ul !'UlJIYllJ'lJ'U8U1'l1J1f) IlJ81YllJfll1lJl'lJlJ'\J'U'lJ8'1ff1~C'l::;mU AgNO] 1l1f) 0.010 M lu'U 0.025 M 

~I ~ " d .. " " ~ .f ~I0

1m::; lu'U 0.050 M ~llJC'llflU 81.11'1 ~f)~llJ IlJ8m1lJI'lJlJ'lJtJ'lJfl'lff1~C'l~C'llU AgNO] IYllJ'lJ'U1l1f) 0.050 M lu'U 

'J/4~11' d 1"''''' .d iI" d I
II'U 11tJlJlYllJ'lJ'U !lJlJ1f) 1I(l::;lJlI'Ul ! 'Ull'lJ1ffmfflJ~C'l'l'1m1lJl'lJlJ'lJ'U'lJ8'1 ff1'i (l::;mUllfC'lf)lJ1f)f)11 0.100 M " . 

,d ~ !'I "., ~ 	 4 d ~ P " . 1 
lllJllfC'lf)ff11J1'i01lfl':i1::;111fl !flOl'l'1fl'Ufl Vibrating sample magnetometer (VSM) 'lI'Ir.lC'l'l'11flll::;lIff~'18Q 'U~u 

~ , ..::i 	 .d d .d.Q. tI "QI I 

'lJ8'1 Hysteresis loops fl'lllfffl'l 'U~tl'l'1 8a IIC'l::; 8b 1l1f)~tl'l'1 8a ll::;ff'lIf)~llf'Ul1IlJflIYllJfl11lJl'lJlJ'\J'U'lJfl'l 

d ~I 	 ' " ,
ff1'iC'l::;mtlll1MII1f) 0.01 M lutJ 0.05 M, 0. 10 M, 0.50 M 1IC'l::; 0.10 M m Saturated magnetization 'lJfl'llff'U 1.1 

...... i d.I" • ... ' ~ .f ~Id
llUfi '1'1 l'i Ol'llC'ltl C'lff'l'1U':i::;mJUfll1.1ellin1f111lJll1C'lf)lJmIYllJ'lJ'U1I1f) 2.10 emu/g lu'U 17.42 emu/g, 27.99 emu/g, 

~I 0 ~ 4 ~.f , 	 .. ~ 
40.57 emu/g 1I(l::;lu'U 45.16 emulg ~llJmflU 'lI'If)l'HYllJ'lJtJ'lJ8-3m Saturated magnetization IlJfllYllJfl11lJ 
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'IHlf)\llmT'U ~1l~ 19a II"::: 19b U~UrY¥I~rYlJ1J~ Superparamagnetic '1Hl~I~'U'(JU1JftYi~Vl9m~hrY~ 

• '" • ~, '" • ::'1" '" '" , d • m Coercivity 'I1'Hl m Applied Magnetic Field 'Yl '11m Magnetization lu'U 0 'U'Uft1l1rY~ Wlf)~llJ\l:::I.1f)\llU'Uf) 

• "" .I~ 4 , '1"" "" 1 "'.1dd '" '.i:::'1111~ 33.14 G ·34.30 G ¥I~UrY¥I~ 'Uau'Yl 21 \l~rYllJl'.iOf)"11 ¥l11IrY'U (JU1Jft'Yll'.iVl9m~ "rY'Ylu'.i:::f)tl1J¥l1(J 

I c: .d.d 1IJ " ::: ~ ;:. 1IJ " Jt ~ Q.I , ~ 0 , '" 

tlll fllftUlJm" f)'Yll¥l '.i (JlJ I ¥Ill II rYllJl'.i Oil rY¥I ~rYlJ 1J ~lull Superparamagnetic I¥I 91 ~ rYlJ1J ~ ¥I~ f)"11'U 'Yll '11 
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e. Fe ,O,-BC (1.00) 

a. 
~-d. Fe,O.,-BC (050) 

-c, Fe,O,-BC (010)~ 
E -~i=e!O,-BC (005) 
~ 

J . Fe,O,-BC (0.01 )

§a 
r-

'c:; -10000 -7500 2500 5000 7500 10000 
c:g> - -
:E 

-SOOO 

-50 

Applied 1\.lagnalic field (G) 

40
b. e. Fe,O,·BC (1.00) 

30 
d. Fe~O,BC (0.50) 

20 

250 500 750 1000 

-30 

-40 
Applied MagnetictleJd (G) 

ltl~ 20 Magnetic hysteresis loop (a) lift:; mYl'IJlJllJ'IH)~ Magnetic hysteresis loop (b) 'lJtmff'U'mlUfl~filJ 

"i' a~ I v I d .4 4'::S d .d. g,I v 
I'llftt) l MY'V1lJ~:;ntl1J~1IJtl'4mfllllJllfftn 'lI~I~~ IJlJ\llmn~ft:;fl1ml1ftn'V1mllJl'lJlJ'IJ'U 0.01 M, 0,05 M, 0.1 0 M, 

0,50 M 11ft:; LOO M ~llJ,hfi'u 
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(6114 49 !599.80)1 

(5636.71 !463.~~q-' .- 

(438915 ±63458.:1/ 

(582.40 !300 56) ( 
{el68 !397?L ___ __... ---

20 30 40 50 60 70 80 

Percent Incorporation (%) 


".1 , y, .... '1 d.1 J! .1 1y, , 
~ d 
fl~f1lJ~~m)1J 'Ulff'U VlI1JfI'\'1IHH'IHltllrlff'\'1lJ'i~f)fl1J~nOfl'4fllfll~'U Illf)llJil::I'I1'U fill fI1 Conductivity 'lJfl~ 

Y , a.::t ~.::t y "'" .::t I ~ ,J d 
lff'U OIl1JfI'\'11'iVl'l1r1tllrlff'\'11J'i::f)fl1Jfll(Jfl'4fllfll~'U lJfI1l'WlJ'IJ'Uillf)6J.68 ±]9.76 S/cm ltl'U 582.40 ±]00.56 

d .:iy 'i r: ~ 
S/cm, 4389.15 ±634.56 S/cm, 5636.71 ±463 .7 S/cm 1Ir1~ltJ'U 6114.49 ±599.80 S/cm mflOrl~ IfI(J'Ul'\1'Uf)'lJfl~ 

http:lJfI1l'WlJ'IJ'Uillf)6J.68
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lJlf1 m1ie)'w lW'lh-3 Percolation Threshold 

~I' .J, d V t' ~..J .J. 01"4
'Yl11-3flQ1.h:::1J1U1 40% '1I-3Il:::llhnnlJ1U1'ifl{m::: 1~V'W111'Wfl'Ylll:::mlWl'Wl l1Iflf) Percolation Threshold 'lJfl-3 

4 1 "1 '" '" 1 ~ 1 _I';.J, _I ~ ..1-3'W,j-3 'W1'ff'W VII1JfI'YlI:iVl'1l(l{) (I'ff f)-3I1'ff~-3 'W XRD pattern ~lJ'Yl 15d '1I-3lJ:ifl{)Diffraction Peaks Iflfl(lf1'14U1 
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.d )I ,.. , Q,I 

72.50 ±2.24, 73.97 ±2.24 llCl:: 81.35 ± 1.81 'Vl fl1llJl'UlJ'U'U'Ufl ":Hl'l'l Cl::Cl11J AgNO)I'VllflU 0.0 I M, 0.05 M IICl:: 

c(.J' !if :1f "" "" ,~IWlJ'U'U\)lfl 3.23 ±2.24 IlJ'U 4.70 ±2.20 IlCl::llJ'U 12.08 ± 1.82 'Vlfl1llJl'UlJ'U'U'UEl'l AgNO) I'VllflU 0.01 M, 0.05 M 

