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Abstract

In this present work, chitosan thin films were $wtized via two synthesis techniques: sol
casting and spin coating. Subsequently, silveroparticles or carbon black particles were
incorporated into the polymeric matrix at varionadings. Produced films were characterized
by optical microscopy and profilometry to investgahe morphological properties of the films;

Fourier transform infrared spectroscopy and X-raffrattion to confirm the presence of

chitosan in all films; and UV-vis to confirm thegsence of the silver nanoparticles. In addition,
thermal degradation and thermo mechanical analysese conducted to establish the

temperature range in which produced composites lmarused.  The average degradation
temperature and the average glass transition texiyperwere determined to be 292+5 °C and
8218 °C, respectively. Therefore these films mayused at temperatures up to 70 °C without
any significant change in mechanical propertiesy ah temperatures up to 280 °C before

experiencing degradation.



Resumen

”

Para este trabajo se sintetizo peliculas delgaglakitbsan a través de dos técnicas: “sol casting
y “spin coating”. Luego de ello se procedio a ojen su produccion y a estas se les afiadio
una matriz polimérica de nanoparticulas de platade “carbon black” a diferentes
concentraciones. Con el fin de caracterizar y émtuds propiedades morfolégicas de estas
peliculas se utilizé microscopia 6ptica y profiletnia, espectroscopia infrarroja de transformada
de Fourier y difraccion de rayos X. Con esta ultimedicion se corroboré la presencia de
chitosan en todas las peliculas; y con espectrasdapluz ultravioleta se confirmar la presencia
de nanoparticulas de plata. Adicionalmente, s bn andlisis de degradacion térmica y un
analisis termo-mecanico a las peliculas para lestbel rango de temperatura en la cual estas
podrian ser usadas. El valor encontrado de la @émtyra promedio de degradacion y de
transicion vitrea fue de 292+5 °C and 8218 °C, eeipamente. Esto permite concluir que se
pueden trabajar en estas peliculas a temperahfeaies a 70 °C sin que haya ningun cambio
significativo en las propiedades mecanicas y qupussle llegar hasta 280 °C sin efectos de

degradacion.



Copyright © by
Amanda Blagg

2012



Acknowledgements

| would like to thank the University of Puerto Riddayagiez for giving me the priceless
opportunity of pursuing my masters in MechanicabiBeering while being immersed in the
Puerto Rican culture and the Spanish languageaiticplar | would like to acknowledge the
Department of Mechanical Engineering for their supghroughout my graduate studies.

I'm grateful to my advisors, Dr. Ricky Valentin arigr. Oscar Perales, for giving me the
opportunity to work with them and for their diremtiand support throughout my research.

A special thanks goes to my boyfriend, Daniel Vaianfor encouraging me, believing in me,
and being patient with me. 1 love you. | wouldalike to thank to my parents Dave and Diane
Blagg for their continuous support and love.

| would also like to thank to my friends and cowenk at the Nanomaterials Processing Lab:
Boris Renteria, Carlos Rivera, Celia Osorio, Mafgalvez, Yesusa Collantes, Turner Vidal,
Tatiana Luna, Omar Movil, Ulises Barajas, Elvinrestera, and Sujeily Soto for their support
and cooperation in my research.

Finally I would like to thank the Engineering Resdaand Development Center of the Army
Corps of Engineers, the Center for Education araining in Agriculture and Related Sciences

and the UPRM-BIioSEl initiative for the financialport given to my research project.



Table of Contents

Y 013 = Lo S PP PPPPPPRI ii
RESUMIEBIN ... oottt oo e et ettt e e e et et bma e e e e et e es b e e aeeenbna e e e aeeernnnnns ii
F o LoV T=To o =T 0 =T o | £ UPSRUSR %
TaDIE Of CONIENTS ....eiiiie ettt e s e e e e e e e e e e e e eeaeeennnes Vi
S o T PSSO viii
IS 0 ) = ] =PRI Xi
1. INTRODUGCTION ..ottt rmmmma ettt ettt e e e e e e e e e e e e s s s s nnnner e e e e e e e e eaeeas 1
1.1 1YL 1)Y= o ] o PP 1
I O | o] 1= Tox 117 P 4
I A |V - 1o PP 4
I o 1= o | o 4
2. THEORETICAL BACKGROUND .....cooiiiiiiiiiiieee e a e 5
2.1, The MatrixX: ChItOSAN .......uuiiiiiiiiiiii ittt e e e e e e e eas 5
P20t Nt R © 1 ¢ o 1o PP PPUPPRPPRR 5
2.1.2. CRemiCal StIUCTUIE .......coi ittt ettt e e e e e e e e e e e e s s e e a e 7
2.1.3. CrystalliNg STIUCLUIE .......oeeiiiiiiiiieee et a s e e e e e e e e e e e e e e eeeeebbesbnnnnnseebnnaa s e eeeas 10
N S I o 1= g F= L o] ] 01T 1 [ PSSR 11
2.0.5.  APPIICALIONS. ..ottt ——————— e e e e e 12
P20 R W0 O AN 1= o o Ao K=o o] o) o PSSR 12
2.1.5.2.Bactericidity Of CRItOSAN.........uuuuiiiiiieee e eeeeeeees 13
2.2. The disperse NaN0-Phase ..........cccceeiiiiiiiiiiiie e e e aa e e e e e e e e e e e e eeees 15
2.2 0. SHIVEL et ——————— e e e aaaaaaaees 15
2.2.2. CarbOn BIACK .........uuiiiiiiiiiiiiiiiiiie et et e e e e 19
2.3. Literature Review: Synthesis and Applications oft@¥an Structures..............cccc......e. 22
2.3.1. Synthesis of bare chitoSan filMS ...........commmceeen e —————— 23
2.3.2. Chitosan based NANOCOMPOSITES ......... .. eeeeeeeeeeeeeeeieeeiierrei e eeeeaaaa e eeas 26
3. EXPERIMENTAL ...ttt e e e e e e e e e e e s s nnneee e e e e e e e s 31
3.1. MaterialS SEIECHION .......uuiiiiiie e e e e e e e e e e e e e eeeeeanne 31
3.2, Materials SYNINESIS........ccoiiiiiiieee e —————————— 31
3.2.1. Chitosan Matrix SYNTNESIS...........cooiiii i teettiiera e e e e e e e e e e e e e eaeb b ennnnreeena s 31
3.2.1.1.S0l cast ChitoSaN fIMS .......coiiiiiiiii e 32
3.2.1.2.Spin coated chitoSan filMS............ e 33
3.2.2. Chitosan based nanocomposite SyNthesIS..........ceevvveiiiiiiiiiiiiii e, 36
3.2.2.1.Silver bearing chitoSan NANOCOMPOSILES ... ceueeemmriiiieieeeeiiiieiiiiiiiiia e 36
3.2.2.2.Carbon black bearing chitosan NanOCOMPOSITES. e ceeeererrreririiiiiiiiiiiieaeeeeeeeeeeen 38
3.3. Materials CharacCterization ...............ueeiiiieri e 40
SCTRC 70 I © ] 11 o= | N Y/ 1 Tox o 1= oo V2SR 40
3.3.2.  ALOMIC FOICE MICIOSCOPY ..cevvrrrrrunnnnnaisiaaeeeestrnninaasaaeaeeeaaseeeeeaeeessssssssnnnnnnssnnnnnnnnes 41
3.3.3. PrOfilOMEIIY .. e —————————————— 42
TG I S G = -\ YA B 111 = T (0] 1 1 =1 Y P 43
3.3.5. Ultraviolet Visible SPeCtrOSCOPY.........uuuieieeeiiieiiiiiiiiiiaie e e e e e e e e e eeeeeeeeeveeeeeeeeerannnes 45
3.3.6. Fourier Transform Infrared SPECIrOSCOPY ....cceeeeerriirirriiiiiiiiiaae e eeeeeieeeeeeee 46
3.3.7. Thermomechanical ANAIYSES ........ccooiiiiiiieiee e 49



3.3.8.  ThermogravimetriC ANAIYSES ........uuuuuuiiiiiieee e 52

4. RESULTS AND DISCUSSION ....coiiiiiiiiiiiiiireee e e e e e e e e e 55
4.1. Bare Chitosan filMS ... e e 55
4.1.1. Structural CharaCterization ...........oooi e 55
4.1.1.1.X-ray Diffraction ANGIYSES .......cooiiiiiiiii ettt e e 55
4.1.1.2.Fourier Transform Infrared Spectroscopy Measurement............cccceevvvvveevevvvnnnnnnns 6.5
4.1.2. Morphological Characterization of chitosan Films..............cccceiiiiiiiiieiiiiiiiiiiiiiieees 58
o I W @ o] 1 o= | I/ 0 Y=o o V2SR 58
4.1.2.2.Atomic Force MICroSCOPY ANAIYSES .....cooi i i e 59
4.1.3. Films ThickneSS MEASUIEMENLS ........cuiiiiieaicce e e e e e e e e e e 60
4.1.4. Thermal CharaCteriZation ...........coooi oo ieeeeeeiiieee e 61
4.1.4.1. Thermo-mechanical analYSES ...............iceommmmmreeeererenniiiraa e e e e e eeeeeeeeeeesreeeeneeeernnnn 61
4.1.4.2.ThermogravimetriC @NaAlYSES .......ccoiiii i ettt e e e e e e eee et eeeeeneeeeennnne 62
4.1.5. CONCIUSIONS ...ttt mmeee bbbttt ettt e e e e e e e e e e e e e s s e e s e nnrrneeeeeeeaeeeeaaasnaanns 64
4.2. Carbon black-bearing chitosan NANOCOMPOSITES v eeeeeeieiiiiiiiiiiiiiiee e 65
4.2.1. Structural CharaCterization ...........oooi i 65
4.2.1.1.X-ray Diffraction ANGIYSES ......ccoooiiiiiiii ettt e e 65
4.2.1.2.Fourier Transform Infrared Spectroscopy Measurement............ccceeevvvvveeevvvvnnnnnnns 6.6
4.2.2. Morphological Characterization ANAIYSES .....cccoiiiiiiiiiiiiiiiii e 66
VN @ o] 1 o= | I\, 1o 0 Y=o ] o V20U 66
4.2.2.2.Atomic Force MICroSCOPY ANAIYSES .....cooe i i 69
4.2.2.3.Comparison of Film Thickness: Profilometer and Mioeter ................vcieeiiieennnnn. 71
4.2.3. Thermal Characterization MeasUreMENtS.......cccaarirrieriimmriiniiiaaaaeeeeeeeeeeeeeeeeeeeeeees 72
4.2.3.1. Thermo-mechanical analySES ...............icceemmmmreeeererriniiiiraa e e e e e e eeeeeeeeeeeeenneeeennnne 72
4.2.3.2.ThermogravimetriC @NaAlYSES .......ccoiiii i et e e e e eeeeneeeeeeeene 73
A.2. 4. CONCIUSIONS ...ttt ettt mmmee bbbt et e et e e e e e e e e e e e e e s s e e s e nnnnne et e e e eeeeeeaeaanaanns 76
4.3.  Silver-bearing chitosan NANOCOMPOSILES ... eeeeeeeeeeeeiieeeieiiiiiiaa e 77
4.3.1. Structural and Optical CharaCteriZation ... ... ..eeeeeeeierieeeeeeeeeeeeeeeeeeeereennnna.. 77
4.3.1.1.X-ray Diffraction ANGIYSES ......cccooiiiiiiii et e e 77
4.3.1.2.Ultraviolet Visible SpectroSCoOpy MeasUr€mMENTS. .........uurreiiiieieeeeeeeeeeereeeeeernesnnnnns 77
4.3.1.3.Fourier Transform Infrared Spectroscopy Measurement.............oooeeeveveeeeiiiinnnnnnns 9.7
4.3.2. Morphological CharaCteriZatioN..............coeeeeeeeererurrrniiiiiaaaeeeeeeeeeeeereeeeereeeeneenerenne. 80
4.3.2.1.0PLICAI MICTOSCOPY ...ceeeeeeiiittunnuiiiaaaaae e e e e e e e e e e e eeeeeetaetsaasaa s e e e e e e eeaaaaaaaaaaeeaaeeeeeeeessnes 80
4.3.2.2.Atomic Force MICroSCOPY ANAIYSES .....cccceieceeeciiie e 82
4.3.3. Thickness measurements with profilometer and mietem.................ccccoeeeeeiiiriiiinnne 84
4.3.4. Thermal CharaCteriZation .............uuiiiiieeeeeeeiieie e e e 85
4.3.4.1. ThermomechaniCal @NalYSES............... . eeerrunniiaaaeeae e e eeeeeeeeeeeeeaeieeeeneeeernaene 85
4.3.4.2.ThermogravimetriC @NaAlYSES .......ccciiiee e cocceceeeeeiiiisss s e e e e e eeeaeeeeeeeeeesssrennnnsesssnnnnns 86
G T8 TR O o (o3 [ 1] o] o FS 3SR 88
5. (@] o Tod[8o [T o [ S =T 1 1 F= 14 G PSPURR 90
Appendix A — Synthesis and Characterization of @ah Beads................oooeiiiiiiiiiceees 92
] (=TT [0 PP PPPUPPPPP PR 103