I d ..::. ~ I I , 

El'llfllfllllJIl'IClflIlCl::El'\lfllrH'I'U ~l'll'l 2 ll"CYfI'I "CY1lJ'\Hl'l fI1 Saturation Magnetization llCl::fI1 Coercivity 'UEl'l 

" , .... 1 "".1" " , ....,dSaturation Magnetization 'UEl'll"CY'U IJIIUfI'VlI'lUl'1lCltl Cl"CY'VllJ'l::flElUfI1IJElljfllfllllJIl1ClflllCl:: 1"CY'U IJIlUfI'VlI'.i IJ 

l'yiltlU 0.01 M ,r'Uliril Saturation Magnetization 'flrrl~IJ'IO'U ;iEl46.75 emulg llCl:: 45.85 emulg ~lml'1fi'u IlFi 

lrltll~lJfl1llJl,rlJ'lj''U'UEl'l AgNO] \Jlfl 0.01 M 111'1.1 0.05 M IICl::I11'U 0.1 M fll Saturation Magnetization 'UEl'l 

Q,I I .ell I 0 (V t;'1 :il d 
~lflIJ1'llJfI1ClflM\Jlfl 45.85 emulg lu'U 39.90 emulg 1I(l::llJ'U 25.53 emulg FlllJ(llflU '1I'Ifll'lClflCl'l'UEl'lfil 

.. c( v " ' ~I • 1 ..
Saturation Magnetization llJEllWlJfllllJl'UlJ'U'U'UEl'l"CY1'lCl::Cl11J AgNO] 'Ul\J::llJ'UrlCllJl'illfl ll1~rlCl 2 lJ'.i::fll'.i flEl 

http:iEl46.75


43 

""1 ~.d .. , ~ ~,J .r ~ , d .d.1 ~ 
mH1 Cll1~I~U'lf~lJfl1 SalUration Magnetization ~11m)~U1JU'I'lUW)~el~ el~Il1fllllJll1Clfl 'lfhJ'jlfl~fl1HlJ 

Electromagnetic Unit per Grams of sample (emu/g) ~-3)jllUl1'1flJClllCl-3mlJ~h~1J 

SO 

40 

s 
"" ~ -10000 -7500 -5000 2500 5000 7500 10000 

'" c 
0> 

'" 
A (010 M\JBC 

:::; 

-50 

Applied Magnelic field (G) 

'd..d..::$ dO::"" ~ d tit' 
elUfllfllllJll1Clfl 'lf~l~'i {)lJ\llflTI'1'iCl~Cl1U1l1Clfll1fl11lJl'UlJ'UUfl~11 0.5 M llCl~TI'l'jCl:;Cl1{) AgNO) 'I'lfl11lJl'UlJ'UU 

O.OIM, 0.05 M llCl~ 0.1 mlJ"l~1J 

Q. I d I IV , 0<:1' I I .dr I .d:i ... 
el~Il1fll~'UllCl:;el~fl1flll1Jll1Clfl fI1 Coercivity 'Uel~911el{)1~lJfI1elQ~:;1111~ 25.18-32.62 E'lf~ fI1 Coercivity 11 11 

http:25.18-32.62
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oQ II I I d1" .llfl'i1~'11 N1U Two Point Probe Conductivity Measurement mYl ~;)~nO'llU' U~tl'IJ'CJ'Ifl1 Conductivity 

• " , dd 1 d.1 " • d '" (S/cm) ~lll'l 2 1I'il'~.:jm Conductivity 'IJ'CJ'I l'ffU OIl1JflYlIl0l9l~\l ~'ffYlul~f)'CJ1J~10'CJ'4mfllllJIl1~fl, l'il'U 0 

.: ~ ....: " " .4 ~I .: ~ • r= " 
Conductivity lYIlJ'lJU IlJ'CJlYIlJfl11lJI'lJlJ'lJU'IJ'CJ'I'ff1l ~::;mo AgNO) 91'11uUN~lJ1;)1f)f)l'ill'llJ'lJU'IJ'CJ'IullJ1ru ~ 'CJO 

1""" I~ tI lei'lJ.:s dQ.fConductivity ~O'l U'lfl'1'IJ'CJ'I Percolation Threshold 1I~IUtl'l;)lf) 'IJ'CJ~'IJ'CJ'If)l';iYl'ff'llfl'i1::;l1tl'4mfllllJll1~f)~'1 

• d.... • ~ "1 '. ~I " ~" ~ ~ • r= ..; d "" ~ 'IJ'CJ 'I 'CJ'4 fllfllllJ!l1 ~ f)91 '1Yllll1 lJ;) 11 u U ~'CJ.:J I'lI'CJ'4 fllfll.:J U l'U u';i lJ 1ru YllJ 1f) f)'ff1lJ 1~ O'ff'i 1.:J I'ff'U Yll.:J l'U f)U 

A ..J oQ d 1Vd..:::. lfJ 'lJ 1 .d, _F- v 1 ~ ~ 
Ifl~'CJUYl'IJ'CJ.:j'CJm f)m 'CJU ~ ;).:J'ff1lJ1l Olf)~ Percolation Threshold l~ ~OYlfllullJ1rul tlO~::; ~V'U 1'l1'U f)'IJ'CJ.:J 



45 

..' "" ..; .r ~I ~ImWl~1'W'llJ1~ 2 r'le) fI1 Conductivity lJfI1l'1'1lJ'IJ'Wl)lfl 0.0015 ±0.00061 lu'W 961.16 ±69.51 umau'W 1898.19 

....; " " ~1:l1· ~ & :ll
±321.84 ImH'I'IlJfI11lJt'IJlJ'IJ'W'lJfl~ti1H'::;"Ol(J AgNO] 1)1fl 0.0 I M lull 0.05 M lI"::;lu'W 0.1 M mlJ"Olfl1J '1I~lull 

dd 'jJv .d .::i 'jJ'jJ 

U1flti1J"::;"llJl'l1"flVlfl11lJl'IJlJ'IJ'WrHVl 0.5 M U,,::;ti1J"::;C11(J AgNO] Vlfl11lJt'IJlJ'lJ1l O.OIM, 0.05 MIL"::; 0.1 

o GI d I 4:lI .d do ~.d 
'lllJ"lfl1J 1)::;l'\1'W11IMI AbsolJltion peak (A max) Vlfl11lJ(J11fl"'W 484 nm, 529 nm 1l"::;Vl 556 nm Vlfl11lJ 

. . 
,.. " d "" 0 GI QI v

l'lJlJ'lJll'IJfl~m'.i"::;C11(J AgN0 Vlfl11lJI'lJlJ'IJ'W O.OIM, 0.05 M u,,::; 0.1 1I1lJC11'l1J 'Wflfl1l1fl'W'W fI11lJfl11~'lJfl~
3 
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Percent Incorporation (%) Magnetization Coercivity Conductivity 

Sample Ref. 

Fe)04 particles Ag particles (emutg) (E) (Stcm) 

Fep4-Ag (0.01 M)IBC* 62.31 ±0.68 3.23 ±2.24 45.85 32.62 0.0015 ±0.00061 

Fe}04-Ag (0.05 M)IBC* 62.31 ±0.68 4.70 ±2.20 39.90 27.67 961.16 ±69.51 

Fep4-Ag (0.10 M)IBC* 62.31 ±0.68 12.08 ±l.82 25.53 25.18 1898.19 ±321.84 

Fep/0.50 M)IBC** 62.31 ±0.68 46.75 34.16 0.0016 ±0.00028 

Ag (0.10 M)tBC*** 67.21 ±0.41 0.072 19.99 6114.49 ±599.80 

" " .J 0 <IIfIl1Ul'\JU'\J'U'Vl 0.01 M, 0.05 M ll"~ 0.1 M 9l1lJmflU 

http:Fep/0.50
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1.4 
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1.0 J 
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~ 0.8 ~ 
.Q 
<; 
~ 0.6 Fe,O.-Ag (0,05 M)I8C 556 

0.4 

0.2 1'·· ··'· ·· · , 

Fe,O.·Ag (0.10 M)J8C
o ~ -.-- . 

250 350 450 550 650 
Wave length (nm) 

~I.:t 'jJ 1 d.<:3 d 'jJ::' """ I d .4
3lJl1 25 Absorption spectra 'lJtl,m1"U UIl1Jfl'YH'WI'II"\l h(l''I'llh~f1tl1Jfl1U'I'l'ltl'lmfll'l'\.Jll''~tl'\.jf)1fllllJll1ml '11'1 

d d..J 'jJiJ.d ~ jig) 

1~'HJlJ\l1f1(l'1'HI~m(JIl1M'I'lfl11lJ1'IJlJ'IJ'\.Jfl'l'l'l 0,5 M 1I"~(l'lHt~mU AgNO) 'I'lfl11lJl'lJlJ'IJ'\.J O.OIM, 0,05 Mil":: 

~ , d , , 

fl11lJ (l'1lJ1 ~ rt1'\.J f11 ~ ~ tl1J (l''\.J tl 'I ~ tl (l''\.J llJlIU Il1 1\ f1 (Magnetization) finj'\.J \llf1m~l'1Vi 2 \l~1l1'\.J11m 
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ABSTRACT 

In this study. magnetically responsive bacterial cellulose sheets were prepared by using an ammonia 
gas-enhancing in situ co-precipitation method operated in a closed system without oxygen. Instead of 
using the traditional concentrated liquid basic solutions. ammonia gas was used in the closed system to 
achieve the homogeneous dispersion of magnetic nanoparticles as evidence by the uniform black color 
of magnetic nanoparticles across the cross-sectional area of bacterial cellulose sheets. In addition. under 
the condition without oxygen. the synthesized magnetic would be in the form of magnetite (Fe304). 
The formation of magnetic nanoparticles inside bacterial cellulose sheets was investigated by scanning 
electron microscopy (SEM). X-ray diffraction (XRD). and energy dispersive X-ray (EDX). The average 
particle size of the magnetic nanoparticles was determined by using transmission electron microscopy 
(TEM) and was found to be in the range of 19.6-38.9nm. The homogeneous disperSion of magnetic 
nanoparticles across the cross-sectional area of the bacterial cellulose samples was also evidenced by 
SEM and TEM images. Moreover. the magnetic field responsive behavior of the magnetic nanopartic1e
incorporated bacterial cellulose sheets was investigated by vibrating sample magnetometry (VSM). The 
saturation magnetization of the magnetic nanoparticle-incorporated bacterial cellulose sheets ranged 
from 1.92 to 26.20 emu/g at 300 K and ranged from 2.96 to 28.10 emu/g at 100 K. 

© 2011 Elsevier Ltd. All rights reserved. 

1. Introduction 

Magnetically responsive materials are specific subsets of smart 
materials, in which magnetic nanoparticles are embedded in 
a polymer matrix. which can adaptively change their physical 
properties due to an external magnetic field (Filipcsei. Csetneki. 
Szilagyi, & Zrinyi. 2007). Magnetically responsive materials were 
expected to exhibit interesting magnetic field-dependent mechan
ical behavior with a wide range of potential applications such 
as fibers and fabrics for protective clothing for military use 
(Raymond. Revol. Ryan. & Marchessault. 1994). magnetic filters 
(Pinchuk. Markova. Gromyko. Markov. & Choi. 1995). sensors 
(Epstein & Miller. 1996). information storage, static and low fre
quency magnetic shielding (Dikeakos et aI., 2003) and health 
care or biomedical products (Wang. Singh. Hatton. & Rutledge. 
2004). In general. magnetically responsive materials consist of two 
main compositions which are magnetic nanoparticles and polymer 
matrix such as magnetic nanoparticles/cellulose (Small &Johnston. 

• Corresponding author at: The Petroleum and Petrochemical College. Chula
longkorn University. Soi Chula 12. Phyathai Road. Pathumwan. Bangkok 10330. 
Thailand. Tel.: +66 2 2184132; fax: +6622154459. 

E-mail address:ratana.r@chula.ac.th (R. Rujiravanitj. 

o144-8617/S - see front matter <0 2011 Elsevier Ud. All rights reserved . 
doi: 1O.1016fj.carbpoI.2011.04.024 

2009). magnetic nanoparticles/poly( acrylonitrile-eo-acrylic acid) 
(Guo et al.. 2009). magnetic nanoparticles/poly(vinyl chlo
ride) (Rodriguez-Fernandez. Rodriguez-Calzadiaz. Yanez·-Flores. 
& Montemayor. 2008). magnetic nanoparticles /poly(methyl 
methacrylate) (Baker. Ismat Shah. & Hasanain. 2004). magnetic 
nanoparticles /poly(aniline) (Shchukin. Radtchenko. & Sukhorukov. 
2003). magnetic nanoparticles /poly(acrylamide) (Starodoubtsev 
et al.. 2003). 

Magnetic nanoparticles are nanoparticles of iron oxides. In 
nature. iron oxides exist in various forms including hematite (a
Fe203). maghemite (",(-Fe203) and magnetite (Fe304) (Cornell & 
Schwertmann. 2003). Hematite is blood-red iron oxide. It is the 
oldest known iron oxide and often is the end product of the trans
formation of other forms of iron oxides at ambient conditions (Teja 
& Koh. 2009). Maghemite is a metastable state of iron oxide. Jt 
is formed by weathering or low-temperature oxidation of mag
netite (Majewski & Thierry. 2007). Magnetite is a black iron oxide. 
It exhibits the strongest magnetism of any transition metal oxides 
(Cornell & Schwertmann. 2003; Majewski & Thierry. 2007). It has 
been reported that, magnetite exhibits biocompatibility and low 
toxicity in human body (Kim et aI., 2005; Majewski & Thierry. 
2007; Tartaj. Morales. Veintemillas-Verdaguer. Gonzalez-Carreno. 
& Serna. 2003; Tartaj. Morales. Gonzalez-Carreno. Veintemillas
Verdaguer. & Serna. 2005). 

mailto:address:ratana.r@chula.ac.th
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Lower than approximately 100 nm in diameter. particles of fer
romagnetic materials. which are materials that exhibit permanent 
magnetization even with or without magnetic field. no longer 
exhibit the ferromagnetic behavior which is found in the bulle 
Instead. such nanoparticles exhibit superparamagnetic behavior 
which no longer exhibits a history-dependent behavior or hys
teresis (Wang et al.. 2004). The superparamagnetic materials are 
different from permanent magnet in that the magnetic interactions 
of nanoparticles of iron oxide are induced by external magnetic 
field while without external magnetic field. nanoparticles of iron 
oxide no longer show magnetic interaction (Neuberger. Schopf. 
Hofmann. Hofmann. & Rechenberg, 2005). Accordingly, there are 
two main requirements for preparing magnetically responsive 
materials which are the as-synthesized iron oxide particles should 
be in the form of magnetite and the diameter of the as-synthesized 
iron oxide particles should be lower than 100 nm (Wang et a l. . 
2004). 