Vil



List of Figures

Figure 1 Origin of chitin from 10DSter [10]. ..cceeiivriiiiiiiiiiiiee e 5
Figure 2 (aMorpho butterfly [12], (b)Anoplognathugparvulusbeetle [13] and (cCalloodes
grayanuUIDEETIE [14]. ..ooeveeeeeeiiiiiiie e e e e s et e e e e e e e e e e e e e e e e e r it ———————————- 6
Figure 3 Chemical structure of chitin and ChitoBE.............coooiiiiiii e 8
Figure 4 FTIR spectra of chitosan powder with éaging levels of deacetylation (sample O
corresponds to chitin and sample 6 correspondsitosan) [21]. ..........ccoeevviiviiinnnnnnn. 9
Figure 5 Antiparallel arrangement of chitosan cBA#8]. .............vvviiiiiiiiiiiiiieeei, 10

Figure 6 XRD spectra of chitosan powder with insreg levels of deacetylation (sample 0
corresponds to chitin and sample 6 corresponds hitosan) [21], (a), and

corresponding chitosan structure [24], (D). ceceeeeoeeeeeeeeeiiiiiieeiii e 11
Figure 7 Gram negative and gram positive bact@9 [.............ovvvviiiiiiiiiiiiieeeeeiiees 14
Figure 8 Change in color with crystal size of silmanoparticles in (A) clear yellow, (B) dark
yellow, (C) violet and (D) gray SOIUtiON [46]. ceee.vvvveeiiiieiiieeeee e 16

Figure 9 UV vis of clear yellow solution, (a), anidlet solution, (b), shown in Figure 8 [46]...17
Figure 10 UV-vis spectra of silver nanoparticledueed by chitosan as a function of a) time
(temperature = 80°C) and b) temperature (time @@4$). In both cases [Ap=

3.33 MM, [CS] =0.33MQG/MI) [SL]..eureeiiiiiiiii e 19
Figure 11 Transmission electron microscopy, (&), sshematic of carbon black [54], (b)......... 20
Figure 12 Synthesis method for sol cast, (a), @ml ated films, (D). .......cooeeeviiiiiiiiieeeee. 32
Figure 13 Bare sol cast (1% w/v chitosan, 20 mlutoh) ,(a), and spin coated chitosan

(1.75% wiv chitosan, 20 layers) films, (D). . ceceeeeeeeremiiiiiiiee e 33
Figure 14 Chemat technology spin coater and h@plat................cooooriiiiiiiiiiiiiitcemmme e 35

Figure 15 Color change of 1 mM AgNG®olution (1.5% w/v chitosan, 1.5% v/v AA, 25°C)37
Figure 16 Sol cast chitosan films synthesized feoprecursor solution containing (a) 0 and (b)

5 mM AgNG; (1% chitosan, 20 ML SOIULION). .......ueveeimmmmmmeiieieeeeeeeeeeeeeeeeeeeeeeiiennens 37
Figure 17 Spin coated chitosan films synthesizethfa precursor solution containing (a) O
and (b) 3 mM AgNQ (1.75% wi/v chitosan, 20 layers)........cccoicccceeevvrrrvnniieneennnns 38
Figure 18 Sol cast chitosan films containing (a) 886 (b) 1% w/w carbon black (1% w/v
chitosan, 20 ML SOIULION). .....cciiivieeeeetcmmmmm s e e e e e e e e e e e eeeeeeerrarr e e e e e e e eneeaaeeaeeeaaees 39
Figure 19 Spin coated chitosan films containing0&) and (b) 5% w/w carbon black (1.75%
W/V ChitoSan, 20 [AYEIS). ....ccceieeeeeeeeeceeee e e e e e e e e e e e e e e e e e e eeees 39
Figure 20 Nikon Epishot 200 microscope — Enginegefcience and Materials Department
AL UPRM. L. ———————————————— 41
Figure 21 AFM deteCtion [74]. .....oooeiieieiieeeeeee ettt ee e e eee e e e e e as 42

Figure 22 Veeco DICP Il AFM — Engineering Scieacel Materials Department at UPRM.....42
Figure 23 KLA Tencor Profilometer in clean room -Adieering Science and Materials

Department at UPRM. ...t 43
Figure 24 Schematic of constructive and destrudtitexference [75], (a), and diffraction [76]
(o) USSP 44
Figure 25 Seimens 500 XRD, (a), and detail of gowter, (b)- Engineeering Science and
Materials Department at UPRM. ........coii it 45
Figure 26 Beckman Coulter DU 800 UV/Visible Speptrotometer — Engineeering Science
and Materials Department at UPRM...........coceeeeuiiiiiiiiie e 46

viii



Figure 27 Stretching and bending vibrations. “+dicates that the atom moves toward the

reader and “-* indicates that the atom moves away tthe reader [79].................... a7
Figure 28 Schematic [80], (a), and universal sarhplder, (b), used in transmission mode. .....47
Figure 29 Schematic [80], (a), and ATR sample holly, used in ATR mode. .................... 8.4
Figure 30 Shimazdu IRAffinity-1 FTIR — EngineeeriBgience and Materials Department at
UP R, ittt e e e e e sttt e e e et et e e e e e e e e e ettt ittt aaaaaaaaas 48
Figure 31 Schematic of TMA [81], (a), and samplergetries [82], (D). ......ccceevveiiiiiiiiiiiieenn. 49
Figure 32 Free volume of POIYMErS [82]. ....ccceeeiiiii e 49
Figure 33 Methods to determine CTE andfom TMA [84].........ccooviiiiiiiiiiiiiiiiieieieeeee 50
Figure 34 Method to determing oM TMA CUIVE. .........ccoiiiiiiiiiiiiii e 51
Figure 35 Mettler Toledo Thermomechanical Analyzdingineeering Science and Materials
Department at UPRM. ...t 52
Figure 36 SChematiC Of TGA [85]. ...uuuii ettt e e e e e e 52
Figure 37 TGA spectra of weight loss and the filetivative. ...........cccceeeeiiieiiiiieeeeee e, 53
Figure 38 Mettler Toledo Thermogravimetric AnalyzeEngineeering Science and Materials
Department at UPRM. ...t 54

Figure 39 XRD spectra of chitosan films synthesiziedsol-cast or spin-coating methods, (a),
and spin-coated films produced at different comedinns of the precursor

SOIULIONS, (10). 1eeiieeeiii s 56
Figure 40 XRD spectra of chitosan spin coated fisysthesized with increasing layers with
chitosan concentrations of 1.25%, (a), and 1.5@%0,.(.......cccceoveeeereiiiiiiiiiiiiiiinns 56.
Figure 41 FTIR spectra of precursor chitosan posid@), and chitosan films synthesized via
sol-cast or spin-coating routes, (D). ..o 57
Figure 42 FTIR spectra of chitosan sol csat filmthvincreasing thicknesses, (a), and spin
coated films with increasing concentrations, (10).........ccoevveiiiiiiiiiiiiiiiiee e 58
Figure 43 FTIR spectra of chitosan spin coateddibynthesized with increasing layers with
chitosan concentrations of 1.25%, (a), and 1.5@0,.(.......ccccevveerereiiiiiiiiiiiiiiinns 58.
Figure 44 Optical images of sol-cast, (a), and-spiated, (b), chitosan films....................... 59
Figure 45 AFM phase, (a), and topography, (b), afebchitosan film synthesized via spin
coating with 1.75% wi/v chitosan solution and 5 f8ye............cccevvvvvviviiiciennnnn 0.6
Figure 46 Thickness of spin coated films with vadolayers, (a), and concentrations of
Precusor SOIULIONS, (D). .....uueiie e 61
Figure 47 TMA spectra of bare sol cast, (a), and spated chitosan films, (b). .................. 62
Figure 48 TGA spectra of chitosan powder, sol ikstand spin coated film....................... 63
Figure 49 TGA spectra for chitosan spin coated dilsynthesized at different precursor
concentrations, (a), and different numbers of I8y@). ..........c.oeeeeeeiiiiiiiiiiiiiiiinn 64
Figure 50 XRD spectra of sol cast, (a), and spiated (b), chitosan thin films containing
CarDON DIACK. ... 65
Figure 51 FTIR spectra for sol cast, (a), and spigted, (b), chitosan films containing carbon
BIACK. ... 66
Figure 52 Optical images of chitosan sol cast goml soated films containing (a) 0, (b) 1, (c)
3, and (d) 5% w/w carbon black. ............ccceeeeiiiiiiiiii e 68
Figure 53 Roughness of spin coated films with caflack. ..............cccceeiiiiiiiiiiiiiiiieeeees 69
Figure 54 AFM of chitosan spin coated films conitagn(a) 0, (b) 1, (c) 3, and (d) 5% w/w
CArDON DIACK. ..ottt e e e e e aaaeeee 70

iX



Figure 55 Thickness of chitosan films with carbdack synthesized via sol casting, (a), and

K] o] eo = LT o TR (o) TSP 71
Figure 56 TMA spectra for chitosan sol cast filmshw(a) 1%, (b) 3%, and (c) 5% carbon
BIACK. ... 72
Figure 57 TMA spectra for chitosan spin coated dilwith (a) 1%, (b) 3%, and (c) 5% carbon
BIACK. ...t 73
Figure 58 T, of sol cast, (a), and spin coated, (b), chitodarsfcontaining carbon black. ......... 73
Figure 59 TGA spectra for chitosan sol cast filroataining (a) 1%, (b) 3%, and (c) 5% w/w
CArDON DIACK. ..t e e e e 75
Figure 60 TGA spectra for chitosan spin coateddiltontaining (a) 1%, (b) 3%, and (c) 5%
CArDON DIACK. ..ot e e e e 75
Figure 61 TFeg0f sol cast, (a), and spin coated, (b), chitodarsfcontaining carbon black........ 76
Figure 62 XRD patterns of chitosan sol cast, (a)d &pin coated, (b), films with Ag
=T gT0] o = g (] od =SSP UURSPRP 77
Figure 63 UV vis spectra of chitosan sol cast, &y spin coated, (b), flm containing Ag
=T aT0] o = g 1] od =TSSP URSPRP 78
Figure 64 FTIR spectra of chitosan sol cast, (ajl spin coated, (b), film containing Ag
=T gTo] o = g 1] od =TSRRI 79
Figure 65 Optical images of chitosan sol cast fisysthesized from solutions containing (a)
0,(b) 1, (c)3,and (d) 5 MM AGNIO......ouuiieiiiiiie e 81
Figure 66 Roughness of spin coated chitosan filomsagning Ag nanopatrticles .................. 82..
Figure 67 AFM of chitosan spin coated films synibhed from solutions containing (a) 0, (b)
1,(c) 3,and (d) S MM AGND......iiiiiiiie e 83
Figure 68 Thickness of chitosan films containingenoparticles synthesized via sol casting,
(8), and spin CoAtiING, (D). ..eeveeeeiiiiiiiie e ——————————————— 84
Figure 69 TMA spectra of chitosan sol cast filmsithgsized from precursor solutions
containing (a) 1 mM, (b) 3 mM, and (¢) 5 MM AgRIQ.........cciiiiiiiiiiiei, 85
Figure 70 TMA spectra of chitosan spin coated filsysthesized from precursor solutions
containing (a) 1 mM, (b) 3 mM, and (¢) 5 MM AgRIQ..........oiiiiiiiiiiie, 86

Figure 71 T of sol cast, (a), and spin coated, (b), chitodarsfcontaining Ag nanopatrticles. ..86
Figure 72 TGA spectra of chitosan sol cast fiimsitegsized from precursor solutions

containing (a) 1 mM, (b) 3 mM, and (¢) 5 MM AgRIQ........ccccceeiiiiiiiiiiieieeeeeei, 87
Figure 73 TGA spectra of chitosan spin coated fisgathesized from precursor solutions

containing (a) 1 mM, (b) 3 mM, and (¢) 5 MM AgRIQ........ccccceiiiiiiiiiiieieeeeeeeies 88
Figure 74 TeqOf sol cast, (a), and spin coated, (b), chitodamsfcontaining Ag nanopatrticles.