Bacterial cellulose belongs to a specific product of primary 
metabolism of the acetic bacterium such as Acetobacter xylinum. 
Bacterial cellulose is synthesized in the form of fibrous structure 
which constitutes to be a three-dimensional non-woven network 
of nanofibers with diameters less than 100 nm. which is much 
smaller than the diameters of typical plant cellulose bundles (ca. 
10 f.lm). Bacterial cellulose has the same chemical structure as 
plant cellulose (Czaja. Romanovicz. & Brown. 2004). The pres
ence of inter- and intra-hydrogen bonding in bacterial cellulose 
results in the never dried-state material or hydrogel having high 
wet strength (Meftahi et aI., 2010). One of the most important 
features of bacterial cellulose is its chemical purity. Bacterial cel
lulose is free of lignin and hemicellulose. whereas plant cellulose 
usually associates with these chemicals. Owing to these unique 
properties, bacterial cellulose is an interesting material for using 
in wide range of applications such as paper industrial. headphone 
membrane, food industrial (li et aI., 2009). biomaterials including 
temporary skin substitute. artificial blood vessels (Czaja. Young, 
Kawecki. & Brown, 2007; Kamel. 2007). membrane for pervapo
ration of water- ethanol binary mixtures (Dubey. Saxena. Singh. 
Ramana. & Chauhan. 2002) and an applicable matrix for impreg
nating nanoparticles or nanowires (Hu et al.. 2009; Hu, Chen. Zhou. 
& Wang. 2010; li et aI., 2009; Maneerung. Tokura, & Rujiravanit, 
2008; Zhang & Qi. 2005). In addition. bacterial cellulose has unique 
micro-porous three-dimensional network structure and high spe
cific surface area (Hu et al.. 2010). The high specific surface area 
implies that bacterial cellulose has much more surface hydroxyl 
and ether groups than plant cellulose. These hydroxyl groups 
make up of active sites for metal ion adsorption (Li et al.. 2009). 
Moreover. the porous structure of nanofibrous bacterial cellulose 
provides large amount ofsub-micron pores. The precipitated metal 
nanoparticles are stabilized by the sub-micron pores of the bac
terial cellulose. leading to good dispersion of the as-synthesized 
nanoparticles(Hu et al.. 2009). Therefore. bacterial cellulose is con
sidered as a promising matrix for synthesizing of nanoparticles and 
nanowires such as ZnO nanoparticles(Hu et al.. 2010), CdS nanopar
ticles (li et al .. 2009). silver chloride nanoparticles (Hu et al.. 2009). 
silver nanoparticles (Maneerung et al.. 2008) and titania (anatase) 
nanowires (Zhang & Qi, 2005). 

The preparation of magnetically responsive materials based on 
cellulose and magnetic nanoparticles has been investigated by sev
eral approaches. In the past 2 to 3 decades. magnetically responsive 
cellulose fibers have been prepared by vigorously agitation of cel
lulose pulp in a concentrated suspension of iron oxide particles 
such as magnetite particles and maghemite particles. followed 
by a mild washing step to remove all unbound-magnetic par
ticles. This preparation method is called lumen-loading method 
(Green. Fox, & Scallan. 1982; Marchessault, Rioux. & Raymond. 
1992; Passaretti. Caulfield. & Sobczynskyi, 1990; Rioux. Ricard, & 

Fig. 1. Schematic diagram of the laboratory set up for preparation of the magnetic 
particle-incorporated bacterial cellulose pellicle by ammonia gas-enhanced in situ 
co-precipitation method. 

Marchessault, 1992). The percentage loading of the iron oxide par
ticles was limited by the low diffusion rate of iron oxide particles 
into cellulose pulp. The as-prepared products from the lumen
loaded method were exhibited the magnetic hysteresis loop being 
comparable to those observed in the magnetic strip (Raymond 
et al.. 1994). Another approach to prepare magnetically respon
sive cellulose fibers involves synthesizing of iron oxide particles 
within the cellulosic matrix itself by vigorously agitation of cellu 
lose pulp in iron ion solution and then iron ions are converted to 
iron oxide particles within cellulosic matrix by the addition of an 
excess NaOH solution. This preparation method was called in situ 
co-precipitation method (Marchessault, Richard. & Rioux. 1992; 
Marchessault. Rioux. et al.. 1992). According to the literature. the 
in situ co-precipitation method offers better control of both the 
magnetic properties and the variety of magnetic particles that are 
incorporated into the final product than the lumen-loaded method 
(Small &Johnston. 2009).Sourty, Ryan. and Marcessault (1998) pre
pared magnetically responsive bacterial cellulose membranes by 
stepwise dipping process. Bacterial cellulose pellicles were firstly 
dipped in a solution of FeCI2-4H 20. followed by dipping in a fresh 
solution ofNaOH. The suspension was then heated in a water bath at 
65 °C, followed by adding hydrogen peroxide. Finally. samples were 
washed against distilled water. This method was a modification of 
in situ co-precipitation method by dipping bacterial cellulose into 
the individual reagents rather than immersed in a single container. 
By this mean the individual reaction was exclusively occurred step 
by step inside bacterial cellulose. However. this stepwise dipping 
process still had some drawbacks. The obtained samples showed 
the un-uniform dispersion of the precipitated nanoparticles across 
the cross-sectional area of bacterial cellulose. Formation of the 
darker skin atthe surface resulted from the predominant forming of 
ferrites at the surface ofthe processed bacterial cellulose. Moreover. 
the dipping process was done under ambient condition. As a result. 
the present of oxygen gas in the atmospheric air promotes the for
mation ofmaghemite(-y-Fe203) and hematite (a-Fe203)' These two 
products exhibit weaker magnetic property than magnetite(Fe304) 
(Teja & Koh. 2009). resulting in lower saturation magnetization. 

In this study. magnetic nanoparticles were synthesized inside 
the porous structure of bacterial cellulose by using the ammo
nia gas-enhancing in situ co-precipitation method operated in the 
closed system as shown in the schematic diagram of the experimen
tal set up (Fig. 1 ). The utilization of ammonia gas could achieve the 
homogeneous dispersion of the magnetic nanoparticles across the 
cross-sectional area of the as-synthesized sample since ammonia 
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gas more easily penetrates through the porous structure of bacterial 
cellulose. In addition. the utilization of ammonia gas could slightly 
increase the pH of the as-synthesized sample. This could eliminate 
the high local concentration of liquid basic solution at surface ofthe 
processed bacterial cellulose which is the cause of predominantly 
forming of ferrites at the surface of bacterial cellulose. Moreover, 
the utilization of ammonia gas treatment was conducted in the 
closed system which could eliminate the oxygen gas by previously 
flushing with nitrogen gas. In the absence of oxygen gas, the pre
dominant form of magnetic nanoparticles inside bacterial cellulose 
is magnetite which exhibited the highest saturation magnetization. 

2. Experiments 

2. J. Materials 

A. xylinum (strain llSTR 975), an isolated strain in Thailand. was 
supplied from the Microbiological Resources Centre. Thailand Insti
tute of Scientific and Technological Research (TISTR). Analytical 
grade of anhydrous D-glucose was obtained from Ajax Finechem. 
Bacteriological grade of yeast extract powder was purchased from 
Hi Media. Analytical grade ferric chloride (FeCI3 ·6H20) and ferrous 
sulphate (FeS04·7H20) were purchased from Riedel-deHaen and 
Ajax Finechem. respectively. Other chemical reagents used in this 
study were analytical grade and used without further purification. 

2.2. Production of bacterial cellulose 

The production of the bacterial cellulose pellicles were per
formed by a partial modification of the method developed by 
Maneerung et al. (2008). 

The pre-inocula for all experiments were prepared by transfer
ring a single colony of A. xylinum (strain llSTR 975) into 20ml of 
a liquid culture medium. which was composed of 40 g of anhy
drous D-glucose, 109 of yeast extract powder. and 1 I of distilled 
water. After 24 h of cultivation at 30 dc, 40 ml of the cell suspen
sion was introduced into a container containing 400 ml of a fresh 
liquid culture medium and then cultivated at 30 'C for 4 days. The 
obtained bacterial cellulose was purified by boiling in 1 % NaOH for 
2 h. The boiling step was repeated twice. The purified bacterial cel
lulose was then treated with 1.5% acetic acid solution for 30 min. 
and finally washed in a tap water until bacterial cellulose pelli
c1es became neutral. The purified bacterial cellulose was cut into a 
rectangular shape with 4 cm width and 10 cm length. The porous 
structure of bacterial cellulose was preserved by immersing into 
the distilled water and kept into a refrigerator at 4 DC prior to use. 

2.3. Ammonia gas-enhancing in situ co-precipitation of magnetic 
nanopartic/es into bacterial cellulose pel/icles 

Magnetic nanoparticles were synthesized into the bacterial cel
lulose pellicles by immersing the bacterial cellulose pellicles (ca. 
99.5% water content) in an aqueous iron salt solution at 60°e. The 
aqueous iron salt solution contained FeCI3and FeS04 with the mole 
ratio of the Fe3+ to Fe2+ ions to be fixed at 2:1. The total concentra
tion ofaqueous iron ion was varied to be 0.1 M, 0.05 M. and 0.01 M. 
After immersion of the bacterial cellulose pellicles into the iron salt 
solution for 1 h, the excess iron. yellowish-brown particles, on the 
surface of the bacterial cellulose pel\icles was rinsed with distilled 
water. After washing, the iron ion-absorbed bacterial cellulose pel
Iicles were kept inside 500 ml wide-neck round bottom flask (a 
reaction vessel) and pre-treated with nitrogen gas for 10 min in 
order to eliminate oxygen gas before further treating with ammo
nia gas. The volumetric flow rate of ammonia gas was controlled by 
a flow meter. When ammonia gas was purged into the reaction ves
sel, the color of iron ion-saturated bacterial cellulose pellicles was 

gradually changed. After 30 min of ammonia gas treatment, the as
prepared bacterial cell uloses had dark brown color. The obtained 
bacterial cellulose pellicles were rinsed with a large amount of dis
tilled water until neutral and then sonicated for 20 min in order to 
remove any loosely bound particles. Finally, the obtained samples 
were freeze dried and kept in a desicator. 

2.4. Characterization 

The morphology of the neat and magnetic particle-incorporated 
bacterial cellulose sheets were observed by using a JEOLJSM-5200 
scanning electron microscope with inbuilt energy dispersive X-ray 
analysis (EOX) with operating condition at 15 kV and magnification 
of 10.000x. The formation of magnetic particles was verified by 
X-ray diffraction (XRO) (Rigaku). The samples were scanned from 
28 ~ 1 0° to 28 ~ 70° at a scanning rate of 5° 28/min. Thermogravi
metric analyser (Perkin Elmer model TGA7) was used to record the 
thermograms in the temperature range from 50 to 700°C with a 
heating rate of 10 DC/min in a flow of nitrogen at 20 ml/min. Trans
mission electron microscopy (TEM) observations were carried out 
on aJEOLJEM-2000EX instrument operated at accelerating voltage 
of 80 kV. The TEM samples were prepared by embedding the freeze 
dried bacterial cellulose in Spurr resin and performing ultrathin 
sectioning with a Reichert Ultracut E microtome equipped with a 
diamond knife. Histograms, average diameters and standard devi
ations were obtained by sampling 200 metal nanoparticles in TEM 
images of 100,000 x magnification. 

2.5. Vibrating sample magnetometry (VSM) 

The responsiveness to the magnetic field of the magnetic 
particle-incorporated bacterial cellulose sheets was detected by 
vibrating sample magnetometer. Sample was inserted into a sam
ple holder and vibrated within a magnetic field of up to 10.000 G. 
The magnetic moments of the as-prepared sample were recorded 
as a function ofapplied field atthe temperatures of3oo Kand lOOK 
and the results were reported in term of a magnetic hysteresis loop 
Uiles, 1991). 

2.6. Magnetic field responsiveness testing 

A rectangular strip(length x width x thiclmess ~45 x 5 x 0.04 mm) 
of the magnetic particle-incorporated bacterial cellulose sheet 
was placed onto the surface of an aluminum plate with one end 
fixed by taping it onto the aluminum plate surface. A cylinder 
shaped permanent magnet was hanged above the test sample. The 
magnet responsive behavior of the magnetic particle-incorporated 
bacterial cellulose sheet was recorded by a digital camera. (Wang 
et aI., 2004) 

3. Results and discussion 

For a comparison, the magnetic particle-incorporated bacterial 
cellulose pellicles were also prepared by the step-wise dipping 
process according to the method of Sourty et al. (1998) and dig
ital images of the obtained products are shown in Fig. 2a- c. 
Briefly. bacterial cellulose pellicles were firstly dipped in an aque
ous iron salt solution contained FeCl3 and FeS04 with the mole 
ratio of the Fe3+ to Fe2+ ions of 2 to 1, followed by dipping in 
a fresh solution of 30% ammonia solution. The total concentI'a
tions of aqueous iron ion were varied to be 0.01 M(Fig. 2a). 0.05 M 
(Fig. 2b), and 0.1 M (Fig. 2c). The obtained bacterial cellulose pel
Iicles showed the darker skin at the surface which resulted from 
the predominant precipitation of magnetic particles at the surface 
of the bacterial cellulose pellicles. On the other hand, the mag
netic particle-incorporated bacterial cellulose pellicles prepared by 
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ammonia gas-enhanced in situ co-precipitation method had homo
geneous dark color of magnetic particles across the cross-sectional 
area of the sample as shown in Fig. 2d-f. The colors of magnetic 
particles in the bacterial cellulose pellicles changed from yellow to 
dark brown and black when the total concentrations of aqueous 
iron ion were increased from 0.01 M (Fig. 2d) to 0.05 M (Fig. 2e) 
and 0.1 M (Fig. 2f). The homogeneous dark color across the cross
sectional area of the sample implied the homogeneous dispersion 
ofthe precipitated magnetite particles across the cross-section area 
of bacterial cellulose pellicles. 

The use of ammonia gas instead of a concentrated liquid basic 
solution could improve the homogeneous dispersion of the mag
netic particles across the cross-sectional area of the as-synthesized 
bacterial cellulose peIIicles since the ammonia gas is easier to 
penetrate through the bacterial cellulose pellicles than using con
centrated liquid basic solutions. Moreover, ammonia gas could 
slightly increase pH of the sample and prevent the predominant 
precipitation of magnetic particles at the surface of bacterial cellu
lose pellicles. 