............................................................................................................................ 88
Figure 75 Cross linking mechanisms of glutaraldehyid a) Schiff Base Imine Functionality

and b) Michael type AdAUCS [90] ........ccoicommeeeeeeeeeeiier e e e e e e e eeeeeee e 94
Figure 76 Synthesis method for chitosan DeadsS. . ......ccoovviiiiiiiiiiii s 95
Figure 77 Nikon SMZ 1500 stereomicroscope — Depamtnmof Engineering Science and

Materials at UPRM .......oouiiiiiiiiiiei oottt e e e e e e ee e e e e e e eeeeas 96
Figure 78 XRD of chitosan beads synthesized witti NaOH, (a), 2 M NaOH, (b), and 3

NN F= 1O L T () ISP UURRPPPPPPPPPPRRTRTRRN 97
Figure 79 XRD of chitosan beads containing cardanko....................ccccoeiviiiiiiiiiieeeiiens 97



Figure 80 FTIR spectra of bare beads synthesizéd 2/M NaOH (KBr pellet), (a), and b)

beads containing carbon black (ATR), (D). .. eeeeeeeieiiiiieiiiicre e, 98
Figure 81 a) Stereomicroscope image and b) sizeldison of chitosan beads................... Q9
Figure 82 Sterioscope images and size distribuifdmeads containing (a) 0, (b) 1, (c) 2, and

(d) 3% w/w carbon DIACK. ..........eiii 100
Figure 83 TGA spectra of beads synthesized usiigNtaOH and 0.025 M GLA ................... 101
Figure 84 TGA spectra of beads containing carbanlol...............coovviiiiiii 102
List of Tables
Table 1 Mechanical properties of chitin from vas@ources [15-17]. ........ccccvvvvvvvvrnnnsmmmanne..0
Table 2 FTIR main bands of ChitOSaN [22]. .. e ooeioiiiiiiiiiiiiieieieee e 10
Table 3 Reportedgltemperatures for chitosan. .............ccomeeeeiiiii e 11
Table 4 Stages of thermal degradation of chito88i [33]..........ccceevviiiiiiiiiii e 12
Table 5 MIC Of ChItOSAN [40]... oot e e e e e e 14
Table 6 Patrticle size as determined by UV-ViS [4B]............uuvuriiiiiiiiiieeeeeeeeeeeieeeeee e 17
Table 7 Chitosan removed from solutions by filtgrin.............oooiiiii e 34
Table 8 Carbon black and chitosan removed fromtieolsi by filtering...............cccooeeviiivieeees 40
Table 9 TegOf chitosan spin coated films ... 64
Table 10 T of chitosan films containing carbon black. .............cccocoiiiiiiiie, 73
Table 11 Teq0f chitosan films containing carbon black. ..............ccoooiiie 76
Table 12 T, of chitosan films containing Ag nanoparticles.............ccccceeiiiiiiiiiiinc s 86
Table 13 Teq0f chitosan films containing Ag Nanoparticles...........ccoccvveiiiiieiniieeeiiinieees 88
Table 14 ArseniC adSOrPLION .........ccoiiiiiceeeeerettie s e e e e e e e e e e e e e e e e e e e eeeeeee s e e e e aaeeeaaeeees 92

Table 15 Teq0f chitosan beads containing carbon black. ..o, 102

Xi



1. INTRODUCTION

Derived from chitin which is widely available in ta@e, chitosan is an non-toxic, inexpensive,
biodegradable, and antibacterial material that bansynthesized into beads, films, gels,
nanofibers, or nanoparticles. As this biopolynsebath multifunctional and cost-effective, it has
moved to the forefront of research in environmeriiamedical, food and cosmetic applications.
Environmental applications include adsorption ch\hemetals from water and water filtration.
Biomedical applications include biosensors, drugjvedey, tissue engineering, medicines for
hypertension and cholesterol, and wound dressingpwever, it must be noted that the
processing costs of chitosan for biomedical appboa are higher due to the high purity
required for these applications [1]. Food processand agricultural applications include
fertilizer, animal food additives, and edible cags for fruits, vegetables, and seeds. One such
edible coating, Nutri-save, was marketed commedycialreduce food spoilage as early as 1989.
[2] Cosmetic applications include lotions and tiesti To meet the industrial demand generated
by these applications, more than a dozen companiekice chitosan commercially. [3]

1.1. Motivation

1.1.1 Use of chitosan for heavy metal ions removisbm water

Industrial processes around the world release tboroducts such as arsenic, vanadium,
mercury, and chromium into the environment. Thesavy metals seep into the ground water
where they are ingested by plant and fish life segliently making their way into the food chain.
Biomaterials with adsorption properties such agoslin are an environmentally friendly and
economical way to remove such substances from agueolutions. Porous beads and

membranes possess high permeability, large suafi@gze chemical affinity with target pollutants,



and functionalization, making them good candidate®e considered as adsorbents in water
cleaning operations.

Chitosan based adsorbents are among the most jpignoisthese absorbents due to their low
cost and functional groups. Since chitosan isvedrifrom chitin, the second most common
polysaccharide on earth, it is both readily avddand low cost. Chitosan is especially good for
chelation of metals because of its hydrophilicitgni the hydroxyl groups, the presence of
highly reactive functional groups (NHnd OH), and the flexible structure of the polyroleain.

[4] In slightly acidic solutions, the amine grobpcomes cationic (R-NH+ H,O — R-NHz" + -
OH), allowing chitosan to bond with negatively aiped toxic metal ions including silver,
chromium, vanadium, arsenic, and lead.

Once chitosan is synthesized into films or bedus atdsorption of heavy metals is measured and
compared to the Langmuir model or the FreundlicldehoThe initial pH of the solution and the
concentration of the solution are generally impartéactors in the maximum adsorption.
However, the form and mechanical properties of ddsorbent also plays a large role in the
process because an impermeable filter causes a psgsure drop, making the system less
efficient.

In this study, both bare chitosan films and comggoshitosan films containing carbon black,
another potential absorbent, will be synthesiz€de mechanical properties of these composites
are important when considered for sorption appbegat since they must not disintegrate when
removing contaminants from wastewater. So farrethe no a systematic study on how the
thermomechanical properties of the carbon-blackribgachitosan films may affect their

structure and hence their adsorption capability.



1.1.2 Use of chitosan-based films in biomedicine

Due to their biocompatibility and mechanical prdjgs, chitin and chitosan have also garnered
wide-spread interest in biomedicine, especiallytigsue engineering, drug delivery, cancer
diagnosis, and wound dressing. Chitosan may bihesized into nanofibers which may be used
as scaffolds to cultivate cells since their forrmmas that of the body’s natural extracellular
matrix. These biodegradable nanofibers can beebadth drugs and ingested into the human
body for controlled drug release. The form and rhotpgy of the fibers allows control over the
speed of the drug release. [5] Chitin and chitosay also be synthesized into quantum dots,
which emit light and permit cancer diagnosis vigflescent microscopy. Chitosan is also suited
to wound dressing because the polymers exhibibacigrial and coagulative properties; it has
been used to make bandages by the US armed setvistsp bleeding in wounds since the
functional group NH acts as a coagulator and stops the flow of blf&jd.

In this study, both bare chitosan films and comjgosihitosan films containing silver
nanoparticles, an antibacterial agent, will be lsgsized. The thermal properties of these
nanocomposites are of vital importance in poteniiattericidal applications such as food
protection and medical products, since the filmsyrha treated at elevated temperatures for
sterilization or processing. However, the thermonaaical properties of these composites have
not been fully researched. [7]

An analysis of the thermo-mechanical behavior oftosian films and chitosan-based
nanocomposites will lend insight into the physichbility, chemical properties, and the
durability when in use. The thermal propertieswllus to predict the range of temperatures in
which the polymer can be used as well as provid#tiadal insights related to the polymer

structures. Based on the above consideratioesmi@in contributions of this research are to
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provide a systematic evaluation of the synthesiarpaters for bare and composite chitosan thin
films, and an assessment of the structural, phlyasicd chemical stability of these synthesized
materials.

1.2. Objectives
1.2.1. Main

Determine the relationship between synthesis cmmditand properties of pure chitosan and
chitosan-based nanocomposite films.

1.2.2. Specific

* Determine the optimum conditions for synthesistofasan films.

» Develop an optimum protocol to disperse a nanomptrase in the chitosan matrix.

» Determine the effect of the type and concentratcdnthe disperse phase (silver
nanoparticles or carbon black) on the structurdl famctional properties of both the bare

and composite films.



2. THEORETICAL BACKGROUND
2.1. The matrix: Chitosan
2.1.1. Origin

Chitin was first called “fungine” by Braconnot whée discovered it in fungi in 1811. When
this same substance was later isolated in the textgtior shell of May beetles, the name “chitin”
was derived from the Greek word “chiton” which meditoat of mail”. [8] Chitosan, its
derivative, was identified in 1859 by Rought. [4]

Chitin is the most abundant in nature second oalgdllulose. Just as cellulose forms the
structure of plant life, chitin forms the structemany animal shells including lobsters (

Figure 1), crabs, shrimp, krill, squid, butterfli@smd some fungi. [5] Annual production of chitin

in 2000 was estimated at 2,000 metric tonnes, shtimp and prawn being the principal sources.

[9]

Lobster claw Bouligand structure bundles

epicuticle .
5 exocuticle
endocuticle

chitin molecules a chitin chains proteins fibrils

Figure 1 Origin of chitin from lobster [10].



Insects such as the Bluklorpho butterfly, greenCalloodes grayanusbeetle, and gold
Anoplognathugparvulusbeetle also owe their intense coloration to théirchkayers that make up

their shells (Figure 2). [11]

Figure 2 (aMorphobutterfly [12], (b)Anoplognathuparvulusbeetle [13] and (cLalloodes
grayanusbeetle [14].
The crystalline ordering of chitin and the compestructure that chitin forms with proteins and
CaCQ gives these exoskeletons their strength. The amecal properties of dry chitin taken

from various sources are tabulated in Table 1.