3.1. Ammonia gas-enhancing in situ co-precipitation of magnetic 
particles into bacterial cellulose pel/icles 

The structure of bacterial cellulose pellicles is a three
dimensional nonwoven network consisting of a large amount of 
microporous. The nanofibrous structure of bacterial cellulose pel
licles can serve as a support for incorporating the as-synthesized 
magnetic particles into bacterial cellulose pellicles. When bacterial 
cellulose pellicle was immersed in an aqueous iron solution, iron 
ions (Fe2+ and Fe3+) could readily penetrate to the inner part of 
the bacterial cellulose pellicle through its porous structure. After 
that the bacterial cellulose pellicle was treated with ammonia gas, 
the absorbed Fe2+ and Fe3+ ions were precipitated to be magnetite 
particles into the bacterial cellulose pellicles. Finally, the lyophilize 
technique was used to preserve the porous structure of the bacterial 
cellulose. 

XRD was used to examine the crystal structure of the magnetic 
particles. XRD analysis of the magnetic particle-incorporated bac
terial cellulose sheet was performed to determine the chemical 
state of the iron oxide after being incorporated into the bacterial 
cellulose. Fig. 3 shows the characteristic diffraction peaks of the 
magnetic particle-incorporated-bacterial cellulose sheet, which 
was prepared by using 0.1 M aqueous iron ion solution. The XRD 
pattern composed of six main peaks. The peaks at 2(1 ~ 30.40', 
35.81°,43.53°, 54.02", 57.59° and 63.25° corresponded to (220), 
(311), (400), (422), (511), and (440) planes, respectively (Guo 

Fig. 2. Magnetic particle·incorporated bacterial cellulose pellicles prepared by stepwise dipping process usingO.OI M (a). 0.05 M(b)and 0.1 M (c) of aqueous iron ion solutions 
and magnetic particle·incorporated bacterial cellulose pellicles prepared by ammonia gas-enhancing in siru co-precipitation mel hod using 0.01 M (d). 0.05 M (e) and 0.1 M 
(f) of aqueous iron ion solutions. 
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Fig.3. XRD pattern of magnetic particle-incorporated bacterial cellulose sheet, pre
pared by ammonia gas·enhanced in siru co-precipitation method operated in a 
closed system without oxygen using 0.1 M of aqueous iron ion solution. 

et aI., 2009). These results identified the face-centered cubic (fcc) 
structure of the magnetite (Fe304) incorporated in the bacterial 
cellulose whereas the iron oxides in bacterial cellulose membranes 
prepared by step wise-dipping process have been reported to be 
were maghemite and feroxyhite (Sourty et aI., 1998). In this study, 
the synthesis of magnetic particles was performed in the closed 
system without oxygen. Therefore, almost of the as-synthesized 
magnetic particles were occurred in the form of magnetite (Fe304)' 
In comparison between magnetite and the other forms of iron 
oxide such as hematite (a-Fe203) and maghemite ('y-Fe203), the 
magnetite form (Fe304) exhibits the strongest magnetism of any 
transition metal oxides (Cornell & Schwertmann, 2003; Majewski 
&Thierry, 2007). Additionally, magnetite particles (Fe304) exhibit 
biocompatibility and low toxicity in human body (Kim et aI., 2005; 
Majewski & Thierry, 2007; Tartaj et aI., 2003, 2005). 

3.2. Morphology of magnetic particle-incorporated bacterial 
cellulose 

The morphology of neat bacterial cellulose and bacterial cel
lulose incorporated with magnetite particles (Fe304) prepared 
by ammonia gas-enhanced in situ co-precipitation method were 
investigated by SEM analysis. Fig. 4a and c show the surface 
morphology ofneat bacterial cellulose and bacterial cellulose incor
porated with magnetite particles (Fe304), respectively. Whereas, 
the cross-sectional morphology of neat bacterial cellulose and bac
terial cellulose incorporated with magnetite particles (Fe304) are 
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Rg.4. SEM images of surface (a) and cross-sectional (b) morphology of neat bacterial cellulose at a magnification of 10,000 x and SEM images of surface (c) and cross-sectional 
(d) morphology of magnetic particle-incorporated bacterial cellulose sheet prepared by ammonia gas-enhanced in situ co·precipitation method using 0.1 M of aqueous iron 
ion solution at a magnification of 10,OOO x. 

shown in Fig. 4b and d, respectively. The porous structure with 
three-dimensional non-woven network of nanofibers which are 
highly un-axially oriented (Fig. 4a and c) was observed on the 
surface of bacterial cellulose sheet. Whereas the multilayer of bac
terial cellulose membranes linked together with the nanofibers was 
observed in the cross-sectional morphology of bacterial cellulose 
(Fig. 4b and d). There was no change in three-dimensional net
work structure ofbacterial cellulose after incorporation ofmagnetic 
particles by using ammonia gas-enhancing in situ co-precipitation 
method. It was also found that the use of ammonia gas could 
prevent the predominant forming of magnetic particles at the sur
face of the processed bacterial cellulose. In addition, the magnetic 
particles were precipitated along the fiber surface and through
out the cross-sectional area of the processed bacterial cellulose 
(Fig. 4c and d). The fiber diameters of the neat bacterial cellulose 
and the magnetic particle-incorporated bacterial cellulose were 
55.00 ± 1054 nm and 111.8 ± 25.79 nm, respectively. The increase 
in the fiber diameter of the magnetic particle-incorporated bac
terial cellulose might be due to the coating of magnetic particles 
along the surface of bacteria I cellulose fiber. The magnetic particles 
exhibit the potential to bond with the surface of bacterial cellulose 
fiber through hydrogen bonding between the oxygen in the mag
netite (Fe304) and the hydrogen in the hydroxyl groups present in 
bacterial cellulose (Small & Johnston, 2009). 

3.3. Particle size and particle size distribution of magnetic 
particles incorporated in bacterial cellulose sheets 

TEM microscopy was used to determine the particle size and 
particle size distribution of magnetite particles (Fe304) throughout 
the cross-sections of the magnetic particle-incorporated bacterial 
cellulose sheets. Fig. 5 shows the TEM micrographs of cross sec
tions of the freeze-dried magnetic particle-incorporated bacterial 
cellulose sheets prepared by ammonia gas-enhancing in situ co
precipitation method using 0.1 M (Fig. Sa), 0.05 M (Fig. 5c) and 
0.01 M (Fig. 5e) of aqueous iron ion solutions. Fig. Sa and b show 
the irregular shapes of the magnetic particles. The mean average 
particle size (d) and standard deviations (17) of magnetite particles 