Source UTS (MPa) E (MPa) £ (%)
Crab 36 1095 3.4
Prawn 21 1220 1.8
Beetle 80 2900 0.6

Table 1 Mechanical properties of chitin from vas@ources [15-17].
Chitin is formed ofN-acetyl-D-glucosamine units linked I D-(1—4) bonds. Due to the
hydrogen bonds between the polymer chains, clatanhighly crystalline. To derive chitin from
crustaceans according to the standard methodhtks @are washed and crushed, demineralized
with HCI, deproteinisated with NaOH, and decolodizgith KMnO,. On the other hand, the
derivation of chitin from fungi, involved the wasl, drying and crushing of the chitin and

subsequent treatment with NaOH for deproteinisatibmally, the chitin is extracted with LiCl
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and DMAc and precipitated it in water. [1] Chitoszan then be easily formed by washing chitin
in heated NaOH (40-50%). This alkaline treatmemhoves acetyl groups from the chain and
reduces the molecular weight by breaking the basfdthe main chain via hydrolysis. [18]
Removing the acetyl groups causes the polymer teabgble in solutions below pH 6.3. A
direct effect breaking the bonds between the carlmgys is that the molecular weight of chitosan
(10,000 - 1,000,000 Daltons) is much smaller tinah of chitin (1,000,000 — 2,500,000 Daltons).
Generally, low molecular weight chitosan has a M@égsl than 50,000 Daltons, medium
molecular weight chitosan has a MW between 50,0@D1%50,000 Daltons, and high molecular
weight chitosan has a MW greater than 150,000 Dalto

2.1.2. Chemical structure

Since both chitin and chitosan are copolymers efydated and deacetylated groups, the percent
of acetyl groups and the molecular weight are usedistinguish between the polymers. As
seen in Figure 3, the polymer is loosely definedlasn if more than 50% of the carbon rings
have the acetyl group and as chitosan if less 5986 have the acetyl group. In most cases, the
degree of deacetylation (DD) of chitin is arounddl@nd that of chitosan around 80%. The
degree of deacetylation of the chitosan used is #tudy was certified to be 82% by the

manufacturer.
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Figure 3 Chemical structure of chitin and chitofEEa].
As chitosan is soluble under acidic conditions,epbeads and films dissolve upon coming in
contact with acidic solutions. To prevent thig positive amino groups may be neutralized with
negative ions via ionic bonding or crosslinked stavalent bonding. Crosslinking also increases
mechanical properties, increases degradation tame,decreases the amount of water adsorbed
by the fibers; however it may use the functionaugs that lend the polymer its antibacterial or
chelating properties. [20]
The chemical formation of chitosan can be deterthinging FTIR. Figure 4 shows a typical

FTIR spectra for chitosan and Table 2 shows theratien bands for chitosan.
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Figure 4 FTIR spectra of chitosan powder with @aging levels of deacetylation (sample O

corresponds to chitin and sample 6 correspondkitosan) [21].

Wavelength (cnmi')

Absorption band Comments
897, 1160 Antlsyr_nmetrlc C-O-C stretching of
glysodic link
1030, 1070 C-O-C stretching of skeleton
1420 _CH bending Intensity changes with
crystallinity
) Amide Il group (NH) . . —
1550 - 1560 'NH bending Disappears with crosslinking
Amide | group (COCH)
Intermolecular and intramolecular
hydrogen bonding of C=0 with -NH
1655 and OH-6 groups Chitin
Indicates in plane —NH bending, C30
stretching vibrations, CN stretching
modes
C-H stretching of glucose ring The C-H group intensity
2865-1880 CH,OH group changes with degree of
CHjs in acetyl group acetylization
-OH stretching
3270, 3450 Hydrogen bonding
Water interference
3300 -NH peak




Table 2 FTIR main bands of chitosan [22].

2.1.3. Crystalline structure

Chitosan owes its semi-crystalline structure torbgen bonds. In annealed chitosan, weak
hydrogen bonds exist between the oxygen in thedxydirgroup (OH) and the oxygen in the
hydroxymethyl group (CHOH) and between the oxygen in the hydroxyl grong the oxygen

in the carbon ring (C-O-C). These chains are &rrthonded together into sheets by direct
hydrogen bonds between the nitrogen of the aminepyand the oxygen of the hydroxymethyl
group. The chitosan chains arrange themselves amtparallel fashion according to the space

group is P£2:2; as shown in Figure 5. [23]

F 9 & F r

vl v+
Figure 5 Antiparallel arrangement of chitosan chdi8].

Chitosan exhibits peaks at 10.7° and 20.2° (Figae although these peaks shift slightly with

the degree of deacetylation. [21] It possesseshaitrombic unit cell with the parameters or a =

0.867 nm, b =0.892 nm, and c = 1.024 nm as shaw#ngure 6b. [24]
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Figure 6 XRD spectra of chitosan powder with insieg levels of deacetylation (sample 0
corresponds to chitin and sample 6 correspondkitosan) [21], (a), and corresponding chitosan

structure [24], (b).

2.1.4. Thermal properties

At the glass transition temperature, the mechamogbperties of a substance change. The glass

transition temperature of chitosan is under sont@ateas may be seen in Table 3.

T4(°C) Method Chitosan | Year | Reference
Morphology
203 DMA, DSC| Film 2000 [25]
94 DMA Film 2002 [26]
153 DMA Film 2004 [27]
130 — 140 DSC Powder 2004 [28]
196 DSC Film 2005 [29]
85 DMA, DSC| Film 2007 [30]
170 DSC Film 20109 [31]

Table 3 Reportedgltemperatures for chitosan.
The Ty may vary up to 20°C due to the film preparatidme(icid used in preparation and the
neutralization), properties of the chitosan (cristidy, moisture content, and degree of

deacetylation) [29], [26] and the characterizatinathod used (DSC, DMA, or TMA) [32]. In
11



chitosan, the Jhas been attributed to the torsional oscillatianthe glycosidic bonds between
the two glucosamine rings and a corresponding ahanthe hydrogen bonding. [30]
Quijada-Garrido determined the degredation stageshitosan via a thermogravitational
analyzer connected to a mass spectrometer. Thex Vst in the first step may be water bound
to the polymer via hydrogen bonding or water lilbedaby the formation of an acetyl amine
group from the amine group of chitosan and theyhggoup from the acetic acid as seen in the

following equation [30]:

+ - 80—100°C

Temperature (°C) | Chemical released % Weight change
125 Water 15%

190 Methane, ammonium 25%

260 Decomposition of main chain 40%

360 Formation of residue by remaining carbon

525 Formation of methane

Table 4 Stages of thermal degradation of chito8ah [33].

2.1.5. Applications
2.1.5.1. Arsenic Adsorption

Arsenic is released into the environment via natsoarces such as volcanoes and geothermal
wells and via human sources such as pesticidesngniand manufacturing of pharmaceuticals
and semiconductors. Arsenic pollution has beewnrted in USA, China, Chile, Bangladesh,
Taiwan, Mexico, Argentina, Poland, Canada, Hung&gw Zealand, Japan and India. The
World Health Organization (WHO) provisional limis i10 ppb (0.01 mg/L), but countries
including Bangladesh and China maintained the didets of 50 ppb (0.05 mg/L). [34]

It takes two forms: trivalent arsenite and pententlarsenate. Of the two, arsenite is more
soluble, mobile, and toxic to human health, havdegn shown to attack the liver, skin, lungs,

and other internal organs. Fungi, yeasts, andebaotan produce toxic forms of arsenate from
12



those available in the soil. [35] Pentavalent)(#b arsenate species are A0 HAsO",
H,AsO,  while trivalent (+3) arsenites include As(QHAS(OH),~, AsO,0H?" and AsQ* .
As(V) predominates at pH less than 6.9 [34], winl¢he pH range 4 — 9, the predominate form
of arsenate (As V) is #AsO,. In contrast, the predominate species of ars€Aielll) at the
same pH is BAsO:’ , which does not have a charge and cannot intevidbtthe protonated
amine group Nk . [36]

Chitosan beads may be used to remove both speci@senic from water; at a pH of 5, the
reported capacities were removed 1.83 mg As(I) ¢hitosan beads and 1.94 mg As(V) / g
chitosan beads. In the case of As(V), this sorptiapacity may be due to the electrostatic
interaction between the negative As(V) ion andgbsitive charge on the ion group of chitosan
NHs". Hydrogen bonding or Van der Waal's force maylaxpthe quantity of As(lll) that is
adsorbed by the chitosan. [37]

2.1.5.2. Bactericidity of chitosan

Bacteria may be classified as gram-positive or gnagative. As the composition of their
bacteria wall is different, a bactericidal maten@dy have a different response depending on the
type of the bacteria. The wall of a gram-positivacteria contains a large amount of
peptidoglycan and small amounts of protein. Intiast, the wall of a gram-negative bacteria

contains various polysaccharides, proteins anddifincluding peptidoglycan). [38]
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Figure 7 Gram negative and gram positive bact@% [
The antibacterial properties of chitosan were disced in the 1980s and 1990s. Studies have
shown it to be bactericidal (kills the bacteria)bacteriostatic (stops the growth of the bacteria)
against both gram positive bacteria and gram negydiacteria.[40] The minimum inhibitory
concentration (or MIC) is the lowest concentratibat will visibly inhibit the growth of chitosan.
Values determined by various research groups aersin Table 5. While the values may not

be comparable between research groups due to andastlized procedures, the MIC is a good

indicator of the bactericidity.

Bacteria MIC Reference
(ppm) (from
paper)
Escherichia coli 20 [7]
100 [50]
468 [60]
650 [49]
1000 | [31,61,62]
Pseudomonas aeruginosa >200 [50]
1700 [61]
Staphylococcus aureus 20 [7]
100 [19]
>800 [44]
700 [61]
>1250 [49]

Table 5 MIC of chitosan [40].
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These antibacterial properties of chitosan have ladgibuted to three mechanisms. The first,
and most widely accepted, states that the pogsjtigiearged amine groups of chitosan interact
with the negatively charged outer membrane of thetdria, destabilizing it and altering its
permeability. However, at high concentrations ¢théosan chains may surround the bacteria
instead of interacting electrostatically with iedlavall. The second asserts that chitosan crelate
heavy metals and enzymes necessary to bacterialgrowhe third affirms that the chitosan
chain penetrates the cell and interferes with tN&Deproduction process. [38][40]

The bactericidity depends on the concentration pHdof the solution and the degree of
deacetylation of chitosan. Below its pKa value3)6the chitosan disassociates into its ions,
allowing electrostatic interaction with the bacaérivall. Therefore, with few exceptions,
chitosan is not antibacterial at a neutral pH asdbactericidity increases at lower pHs. [41]
Increasing the degree of deacetylation increaseddctericidity, since the number of positive
groups increases and the electrostatic interactidtfisthe bacteria increase.

2.2.The disperse nano-phase
2.2.1. Silver

Medicinal properties have been attributed to silsgrce around 400 BC, when Hippocrates
wrote that silver had beneficial healing and amdgedse properties. The antibacterial properties
of chitosan were discovered in the latd" X@ntury. In 1884, German obstetrician Carl Crede
noticed that treating newborns with eyedrops cointgi 2% silver nitrate prevented blindness
due to bacteria conjunctivitis, which is contracthating delivery when newborns come into
contact with sexually transmitted diseases in tith lzanal. In 1893, Karl von Nageli also
observed that bacteria died after 4 minutes ofaminwith diluted silver nitrate. [42] Currently,

silver is used as an antibacterial agent in a wideety of medical products. Commercial
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products such as Acticoat, Bactigrass, FucidinyaSbrb, SILVERCELL, AQUACEL, and
PolyMem have been approved by the US Food and Bwministration or European Food
Safety Authority. [7]

On a nanoscale, silver exhibits enhanced bactésici&ilver nanoparticles are usually produced
using a salt precursor, a reducing agent, and laligbag polymer, however they can also be
produced viay-irradiation, microwave, and UV irradiation. Silvairate may be reduced to
silver metal particles by irradiation with UV-ligim the presence of a polymer such as PVP or
HEPES.[43],[44] They may also be reduced by nalight in the presence of a polymer such
as a SMA-POE copolymer.[45]

The color of the silver nanoparticles gives angatlon of their size. This phenomenon is seen in
Figure 8, in which a light yellow solution contaigi stable silver nanoparticles was achieved by
reducing silver nitrate with boron hydroxide. Hoxee further stirring causes the solution to
turn violet and then gray in color, signifying tite nanoparticles have agglomerated and will
settle out of the solution. [46] In this work, af the solutions were violet, indicating

agglomeration of particles.