(Fe304) prepared by using 0.1 M aqueous iron ion solutions w re 
estimated to be 38.92 and 10.50 nm, respectively. When the con
centration of the aqueous iron ion solution was decreased from 0.1 
to 0.05 M, the average particle size and particle size distribution (17) 
were decreased to 32.48 and 9.71 nm, respectively (Fig. 5c and d). At 
the 0.01 M aqueous iron ion solution, the well dispersed and reg
ular shaped magnetite nanoparticles (Fe304) were obtained. The 
particle size was much smaller(d = 19.62 nm) and the size distribu
tion became narrower (17 =7.23 nm) than those obtained at higher 
iron concentrations, as shown in Fig. 5e and f. The decrease in the 
particle size with decreasing concentration of the aqueous iron ion 
solution has been reported in the literature (Deepa, Palkar, Kurup, 
& Malik, 2004; Small &Johnston, 2009). Therefore, the particle size 
and particle size distribution of the magnetic particles could be 
controlled by adjusting the concentration of the aqueous iron ion 
solution. Small andJohnston (2009) prepared magnetically respon
sive cellulose fiber by using the Kraft pulp as a matrix. The average 
fiber diameter of the Kraft pulp was approximately 20 jJ.m. The par
ticle sizes of magnetic nanoparticle prepared by using the Kraft 
pulp as a matrix were approximately 100nm whereas the as syn
thesized magnetic particle prepared by using bacterial cellulose as 
a matrix were ranged from 19.62 to 38.92 nm. This revealed the 
merit of bacterial cellulose as a matrix. Sourty et al. (1998) pre
pared magnetically responsive bacterial cellulose membrane by 
using step wise dipping process. The synthesis of magnetic par
ticles was performed by using 0.05 M FeCl2-4H20 solution and the 
dipping process were repeated for 3 cycles. The particle sizes of 
magnetic particle prepared by the 3-cycles stepwise dipping pro
cess were approximately 50 nm whereas in this study, the average 
particle size of the magnetic particle prepared by ammonia gas
enhancing in situ co-precipitation method were 32.48 ± 9.71 nm. 
The smaller particle size of magnetic particle resulted in the higher 
superparamagnetic behavior of the magnetically responsive bacte
rial cellulose sheets (Cornell & Schwertmann, 2003). 

Moreover, the distribution of magnetic particles across the 
cross-sectional area of bacterial cellulose sheet was investigated 
by TEM analysis. TEM micrograph of cross sections of the freeze
dried magnetic particle-incorporated bacterial cellulose sheet is 
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Fig. 6. TEM image of cross-sectional magnetic particle-incorporated bacterial cel
lulose sheet at a magnification of2500 x. 

shown in Fig. 6. The multilayer of the aligned magnetic particles 
can be observed. This implied that the magnetic particles were 
precipitated on the surface of bacterial cellulose fiber. The dis
tance between the layers of the aligned magnetic nanoparticles also 
corresponded to the distance between the layers of neat bacterial 
cellulose. 

3.4. Magnetically responsive behavior of the freeze-dried 
magnetic particle-incorporated bacterial cellulose sheets 

The magnetically responsive behavior of the freeze-dried 
magnetic particle-incorporated bacterial cellulose sheets were 
determined by using vibrating sample magnetometry (VSM). The 
hysteresis loops of the magnetic particle-incorporated bacterial 
cellulose sheets at the temperatures of 300 I< and 100 K are shown 

in Fig. 7a and b. respectively. Fig. 7c and d show the magnified view 
of the corresponding loops at the temperatures of300 K and 100 K. 
respectively. The dependence of the magnetization (M) with the 
applied magnetic field (H) is described by the Langevin equation 
(Cornell & Schwertmann. 2003): 

M = Ms (coth y - ; ) . 

where Ms is the saturation magnetization and y= mH/kaT. (m is the 
average magnetic moment of an individual particle in the sample. 
ka is the Boltzmann constant and T is temperature). 

At the temperature of 300 K. the saturation magnetizations of 
the magnetic particle-incorporated bacterial cellulose sheets pre
pared by ammonia gas-enhanced in situ co-precipitation method 
using 0.1 M. 0.05 M and 0.01 M aqueous iron ion solutions were 
26.20 emu/g. 15.85 emu/g and 1.92 emu/g. respectively (Fig. 7a). 
When the temperature was decreased to be 100 K. the satura
tion magnetizations were increased to be 28.1 Oemu/g. 17.72 emu/g 
and 2.96 emu/g for the samples prepared at the conditions of 
using 0.1 M. 0.05 M. and 0.01 M aqueous iron ion solutions. respec
tively (Fig. 7b). The increasing of the saturation magnetization 
with the decreasing of temperature is a typical behavior of 
magnetic nanoparticles that resulted from the decreasing of ther
mal energy (Chen & Chen. 2001). In comparison between step 
wised-dipping process and ammonia gas-enhancing in situ co
precipitation method at the same preparation condition using 
0.05 M aqueous iron ion solution. the saturation magnetization 
of magnetic particle-incorporated bacterial cellulose membranes 
prepared by step wised-dipping process was reported to be 
3.5 emu/g (Sourty et a/.. 1998) whereas the saturation magnetiza
tion of magnetic particle-incorporated bacterial cellulose prepared 
by ammonia gas-enhancing in situ co-precipitation method was 
16 emu/g. The large difference in the saturation magnetization 
between the two preparation methods may result from the dif
ference in percent incorporation of magnetic particles in bacterial 
cellulose matrix. Weight percent of iron in the sample prepared 
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by step wised-dipping process was 20.91 % (Sourty et a!.. 1998) 
whereas weight percent of iron in the sample prepared by ammonia 
gas-enhancing in situ co-precipitation method was47.21% as deter
mined by EDX. The ammonia gas-enhancing in situ co-precipitation 
method accomplished the greater iron loading ability than the 
stepwise-dipping process. Regarding to ammonia gas-enhancing 
in situ co-precipitation method. the maximum saturation magne
tization of the magnetic particle-incorporated bacterial cellulose 
sheet could be elevated to 26.20emujg. Cuo et a!. (2009) pre
pared electrospun poly( acrylonitrile-eo-acrylic acid) nanofibrous 
composites containing 60 and 44wt.% of magnetite nanoparticles 
(Fe304)' The average particle size of the magnetite nanoparticles 
(Fe304) was 30 nm. The saturation magnetization of the elec
trospun poly(acrylonitrile-eo-acrylic acid) nanofibrous composites 
containing magnetite (Fe304) was increased from 27.02 emujg to 

Table 1 

30.51 emujg with increasing percentage loading of magnetite par
ticles (Fe304) from 44 wt.% to 60 wt.%. respectively. According to 
the method of Chule. Chule. Chen. and Ling (2006). the percent 
incorporation of magnetic particles in the as-prepared bacterial 
cellulose sheet was determined by using TCA. Table 1 show 
the percent incorporation of magnetic particles in the magnetic 
particle-incorporated bacterial cellulose sheet prepared by ammo
nia gas-enhanced in situ co-precipitation method using 0.1 M. 
0.05 M and 0.01 M aqueous iron ion solutions. When the concen
trations of aqueous iron ion solutions were decreased from 0.1 M 
to 0.05 M and to 0.01 M. the percent incorporation of magnetic par
ticles in the as-prepared samples decreased from 51.69% to 40.36% 
and to 20.37%. respectively. Therefore. the increasing of saturation 
magnetizations of the as-prepared magnetic particle-incorporated 
bacterial cellulose sheets with the increasing of the concentrations 

The percent incorporation of magnetic particle. weight percent of iron content and displacement responding to the magnetic field of magnetic particle· incorporated bacterial 
cellulose sheet prepared by ammonia gas-enhanced in situ co-precipitation method using 0.1 M. 0.05 M. and om M aqueous iron ion solution. 

Concentration of aqueous iron ion solution (M) Percent incorporation of magnetic particle (%) Iron conre nt (wt.%) Displacement 


Distance (em ) Angle (degree) 


0.01 2037 ± 0.10 32. 29 6.3 62.7 
0.05 40.36 ± 1.01 47 .12 5.0 53 .9 
0.1 51.69 ± 1.15 57.23 2.7 2B.6 

I 
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of aqueous iron ion solutions resulted from the higher amount of 
the incorporated magnetic particles in bacterial cellulose sheets. 
Not only the amount of magnetic particles but also the crystal struc
ture of iron oxide affected the saturation magnetization. It is known 
that the magnetite particle exhibits the strongest magnetism of any 
transition metal oxides (Cornell & Schwertmann. 2003; Majewski 
& Thierry. 2007). According to Guardia et al. (2007). the satura
tion magnetization of magnetic particle-incorporated composite 
did not depend on the particle size of magnetic particles but it 
depended on the amount of magnetic particles inside the matrix. 
Therefore. the requirements for achieving the appreciable magnetic 
properties are the high percentage loading of magnetic particles 
and the magnetic particles should be in the form of magnetite 
(Fe304)' Both requirements could be achieved by using the ammo
nia gas-enhancing in situ co-precipitation method . 