Figure 8 Change in color with crystal size of silmanoparticles in (A) clear yellow, (B) dark
yellow, (C) violet and (D) gray solution [46].
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The size of the silver particle may be determinexinfthe UV-vis spectra. For example, the
clear yellow sol from Figure 8 exhibits the narrpl@asmon centered on 400 nm as shown in
Figure 9a; this plasmon corresponds to a partizie of 10-14 nm as tabulated in Table 6. In
contrast, the violet solution from Figure 8 exhsba plasmon with asymmetric broadening

toward larger wavelengths as shown in Figure 9iyesponding to a particle size of >80 nm.

0.6
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Absorbance
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i

Absorbance

0.0 . . ; ; . 0.0 . ;
400 500 600 350 450 550 650

Wavelength / nm Wavelength / nm

Figure 9 UV vis of clear yellow solution, (a), anidlet solution, (b), shown in Figure[86].

Particle Size (nm) Amax (NM)
10-14 395-405
35-50 420
60-80 438

Table 6 Particle size as determined by UV-vis [46].

The previous example illustrates the fact thatdastaft of the UV-vis plasmon indicates particle
growth. Similarly, a narrow plasmon indicates madisperse Ag nanoparticles, whereas an
asymmetric broadening toward larger wavelengtheatds particle agglomeration.

The size of the silver particle is very important the application because the bactericidity
increases when the silver particles are synthesineel nanoscale. One proposed mechanism of
bactericidity asserts that these patrticles attacthibl-containing proteins in the bacterial cell
wall. This would allow proteins and other intefakr constituents to leak out of the cell. Some

studies show that the particles do not have a tdakect on anything inside the cell. [47], [26]
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The silver nanoparticles may disturb the electrgraldient when they attach to the bacteria wall;
they may also adsorb oxygen, limiting bacteriavgto [48]

Chitosan is non-toxic, biodegradable, has commleapalications in food protection [2] and
bandages [6], and has been reported to be antilz#ct&herefore, a chitosan composite bearing
silver nanoparticles with enhanced antibacteriabprties is very likely to have applications in
food protection and medical devices.

Furthermore, chitosan may be used both as a gtalilpolymer and a reducing agent for silver
nanoparticles, avoiding the introduction of potaltyi toxic chemicals during the synthesis
process. [49] When chitosan is used as the reguagent with the salt AgNQthe Ad ions
may be reduced by the —OH group or the;NH], [50], [51] In the case that silver partislare
formed in the presence chitosan, an increase iotiogatemperature or time increases the
intensity of the UV-vis plasmon (Figure 10), indiog an increase in the number of particles.
[7], [48], [50], [51] A base may also be addedthe solution in order to reduce the silver
nanoparticles. [47] None of the reports that uskiiosan to reduce the silver nanoparticles

indicated that light had an effect on the reductibthe particles.
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Figure 10 UV-vis spectra of silver nanoparticledueed by chitosan as a function of a) time

(temperature = 80°C) and b) temperature (time a¢). In both cases [Ap= 3.33 mM, [CS]
= 0.33 mg/ml) [51].

Several research groups have reported the plason@ilfer nanoparticles reduced in a chitosan
solution between 400 and 420 nm; these nanopatreleged from 10 to 13 nm in diameter
[51],[50]. However, the plasmon for silver nanopaes has also been reported at higher
wavelengths (440-445 nm) [52],[53].
The thermal properties of these nanocompositesfaveéal importance in potential bactericidal
applications such as food protection and medicatigets, since the films may be treated at
elevated temperatures for sterilization or procegssi While both the degradation temperature
and mechanical properties of chitosan films comaiisilver nanoparticles have been tested [7],
the glass transition temperature has not beenrdeted.

2.2.2. Carbon Black

Formed by the incomplete combustion of organic nete carbon black was first used as an ink
pigment in 300 A.D. However, since 1900 its mashmon use has been to reinforce rubber; in
2004, 5 million metric tons were produced for tine market alone.

As may be seen in Figure 11, the smallest disafetarbon black is aaggregatewhich is made
up of nearly sphericgbarticles bound together. Particle diameters may range f20mm to
several hundred nm; aggregate diameters may raogelf00 nm to several micrometers. These
aggregates may become physically entangled to mglomerateswvhich range from um to
several millimeters in diameter. To facilitate tlng, the carbon black manufacturing process

forms spherical agglomerates knowrpafietswhich range from 0.1 mm to 3 mm in diameter.
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Figure 11 Transmission electron microscopy, (&), sshematic of carbon black [54], (b).
Carbon black manufacturing consists of reactidirafion, pelletizing, and drying. Due to the
processing and the raw materials employed, carlak lzontains such elemental impurities as
hydrogen (0.2 — 0.4%), oxygen (0.2 — 0.5%) andusylf-2%) and other contaminants such as
moisture, ash, and oily residues. In the furnaoecgss, carbon black is produced from
hydrocarbons (usually residual oils from refineyias high pressures and temperatures between
2500 and 3400°C in an oxygen-depleted atmosphekier “cracking”, or breaking of the
hydrogen-carbon bonds, the carbon black is quenthddss than 1500°C and subsequently
filtered in cloth bags to separate it from the bgproducts. Since this carbon black is a very
fine, lightweight powder that is difficult for cumhers to manage, it is formed into pellets by
mixing in water and a pelleting aid. Finally, thellets are dried in order to reduce the water
content.

The mechanical properties of carbon black-polymemmosites depend primarily upon the
carbon black loading, the specific surface ared,tha structure, or measure of the complexity in

shape of the carbon black aggregates. Properties as blackness, stiffness, and wear
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resistance, hardness, viscosity, stress at higinsincrease proportionally with an increase in
these parameters.

The dispersion of the phase also increases theanmet properties and may be differentiated
into microdispersion (nm tam) and macrodispersioprfi to mm). Microdispersion affects the
interaction between the polymer and the carbonkbéexd the formation of a network between
the carbon black particles via van der Waals fqroghile macrodispersion affects the
appearance and the mechanical failure propertfdghough the van der Waals forces between
the carbon black particles increase the strengthetomposite, they also increase the difficulty
of dispersion.

Carbon black is designated by four characters, evtiex first is a letter indicating the curing rate
(N or S), the second indicates the surface arehtlanlast two are arbitrarily assigned. N330,
the carbon black used in this work, is one of tlesthcommon in the tire and mechanical rubber
goods industries because of its good abrasiontaesis, easy processing, and relatively good
tensile and tear properties.

Carbon black may be crystalline tapybridized) or amorphous ($pybridized); the crystalline
carbon is composed of “three or four graphitic p&mnn a turbostratic arrangement with an
interplanar distance slightly greater than thagraiphite” [54]. In the XRD spectra, carbon black
exhibits a slight peak at 24° corresponding to(€82) plane of the graphite structure.[50] [56]
Adsorption studies have identified heterogeneityhie surface energy of the carbon black, with
the crystallite edges being the most active sit@kwed by the amorphous region, and finally
the planar surface. While carbon black modifiedhwiitric and sulfuric acid removes heavy
metals such as As(V), Cu(ll) and Cd(ll) from watdre literature does not suggest that as-

received carbon black has an effect [55], [56]][Blowever, bare carbon black has been shown
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to remove volatile organic compounds such as t@uand xylene [58], non-steroidal anti-
inflammatory drugs such as naproxen and ketoprf#8h and hormones such as progesterone
[60]. Since chitosan also reportedly possessaxjaiiisn properties, carbon black was chosen as
a disperse phase to enhance the matrix responabdorption applications.

2.3. Literature Review: Synthesis and Applications of Clitosan Structures

As before mentioned, chitosan may be formed intadbefilms, gels, sponges, nanofibers, and
nanoparticles. This study will be focused on filbecause they are optimal for antibacterial
coverings in medicinal and food applications. G$dtn films may also have applications in
water filtering since they are hydrophilic and dansemi-permeable to gases such gsCD,
and water vapor; the permeability of chitosan fiimseases when they are wet. [61]

Among the various techniques available to syntleestatosan thin films, spin coating and sol
casting are among the most popular. In spite isf threview of the literature only yielded one
study that compared the two techniques; that sidystigated the structural, antibacterial, and
metal chelating properties of the films. The sadtddms were more crystalline than spin coated
films, which may be attributed to the longer dryiimge of the sol casting films. [62]

Of the two techniques, sol casting permits greatatability provides more reproducibility in
film thickness, requires less precursor solutionfpe, and is less time consuming. However,
spin coating provides greater control over the gityoof the films and lends itself to
characterization techniques which require the fibmbe on a substrate such as profilometry,
AFM and nanoindentation.

While various studies have investigated the therewranical properties of bare chitosan sol
cast films, there is still debate over the glaasgition temperature as explained in Section 2.1.4.

Furthermore, none of these studies determined thss gtransition temperature using the

22



technique thermomechanical analysis (TMA). Therttfenechanical properties of the chitosan
composites require further study as well; the glaassition temperature and degradation
temperature of chitosan films containing carborckland the glass transition temperature of
chitosan films containing silver have not been deiteed. In addition, none removed the spin
coated films from the substrate for characteriratemd therefore no studies compared the
thermal properties of both spin coated and sol claisbsan films. This work will determine the
structural and thermomechanical properties of hakcomposite spin coated and sol cast films;
it will also compare the grof sol cast films determined via TMA with thosepoeted in the
literature using DMA and DSC.

2.3.1. Synthesis of bare chitosan films

Characterization of films synthesized by the sol cd-approach

Chitosan sol cast films are produced by dissolifr&9%6 w/v chitosan in 1-3% v/v acetic acid. A
controlled volume of this solution is then pouredoia mold and allowed to dry at elevated
temperatures (60°C). The film is placed in a dilsbdium hydroxide solution to neutralize any
remaining solvent, and then dried flat. The motpgg, structure, mechanical, thermal, sorption,
and antibacterial properties of the films are thdwtermined via various characterization
techniques. The following section first summaritesse thermal and mechanical properties of
bare sol cast chitosan films, focusing on the delmter the glass transition temperature of
chitosan, and then proceeds to the reported ateii@cand metal chelating properties of these
films.

In 2000, the § of chitosan films synthesized was set at 203 °CSakuri et al. using DSC and
DMA spectra. [25] Two years later in 2002, Lazatidand Biliaderis determined thg T be

95°C by DMA. At 15% moisture content, chitosamfil exhibited a Young’s Modulus of 1500
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MPa, an ultimate strength of 100 MPa and an elomgatf 45%. They also determined that the
chitosan films become more ductile with increasmgisture contents and that the mechanical
strength of the films depended upon the polymercentration, moisture content, crystallinity,
cross-linking, ageing and macrostructure. [26]

Chitosan sol cast films that had been aged for 8kweand that had a moisture content of 14%
were synthesized and characterized by Suyatma J200%ese films exhibited an ultimate stress
of 63.1 MPa and elongation of 7.2%; thg and Tieg Wwere determined to be 196°C and 280-
300°C respectively by DSC. [29]

Wu et al (2004) reported thg &t 15-22° C due to the hydration of the O groups and the
T4 at 153°C using DMA. The chitosan films also extaith a bacteriostatic effect agaistoli
andS.aureus[27]

After presenting an extensive literature reviewtloa reported Jof chitosan, Quijada-Garrido et
al. (2007) characterized chitosan sol cast fiimihhe techniques DMA, DSC, and TGA-MS.
By DMA, the Tg was determined to be -30°C and was attributeddeement of the side chains -
NH,, CHOH, and -NH-CO-CH the Ty was determined to be 85°C and was attributed ¢o th
torsional oscillations at the glycosidic bonds be#w the two glucosamine rings and a
corresponding change in the hydrogen bonding. BBot reveal information about the. T
TGA-MS set the §eqat 260°C and attributed it to the decompositiorthef main chain with the
production of HO, CO and C@ [30]

The mechanical and antifungal properties of chitosal cast films were tested by Martinez-
Camacho et al in 2010. Films with a thickness®@#4.0um, exhibited a strain of 1.96 + 0.06%
and an ultimate strength of 2.5 MPa. The glasssitian temperature was calculated to be

170°C via DSC. The chitosan films inhibited thewth of the fungiAspergillus niger[61]
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Li et. al. tested the antibacterial properties Géfges of chitosan sol cast films. The films were
found to reduce thé&.coli; however, the chitosan molecules had to be dissoin order to
interact electrostatically with the bacteria. [62]

Foster and Butt found that although chitosan sohgtiinhibit growth oE. coli, S. aureusandS.
epidermidisby 98%, chitosan thin films are not antibacteridlhey suggest that the polymer
chains in the film do not interact with the badcerell wall. [63]

Characterization of films synthesized by the spin@ated approach

Chitosan spin coated films are produced by firssaliving 1-3% w/v chitosan in 1-3% v/v acetic
acid. A small volume of this solution is then @donto a substrate which is subsequently spun
at 1000-3000 rpm and dried on a hotplate. Mostarehers do not apply various layers. Similar
to the sol cast film, the film is then placed imiaute sodium hydroxide solution to neutralize
any remaining solvent, and then dried flat. Theb&osan spun coated films have been
fabricated for optical applications [64], sensofsheavy metals [65], biomedical applications
[66], and antibacterial applications [62].