The magnified view of the hysteresis loops of the magnetic 
particle-incorporated bacterial cellulose sheet at 300 K and 100 K 
were shown in Fig, 7c and d. respectively. When the concentration 
of aqueous iron ion solutions were decreased from 0.1 M to 0.05 M 
and to 0.01 M. the smaller hysteresis loop. the lower remnant mag
netization (M,) and the lower coercive field (He) were obtained. 
At the temperature of 300 K. the remnant magnetizations were 
found to be 2.67 emu/g. 1.42 emu/g. and 0.15 emu/g whereas the 
coercive fields were found to be 65 G. 40 G and 40 G for the sam
ples prepared at the conditions of using 0,1 M. 0.05 M and 0.01 M 
aqueous iron ion solutions. respectively, Similar results were also 
reported in the studies ofGuo et al. (2009) and Guardia et al. (2007). 
It might be concluded that the remnant magnetization and coercive 
field were decreased with decreasing the particle size of mag
netic particles. In order to achieve the superparamagnetic behavior 
of magnetic particle-incorporated bacterial cellulose sheet. the 
remnant magnetization (Mr) and the coercive field (He) of the as
prepared sample should be as low as possible. By using ammonia 
gas-enhanced in situ co-precipitation method. the particle sizes of 
magnetic particles were ranged from 19.62 to 38.92 nm which is 
the lowest reported value of particle size in comparison with the 
other preparation methods (Sourty et al.. 1998). The ammonia gas
enhanced in situ co-precipitation method is a promising method 
for preparing of the magnetically responsive bacterial cellulose. At 
the temperature of 1 00 K. the remnant magnetizations were found 
to be 8.43 emu/g. 5.32 emu/g and 0,52 emu/g whereas the coercive 
fields were found to be 120 G. 98 G and 49G for the samples pre
pared at the conditions of using 0.1 M. 0.05 M and 0.01 M aqueous 
iron ion solutions. respectively. Regarding to these results. it was 
found that the remnant magnetization (Mr) and the coercive field 
(Hcl at the temperature of 1 00 K were significantly higher than the 
values at the temperature of300 K. The explanation might be lined 
on the magnetic relaxation time. For nanometer scaled-diameter 
of magnetic particles. the magnetic relaxation time was exponen
tially increased with decreasing of the temperature (Mcnab. Fox. 
& Boyle. 1986). At low temperature. when the applied field was 
reached to zero. the dipole moments of some nanoparticles were 
still polarized since it required a longer time for relaxing to be zero 
magnetization. Therefore. a small increment of the remnant mag
netization and coercive field were observed at 100 K (Wang et al.. 
2004). 

3.5. Magneticfield responsiveness testing 

While applying a magnetic field. the magnetic particle
incorporated bacterial cellulose sheet was deformed by the 
translational forces experienced by the incorporated magnetic 
particles, The response of a strip of the freeze-dried magnetic 
particle-incorporated bacterial cellulose sheet to the magnetic field 
provided by a laboratory magnet with exhibited the magnetic field 
at 1000T. One end of the magnetic particle-incorporated bacte

rial cellulose strip was fixed to an aluminum plate wh ile the other 
end was free to move, Without the magnetic field. the magnetic 
particle-incorporated bacterial cellulose strip laid flat on the sur
face of the aluminum plate. When the magnetic field was applied. 
the magnetic particle-incorporated bacterial cellulose strip was 
deformed in the direction of increasing magnetic field, Wang et al. 
(2004) prepared nanocomposite of PEO/magnetite nonwoven mat 
and PVA/magnetite nonwoven mat by electrospinning technique. 
Both nonwoven mats were easily magnetized by an external mag
netic field and deflected in the presence of the applied magnetic 
field. Table 1 shows the iron content and displacement responding 
to the externa I magnetic field of the magnetic particle-incorporated 
bacterial cellulose sheets, The response of the magnetic particle
incorporated bacterial cellulose sheets to the external magnetic 
field were determined by the displacement distance (d) and the 
displacement angle (II). For. the sample synthesized by using 
0.01 M aqueous iron ion solution. the displacement distance (d ) 
and the displacement angle (II) were 2.7 cm and 28.6°. respectively 
(Table 1). When the concentrations of aqueous iron ion solution 
were increased from 0.01 M to 0.05 M and to 0.1 M. the displace
ment distance (d) and the displacement angle (II) were increased to 
be 5 cm and 53.9° and to be 6.3 cm and 62.7". respectively (Table 1 ). 
The greater deflection of the magnetic particle-incorporated bacte
rial cellulose strip with increasing concentrations of aqueous iron 
ion solution resulted from the larger translational forces of the 
higher amount of the incorporated magnetic particles in the bacte
rial cellulose samples. 

4. Conclusions 

In this study. homogeneous dispersion of magnetic nanoparti
cles in bacterial cellulose matrix was achieved by using ammonia 
gas-enhancing in situ co-precipitation method operated in a closed 
system without oxygen. The use of ammonia gas. instead " f 
conventional aqueous basic solutions. could prevent the accumu
lation of magnetic particles at the surface of bacterial cellulose. 
resulting in the homogeneous dispersion of the magnetic nanopar
ticles throughout the bacterial cellulose matrix. Accordingly. the 
as-prepared magnetic nanoparticles-incorporated bacterial cell u
lose sheet exhibited the uniform magnetic properties throughout 
the bacterial cellulose matrix. Moreover. the homogeneous dis
persion of the magnetic nanoparticles throughout the bacterial 
cellulose matrix could enhance the percent incorporation of mag
netic nanoparticles into bacterial cellulose samples leading to 
high and uniform magnetic properties throughout the matrix of 
bacterial cellulose. Regarding to the uses of bacterial cellulose pel
licle and ammonia gas-enhancing in situ co-precipitation method. 
magnetic particles in the crystal form of magnetite (Fe304) were 
obtained and the diameter of the as-synthesized magnetic parti
cles were ranged in the nanoscale. The average particle sizes of 
the magnetic nanoparticles were in the range of 20-39nm. The 
particle size and particle size distribution of magnetic nanoparti
c1es were controllable by adjusting the concentration of aqueous 
iron ion solution. The saturation magnetization of the mag
netic nanoparticle-incorporated bacterial cellulose sheet ranged 
from 1.92 to 26.20emu/g with very low remnant magnetization 
(0.15-2.67 emu/g) and coercive field (40-65 G) at the room tem
perature. Moreover. the responsiveness to an externally applied 
magnetic field of the magnetic nanoparticle-incorporated bacte
rial cellulose sheet was exhibited by its deflection in the direction 
of increasing magnetic field. All evidences reveal that the magneti
cally responsive bacterial cellulose sheet was successfully prepared 
by ammonia gas-enhancing in situ co-precipitation method. More
over. the preparation method is simple and cost-effective. which 
may lead to the more development for new applications. such 
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as microwave absorption devices and enzyme immobilization for 
biosensor applications. Not only for bacterial cellulose but this 
preparation method may be used to achieve magnetic properties 
in other materials such as electro-spun nanofiber mat and other 
porous materials. 
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