In 2001, Ligler produced spin coated chitosan filmgh uniform thickness for optical
applications. A crosslinker was added to prevesgalution in water and other solvents and a
plasticizer was added to decrease cracking of ilne \when heated. Film thickness was
controlled from 200 to 100 nm by varying the spbeetiveen 1500 and 3000 rpm respectively;
higher speeds led to thinner films. The resultsiggle layer films possessed uniform
thicknesses with a standard deviation of 5% withgiven film. [64] Subsequently the effect of
metal ions was tested on the optimum spin coatédsan films. These blue films possessed a
thickness of 110 nm and showed a reflectance pea®&5anm. The color, film thickness, and the

reflectance peak changed after being dipped intisal containing Fe(lll), Zn(ll), Hg(ll),
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Mn(Il), Co(ll), Cu(ll), Cr(VI), and Cd(ll). The ntal ion concentration showed negligible
effects and the counter ions caused a reflectamétarsthe opposite direction. Therefore, these
films may be used to qualitatively test water fatat ions based on color change. [65]

In 2011, Li et al. tested the antibacterial propertand metal binding capabilities of
chitosan/PEO films. Rapid solvent evaporation prnéed the chitosan chains from arranging
themselves into a semi crystalline structure; ttoeeeno chitosan peaks were present in the XRD
spectra. 80/20 and 50/50 chitosan/PEO films bdéd7 mg Cr(VI) / g film. The spin coated
films showed negligible effects against E. coleda the very small quantity of chitosan. [62]

2.3.2. Chitosan based nanocomposites

Many composite films are based on chitosan. Chitd8ms have been used as a matrix to host
a wide variety of compounds ranging from ZnO andféigbacterial applications, to graphene
oxide and carbon nanotubes for biosensors, t@ ar@ magentite for water cleaning. They have
been blended with biopolymers such as gelatingistaellulose, keratin, alginate, silk and pectin
and with synthetic polymers such as polyethylendeypolyvinylpyrrolidone, polyvinyl alcohol,
and polyaniline. Finally, they have been functie with innumerable compounds. [67]
This work will be limited to bare chitosan films dscussed above and nanocomposite chitosan
films containing silver nanoparticles and carboackl The thermomechancial and bacterial
properties of bare and silver bearing chitosandibnd their precursor solutions will be explored
in this section. Likewise, the thermomechanicabperties of carbon bearing chitosan
composites will be discussed.

Composites containing silver nanoparticles

Silver ions may be reduced to nanoparticles in @di@ chitosan solution without any other

reducing agents. A chitosan composite containilvgrsnanoparticles (2 — 4 nm) was fabricated
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by Sanpui in 2008 using chitosan as a reducingtagéime MIC and MBC folE. coli were 100

ug / mL and 12Qug / mL respectively. The composite destroyed aditbria within 4 hours, and
SEM imaging showed most of the bacteria were deddrand fragmented within 90 minutes.
[47]

Similarly, in 2009 Wei et al synthesized both batetosan solutions and films with silver
nanoparticle loading. Both the bare and NP loaddtions were effective against the bacteria.
The bare chitosan solution stopped bacteria gr@gmihimum inhibitory concentration or MIC)
at 48, 24, and 13g/L for E.coli, S.aureus andB.subtilisrespectively. The chitosan solution
loaded with silver nanoparticles killed bacteriar(tmum bactericidal concentration or MBC) at
10 ug/L for E.coli, S.aureusandB.subtilis [50]

Modrzejewska (2010) reduced silver nanoparticl@ni®) in a chitosan solution at 60 °C for 24
hours; the UV-vis spectra of the resulting solusiexhibited a plasmon around 425 48]

In 2010, Tran et al. tested silver nanoparticleglsysized using chitosan against various bacteria,
yeast, and cancer cells. Time, temperature, amadhcentration of chitosan and Ag precursor
affect the size and speed of the silver nanopesgidReduction at 30 °C led to slow reduction
rates and small nanoparticles, while reductior180°C led to fast reduction rates and particle
agglomeration. The MIC and MBC for the bactdfiaoli, L.fermentumS.aureusandB.subtilis
and the yeadt.albicanswere 10ug/mL and 2.5ug/mL for the bacteri®@.aeruginosa The Ag
nanoparticles also showed inhibitory effects ongtmvth of cancer cells. [51]

Sol cast films containing silver nanoparticles

In 2007 Long et al. and Chen et. al. both used gamags to reduce silver nanoparticles in a
solution containing chitosan. [68],[69] Two yededer, Yoksan and Chirachanchai used a

similar technique to synthesize chitosan soluti@esitaining silver nanoparticles ranging
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between 7 and 30 nm in diameter. The initial AgNOncentration, gamma ray dosage, and
chitosan concentration affected the nanopartide;ghese nanoparticles did not precipitate out
of the solution for up to three months. Thin filmvere sol cast from these solutions and tested
againstE.coli and S.aureususing the agar diffusion method (thin film discsr&v&.8 cm in
diameter). Bare chitosan films had no effect oatdx@a growth, but discs of silver NP loaded
chitosan films showed an inhibition zone of 0.3%4 for E.coliand 0.092 cm fo6.aureusThe
addition of silver nanoparticles (0.29% w/w) alsareased the tensile strength from 67 MPa to
75 MPa and Young’'s modulus from 5719 to 6511 MPa. solution, chitosan with silver
nanoparticles stopped growthBfcoli, S.aureusandB.cereusat a concentration of 5.4/mL.
[49],[70]

Wei (2009) also tested the bactericidal propemiethe films made from the chitosan solutions
containing silver nanoparticles. The sol castdiwere tested using a novel technique; the bare
chitosan films were not bactericidal after 3 cyclbest the chitosan films containing silver
nanoparticles were bactericidal. [50]

In 2010, Li explored the antibacterial propertiéshitosan sol cast films containing Zn and Ag
nanoparticles. The antibacterial properties oh®l&lims were significantly higher than those of
the films without nanoparticles or with only on@éyof nanopatrticles. The film containing 0.1%
wt Ag and 10% wt ZnO exhibited the highest antibaat properties while remaining
translucent. [71]

That same year, Vimala et. al. synthesized porbaitssan films with silver nanoparticles using
polyethylene glycol as a reducing/stabilizing agantl tested their antimicrobial, mechanical,
and thermomechanical properties. The porositye@®ed the bacteria contact with the silver

nanoparticles, thereby increasing the film antieaat properties. A 5 mm diameter disc of the
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film caused a growth inhibition ring of 20, 22, ahd mm in diameter foE.coli, Bacillus, and
K.pneumoniagespectively. However, pure chitosan films did imbibit growth of the bacteria.
The bare chitosan films (Young's Modulus of 1500 aMRelongation at break of 5%) were
stronger and more brittle the chitosan films willkes nanoparticles (Young's Modulus of 584
MPa, elongation at break of 19%) or the porousoshi films with silver nanoparticles
(Young’s Modulus of 795 MPa, elongation at break®%). The thermal degradation occurred
at 489 °C for all films. As determined by thernsgradation, the chitosan films containing
silver nanopatrticles contained 8-11% silver. [7]

Chitosan based composites containing carbon parties

Carbon black chitosan composites have been sym#tkesia electrospinning and a spray layer
by layer process for increased electrical condugtiv The mechanical properties of the
electrospun films were tested, but the thermalilialwas not determined for any of these
composites. Notwithstanding, the thermal propsrtiechitosan composites bearing carbon will
be important for applications in which they condwtéctricity, in order to determine the
composite’s response to the temperature increasetfie dispersed energy.

Bouvree et al (2009) synthesized chitosan thindimearing carbon nanoparticles via spray layer
by layer process. The increase in conductivity tuthe incorporation of carbon nanoparticles
allowed the chemo-electrical properties of the dampo be measured, giving this
nanobiocomposite possible applications as a sdoswrater and methane vapors. [72]

Carbon black was dispersed in chitosan nanofibg&dhiffman (2011) at loadings ranging from
2.5% to 62.5% w/w, in order to increase the condligt of the resulting composites for
applications such as electrodes, electromagneterfamence shielding, and sensors. Higher

carbon black loadings caused an increase in thetriel conductivity of seven orders of
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magnitude from 1.14 x I8+9 x 10° S cm” for the bare chitosan fibers to 0.109+0.05 S’cm
for the nanofibers containing 62.5 wt% carbon blad increase in the carbon black loading
also decreased the elongation at break from 12t@o8%are chitosan fibers to 0.28 £ 0.03% for
chitosan nanofibers containing 2.5 wt% carbon hlaék increase in the carbon black loading

increased the noise to signal ratio in the XRDgrat. [73]
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3. EXPERIMENTAL
3.1. Materials Selection

Biodegradable polymers used as matrices in congsositlude cellulose, starch, and chitosan;
however, as mentioned in the introduction, chitosathe only polycationic polymer, which
lends it to antibacterial applications and metaklation. The disperse phases for the
nanocomposite therefore were selected to enharese throperties. The addition of silver
nanoparticles, widely employed as an antibactexggnt, should increase the bactericidicity of
the films. Similarly, the addition of carbon blags a disperse phase, widely use in the
strengthening of polymers and recently used asdaorbent [58], should augment the film’s
sorption of toxic heavy metals and volatile orgazompounds from water.

All reagents were of analytical grade and were usé@tout further purification. Required
concentrations of chitosan powder {fG,0sN),, 82% deacetylation, Sigma Aldrich), silver
nitrate salt (AgN@, 99.9%, Alfa Aesar), and carbon black powder (@rtiple size 30 nm,
aggregate size 100 nm, Sid Richardson) or lampkippaevder (C, particle size 134 nm, Fisher
Science) were dissolved in high purity water (18)Mand acetic acid (C4€O,H, 99.7%, Alfa
Aesar). Sodium Hydroxide (NaOH, 98%, Alfa Aesar)swdissolved in high purity water and
used to neutralize the chitosan films.

3.2. Materials Synthesis
3.2.1. Chitosan matrix synthesis

The synthesis of chitosan bare and composite films achieved by using two methods: sol

casting and spin coating. Figure 12 summarizels $ygthesis routes.

31



Chitosan, acetic acid, )
|
and carbon or lamp black (if applical |

Mix at 20°C for 24 hours

Vacuum Filter Solution

Add silver salt (if applicable)

3) Put 20 mL in Petri dis b) Spin coat at 1500 rpm for 30 seco
Dry at 60°C for 24 hour i " Dry at 100C for 2 minutes between lay
Put 25 mL of 0.1 M NaOH in the Pe Put film in Petri dish containing 25 mL
dish for 1.5 hout - 0.1 M NaOH for 2 houi
Remove film from Petri dis Remove film from substre

Dry film between glass plates for 48 ho
at 60C

s \
I |
I |
I |
I |
L J

Figure 12Synthesis method for sol c, (a), and spin coated filmgb).

3.2.1.1. Sol cast chitosan film

Required amounts of chitosan (1% w/v) and aceidt @®&o v/v) were added to high purity wa
at room temperature conditions. Dissolution of gudymer was performed using a magn
stirrer system at room temperature for 24 hoursth& end of the ccdact time, the solution we
filtered was vacuum filtered using grade 4 cellal@fer paper (pore size -25um, Whatmar.

The resulting solutions were sonicated for 30 maauand then appropriate amounts of
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solution (10 mL, 20 mL, or 30 mL) were depositetbiRyrex glassware with a diameter of 9 cm.
These were put into an oven at 60°C for 24 hout# diry. The resulting films were neutralized
with 0.1 M NaOH and removed from the Pyrex dislnaHy, to ensure that the films would dry
flat, they were placed between two glass platesdaiedl in the oven at 60°C for 24 hours. The

resulting film is shown in Figure 13a.

Figure 13 Bare sol cast (1% w/v chitosan, 20 miutsmh) ,(a), and spin coated chitosan (1.75%
wi/v chitosan, 20 layers) films, (b).

3.2.1.2. Spin coated chitosan films

Required amounts of chitosan (1, 1.25, 1.5, 1.72% w/v) and acetic acid (1, 1.25, 1.5, 1.75,
or 2% v/v) were added to high purity water at rommperature conditions. Dissolution of the
polymer was performed using a magnetic stirreresgsit room temperature for 24 hours. At the
end of the contact time, the solution was vacuuteréid using grade 4 cellulose filter paper
(pore size 20-2um, Whatman) and the resulting solutions were séeitdor 30 minutes to

ensure that all bubbles were removed from the ismiut
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In order to determine how much polymer was remdwedltering, the filter paper was weighed
before and after filtering. The difference betwéle@se two values was the amount of chitosan
(CS) removed from the solution (Table 7); on averdtering reduced quantity of chitosan in

the solution by 0.016%.

Solution ParametersFilter paper weight (g Calculations

% CS before mL| Before After g removeéo w/v CS after % decrease in C5
1.50 100 0.2318 0.2802 0.0484 1.45 0.03
1.50 100/ 0.2280 0.2501 0.0221 1.48 0.01
2.00 150| 0.2245 0.3050 0.0805 1.95 0.03
1.75 150/ 0.2303 0.2571 0.0268 1.73 0.01
1.75 150 0.2260 0.2471 0.0211 1.74 0.01
1.75 150 0.2244 0.2467 0.0223 1.74 0.01
1.75 150 0.2233 0.2496 0.0263 1.73 0.01
1.75 150 0.2231 0.2418 0.0187 1.74 0.01
1.50 100f 0.2200 0.2716 0.0516 1.45 0.03
1.50 100 0.2190 0.2439 0.0249 1.48 0.02
1.50 150 0.2151 0.2462 0.0311 1.48 0.01
1.50 200| 0.2193 0.2533 0.0340 1.48 0.01

Table 7 Chitosan removed from solutions by filtgrin

0.35 mL of the resulting solution was added dropeadnto a clean glass substrate measuring
25x25 mm, dispersed with a spatula, and spin-coatekb00 rpm for 30 seconds. As seen in
Figure 14, a KW-4A Chemat Technology two stage spiater (500 — 8000 rpm speed range, 3
— 60 seconds time interval) and a KW-4AH Chemathhfetogy hot plate (50 — 350°C
temperature range, £2°C resolution) were used.erAdach coating cycle, the films were dried
for 2 minutes at 100°C to remove any remainingealvThese spin-coating/drying cycles were
repeated the required number of times (1, 5, 10pa20) to thicken the films. Produced films
were then treated with 25 mL of 0.1 M NaOH for Aitoto neutralize any remaining solvent,
removed from the glass substrate, rinsed in dee@@hwater for 5 minutes, then placed between

two glass plates and dried at 60°C for 24 hours.
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Figure 14 Chemat technology spin coater and ha&plat
Initially, five concentrations of chitosan in ac{d%, 1.25%, 1.5%, 1.75%, and 2%) were
synthesized to determine the optimal concentratibime 1% films broke upon removal from the
substrate. The 1.25% and 1.5% films could be readdvom the glass substrates and did not
contain many bubbles. Due to the viscosity, thb% and 2.00% solutions contained bubbles
inadvertantly created when the solution was diggemto the substrate and the resulting films
had a yellow tint due to the higher polymer concaran.
Subsequently films were synthesized using the @dticoncentrations (1.25% and 1.5% w/v
chitosan) with varying layers (1, 5, 10, 15, 20)he films of 1 and 5 layers could not be
removed from the substrate and the films usingrib20 layers were yellowed and curled when
removed from the substrate. The films syntheswzighl 1.5% w/v chitosan were slightly thicker
than those synthesized with 1.25% w/v chitosanciwhmproves their mechanical properties.
Therefore the optimal synthesis parameters wes aiad 10 layers.
Although the initial series to determine the optmwonditions for bare chitosan films was
carried out using 25x25 mm glass microscope slithesresulting films presented challenges in

the characterization due to their size. Therefass substrates measuring 45x45 mm were used
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for the composite chitosan films. The optimum paagters were determined in a manner similar
to that of the smaller substrate. The volume, eatration, and number of layers were 1.3 mL
solution, 1.75% wi/v chitosan in 1.75% v/v acetitdda@nd 20 layers respectively. All other
parameters remained the same. The resulting $ilshown in Figure 13b.

3.2.2. Chitosan based nanocomposite synthesis
3.2.2.1. Silver bearing chitosan nanocomposites

Chitosan composite films bearing silver nanopatickere synthesized following the parameters
developed for bare chitosan films with one addaiostep. A review of the literature revealed
that adding AgN® to a chitosan solution at 25°C led to slow formiatof very small silver
nanoparticles and that adding Agh@®@ a chitosan solution at 90°C led to rapid fororatof
agglomerated silver nanopatrticles. [51] In oradeptoduce small particles, appropriate amounts
of AgNGQ; (1, 3, and 5 mM) were added to the solution ditieation and stirred with a magnetic
pill at 25 °C for 2 hours before sol casting omspoating. The solutions were initially clear but
changed in color as time progressed as shown ur&ig5. This change in color is attributed to
the reduction of the silver ions by the hydroxytlaamine groups of the chitosan, resulting in the
oxidation of the chitosan [50]. Resulting sol tchisns are shown in Figure 16 and and spin

coated films are shown in Figure 17.
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Figure 15 Color change of 1 mM AgNG®olution (1.5% w/v chitosan, 1.5% v/v AA, 25°C).

Figure 16 Sol cast chitosan films synthesized feoprecursor solution containing (a) 0 and (b) 5

mM AgNGO; (1% chitosan, 20 mL solution).
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Figure 17 Spin coated chitosan films synthesizedhfa precursor solution containing (a) 0 and
(b) 3 MM AgNG; (1.75% wi/v chitosan, 20 layers).

3.2.2.2. Carbon black bearing chitosan nanocomposites

Chitosan composite films bearing silver nanopastickere synthesized following the parameters
developed for bare chitosan films with one addaistep. Lamp black powder was added to the
the solution in appropriate weight fractions (1, ad 5% carbon black / chitosan) before
filtration for the sol cast films. Likewise, canbdlack powder was added to the the solution in
appropriate weight fractions (1, 3, and 5% carblaickb/ chitosan) before filtration for the spin

coated films. Resulting sol cast films are showirigure 18 and spin coated films are shown in

Figure 19.
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Figure 18 Sol cast chitosan films containing (a) & (b) 1% w/w carbon black (1% w/v

chitosan, 20 mL solution).

Figure 19 Spin coated chitosan films containingd@)and (b) 5% w/w carbon black (1.75%
w/v chitosan, 20 layers).
When carbon black (CB) was added to the solutioayviscosity of the solution increased and
the solution had to be stirred during filteringuédto this stirring, the filter paper usually broke
and therefore could not be weighed after the filgeprocess. In the cases that the filter paper
did not break, the solid removed from the soluti@iuded both chitosan and carbon black
(Table 8); therefore the quantity of carbon bldwkt twas removed from the solution could not be

directly calculated.
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Solution Parameters Filter paper weight (@alculations

% CS before mL %CB| Before After g removed

1.50 40 1 0.2294 0.2458 0.0164
1.50 100 3 0.2297 0.3241 0.0944
1.50 100 5 0.2283 broken broken
1.50 150 1 0.2285 0.2789 0.0504
1.50 150 3 0.2233 broken broken
1.50 150 5 0.2315 broken broken
1.75 150 1 0.2232 broken broken
1.75 150 3 0.2303 broken broken
1.75 150 5 0.2246 broken broken
1.50 100 5 0.217 broken broken
1.50 150 3 0.2182 0.2572 0.0390
1.50 150 7 0.2224 broken broken
1.00 100 5 0.2173 0.2309 0.0136

Table 8 Carbon black and chitosan removed fromtieois by filtering

3.3. Materials Characterization
3.3.1. Optical Microscopy

An optical microscope provides morphological sanmpfermation by focusing the image with
refractive glass or quartz lenses. The image neamagnified up to 1500x with a resolution up
to 200 nm. Current models also display a digitahgen on a computer screen via a charge
coupled device. The microscope used in this werkhiown in Figure 20; all images were taken

at a magnification of 5x.
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Figure 20 Nikon Epishot 200 microscope — Enginege8cience and Materials Department at
UPRM.

3.3.2. Atomic Force Microscopy

An atomic force microscope provides detailed sanmdl@mation by scanning the surface with a
cantilever beam. In the the tapping mode, a cardil beam oscillating near its resonance
frequency lightly taps the sample. A laser whieflects off the cantilever beam sends feedback
to the controller, which in turn controls the mowarh with piezoelectric elements for high
accuracy. Both a topography image and a phasesimaxy be obtained from the tapping mode.
The phase image detects the phase lag betweengtied driving the cantilever beam and the
oscillations of the cantilever beam. In this wiyjetects differences in material properties and

provides a more precise image of composite masefiad]
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Figure 21 AFM detection [74].
The AFM software also provides a measure of rougknéowever this measurement is
dependent on the size of the image. Thereforeabiemean square roughness for each film was
calculated as the average of 5 roughness measuempenimage from 3 — 30x3dm images.
Due to the fact that the samples must be depositea substrate in order to characterize them

with the AFM, images were only taken of the spiated films.

Figure 22 Veeco DICP Il AFM — Engineering Scieacel Materials Department at UPRM.
3.3.3. Profilometry
Profilometery provides precise information abouwd thickness of a film which is mounted on a
substrate. This technique was only used for spated films since sol cast films were not

attached to a substrate and could not be mountetiprofilometer. To analyze the film, first a
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thin cut is made along the length of the film watliazor blade. The film is then loaded into the
machine ( Figure 23) and a needle is dragged athesscision three times. The film thickness

is calculated as the difference in height of thma fadhered to the substrate and the substrate.

Figure 23 KLA Tencor Profilometer in clean room rgiheering Science and Materials
Department at UPRM.
3.3.4. X Ray Diffractometry
The X-Ray Diffraction spectra provides structurgbrmation including crystallinity, grain size,
and phase composition. For compounds with regufapeating lattice structures, the emitted x
rays exhibit constructive interference (Figure 24ajl the diffracted beam is sensed by the

detector. This occurs when the increase in path msultiple of the wavelength as shown in

/\/\/ e
Diffracted wave 2
Diffracted wave 1
\_/_\_/—\ Destructive interference

Diffracted wave 2
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Figure 24 Schematic of constructive and destrudtitexference [75], (a), and diffraction [76]
(b).

This phenomena is described by Bragg's law and beyused to calculate the interplanar
distance, d:

2d sinf = nA
wherel is the wavelength of the x-ray afds the Bragg angle.
The rays that diffract out of phase are cancellgdby each other out by destructive interference
and therefore no peak occurs at that angle in fRB Xpectra. However, incoming rays close to
the Bragg angle are diffracted only slightly out miase, and the ray that cancels it out
completely is diffracted by a plane deep inside ¢hestal. This plane does not exist in very
small crystals, so a signal is detected at angées the Bragg angle and the width of the peak
increases. On this basis, when the crystal islemtddan 100 nm, its size may be determined
using Scherrer’s law which is derived from Bragg\w:

K2
te PcosO

where: K is the shape factor, usually set as 0.9
A is the x ray wavelength, the average QGuviavelength is 0.1541 nm
B is the width of the peak at the half of the maxmintensity (FWHM), found with
PowderX [77]
0 is the Bragg angle in radians

The lattice parameter, a, may be calculated as

a=dVh+k+1

where h, k, and | are the Miller indices of theestd plane.
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In order to identify the material, the spectra waported into Match! [78] and compared with
the peaks of known chemicals in existing databases.

Cu-Ka radiation and3Ni filter in a Siemens D500 powder x-ray Diffractetar were used to
take all spectra. All spectra of chitosan and carblack composite films were taken from 5 to
40 °C with a step of 0.01° and a dwell time of ¢a&l unless otherwise noted. To reduce noise,
the composite films containing silver were takerrothe range 35 to 45° with a step of 0.01°

and a dwell time of 10 seconds.

Detector

Figure 25 Seimens 500 XRD, (a), and detail of gowter, (b)— Engineeering Science and
Materials Department at UPRM.

3.3.5. Ultraviolet Visible Spectroscopy

UV-vis uses light over the ultraviolet, visible,danear infrared spectrum, with the wavelength
ranging from 200 to 800 nm. Shifts to higher wawgiths may indicate an increase in particles
size or particle aggregation.

Beer’s law is used to calculate the absorbance:

Iy

A = logo (7)
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where A is absorbance, is the incident light at a given wavelength, Itie transmitted

intensity.

Figure 26 Beckman Coulter DU 800 UV/Visible Speptrotometer — Engineeering Science and
Materials Department at UPRM.

3.3.6. Fourier Transform Infrared Spectroscopy

An FTIR emits light in the mid infrared regionsstudy the vibrations and rotations of the bonds
present in a sample. The sample absorbs enerdydrdquencies of the bonds between the

atoms, allowing the identification of the sampley(fe 27).
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Figure 27 Stretching and bending vibrations. “+digates that the atom moves toward the reader

and “-“ indicates that the atom moves away fromraeer [79].

Samples may be measured using transmittance omuattxl total reflectance (ATR). In

transmittance mode (Figure 28), the beam fronsthece (§) passes through the sample to the

detector.

passes to the detector, thereby taking the spiotrathe surface of the sample.

Sourct

Detecto

® I E

In ATR mode (Figure 29), the beam frém $ource reflects off of the sample and

Figure 28 Schematic [80], (a), and universal sarhplder, (b), used in transmission mode.
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Figure 29 Schematic [80], (a), and ATR sample holf®, used in ATR mode.

All spectra were taken in the spectral range 0f040600 cm-1 by accumulation of 200 scans at
resolution of 4 cni-in transmission mode unless otherwise noted. AVER used in all cases
because the thicker films exhibited saturation beeathe film thickness prohibited the light

beam from passing through the film.

Figure 30 Shimazdu IRAffinity-1 FTIR — EngineeeriBgience and Materials Department at

UPRM.
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3.3.7. Thermomechanical Analyses
A TMA measures changes in geometry as a functideraperature. As seen in the schematic in
Figure 31a, the sample is subjected to a minined End the dimensions are measured while the
temperature is increased. While in the schemaéicsample is subjected to a compressive force,
various sample geometries are available dependinipe type of sample (Figure 31b). In this

work, a tensile force is applied to the films.

+ LOAD b)
SIGNAL RELATED %I
TOPOSITION

 E—
Expansion

LVDT —p

Penetration
THERMOCOUPLE

PROBE

SAMPLE

Extension
4— FURNACE

Flexure Dilatometry

Figure 31 Schematic of TMA [81], (a), and samplergetries [82], (b).
These changes in sample geometry are caused byceaase in the free volume, which is the

space that a molecule has for internal movemegu(gi31).

Free

As the space between
volume

the chains increases,
the chains can move.

Occeupied
volume

Volume/mm?3

Temperature (°K)

Figure 32 Free volume of polymers [82].
Expansion coefficients, glass transition and megltiemperatures, solid-solid transitions, and

swelling and elastic behavior may be extracted fthendata. In this work, TMA will be used to
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determine the glass transition temperatuge, The Ty occurs over a range of temperatures, since
the length of the polymer chains contain multipleictures which are disrupted with various
amounts of heat. [83] According to IPC standartise Ty may be determined from a TMA

spectra as the intersection of two tangent linésrbeand after the change in slope (Figure 33a).

Slope in this region:
CTE above Ty

L /
C/,
Slope in this region: /
+ CTE below T
\ B
e

f }
Temperature ("C)

Expansion (pm)

Figure 33 Methods to determine CTE androm TMA [84].

Specifically, the J is the temperature corresponding to the interseadf lines AB and CD,
where

e Ta—atleast 10 — 25 °C abovegih

» Tg—on the linear portion of the graph below the T

* Tc—on the linear portion of the graph aboye T

« Tp—300°C
In this work, intersection of the tangent lines wianabefore and after the glass transition
temperature was considered to be the glass tramggimperature. To increase precision, the
TMA curve was fitted with a® order polynomial in Excel, and the first derivatiwas taken at
x1=60 °C and ¥=160 °C to provide the slope of the tangent lines.

y =Ax®+Bx® + Cx* + Dx®* + Ex? + Fx + G

m =y = 6Ax° + 5Bx* + 4Cx3 + 3Dx?> + 2Ex + F
50



Then, the intercept for each tangent line was taied.
by =y —myx;
Finally, the glass transition temperature was dated as the intercept of these two lines.
y1(x) = y,(x)
my(x) + by = my(x) + b,

b, — by

X =——
m; —m,

A sample curve is shown in Figure 34.

10600 -

y = 6E-11x° - 5E-08x° + 1E-05x* - 0.002x3 + 0.1031x2 +

10500 - 2.9942x +9906.2

10400 -
§ 10300 | —Length
-Fa"n Y1
£ 10200 - —

10100 - ’ —Poly. (Length)

10000 -

9900
0 50 100 150 200 250 300

Temperature (°C)

Figure 34 Method to determing fom TMA curve.
Unless otherwise noted, all tests were run in aatanosphere, with a temperature ramp of 5 °C
per minute from 25 — 275 °C. The force applied @d$ N in all cases. Samples were stored at
room temperature prior to testing and were rectimguith dimensions 15 mm long and 5 mm

wide. Three samples were run for each processingitons.
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Figure 35 Mettler Toledo Thermomechanical Analyz&mngineeering Science and Materials
Department at UPRM.
3.3.8. Thermogravimetric Analyses
A thermogravimetric analyzer may be used to deteemproperties such as degradation
temperature (Jg, Sample purity, sample identification, solventergion, reaction rate,
activation energy, and heat of reaction. The egeit (Figure 36) consists of an

electromagnetic mass balance, a resistive furrsacka temperature sensor.

evolved
gas analysis -
- balance

mechanism
mass

computer T
- data .
capture | e carrier
- control funace | < 908
display

2

o

=

temperature

Figure 36 Schematic of TGA [85].
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After the sample is placed on the balance, the raaddemperature are recorded as the furnace
heats the sample until it decomposes into its malgcomponents. The resulting spectra gives
the mass as a function of time or temperature. fireederivative of this spectra determines
whether the process is exothermic or endothermloca minimum indicates the process was
endothermic while a local maximum indicates it veasthermic. In this work, theqdy was be

calculated as the temperature corresponding tonthenum of the first derivative. (Figure 37).

100
~ 80
g ] b
2 60 s
2 ]
= ] m
:E. 40—_ , E_
2} : | l
g 20f ‘I'. |

0] \/

T T T T — T T ‘ T T 1
0 100 200 300 400 500 600
Temperature ("C)

Figure 37 TGA spectra of weight loss and the fiestivative.
The properties were evaluated on a Mettler ToledeATwith a temperature ramp of
10 °C/minute from 25 to 600 °C in a nitrogen atnfeme. Samples were stored at room

temperature prior to testing.
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Figure 38 Mettler Toledo Thermogravimetric AnalyzeEngineeering Science and Materials

Department at UPRM.
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4. RESULTS AND DISCUSSION
4.1.Bare chitosan films
4.1.1. Structural Characterization

Structural analysis of produced composite matevias carried out to verify the development of
polymeric matrix and the dispersoids. For this oeas<-ray diffraction and Fourier transform
infrared spectroscopy were used to identify thestedline phases and the functional groups of
the polymeric matrix, respectively.

4.1.1.1. X-ray Diffraction Analyses

XRD analyses of the chitosan matrix confirmed themation of the expected structures using
both the sol casting and spin coating synthesisesou Broad peaks centered on 10° and 20°
corresponding to the structure of chitosan inddtateshort-range molecular order. As seen in
Figure 39a, the sol-cast film synthesized from 3D of precursor solution exhibits a more
intense peak for the (020) plane than for the (Idlé@nye than the powder spectra, which would
suggest the rearrangement of the polymer chainsgltine synthesis process. This change in
intensity of the peaks may be attributed to sloWwestt evaporation during the synthesis process,
allowing the polymer chains to organize themseimés a crystalline structure. In contrast, in
the spin-coated film (1.75% chitosan, 20 layerghljgeaks were less defined and the noise was
increased. Li et al. credited this phenomenorhéorapid solvent evaporation which restricted
movement of the polymer chains and prevented tiadtion of crystalline phases. [62]

Following similar reasoning, the varying intenstief the chitosan diffraction peaks in spin
coated films synthesized at increasing concentratig-igure 39b) and increasing number of
layers (Figure 40) may also be attributed to tipédraolvent evaporation, which caused chains to
remain in the arrangement that they assumed dthiaagpin coating process.
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Synthesis routes Spin coated films - 10 layers
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Figure 39 XRD spectra of chitosan films synthesiziedsol-cast or spin-coating methods, (a),
and spin-coated films produced at different conegiains of the precursor solutions, (b).

Spin Coated - 1.25% Chitosan Spin Coated - 1.50% Chitosan
a) (020 (110) b) (020 (110)

20 layers
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Intensity (a.u.)
Intensity (a.u.)

Figure 40 XRD spectra of chitosan spin coated figyisthesized with increasing layers with
chitosan concentrations of 1.25%, (a), and 1.5@9o, (

4.1.1.2. Fourier Transform Infrared Spectroscopy Measuremens

The FTIR spectrum for precursor chitosan powdeshiswn in Figure 41a. The main bands at
895 and 1150 cth(antisymmetric C-O-C stretching of glysodic link)30 and 1070 crh(C-O-

C stretching of skeleton) were identified and asstgto the skeleton of the chitosan structure.
The bands attributed to the functional groups vedrserved at 1475 ¢m(-CH, bending), 1535

cm® (N-H bending of the Nk group), 1630 c (N-H bending of the Nk group and C=0
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stretching in the COCHgroup), 2865 cim (C-H stretching of the glucose ring, the £HH
group, and the Ckin acetyl group) and 3350 ¢h{N-H bending of the Nkigroup). The bands
at 1630 and 3350 cfmwere also attributed to hydrogen bonding. Obthiméormation was in
agreement with previous reviews compiled by Kunar$R2] and Kasadi86], who identified
similar bands in chitosan. Figure 41b exhibitsRAdéR spectra of bare chitosan sol cast films (20
mL) and spin coated films (1.75% chitosan, 20 layeBoth the spin coated and sol cast films
exhibited the main bands found in the precursotoshn powder, indicating that chemical

structure of chitosan was not affected by the ssgithroute.

Powder Synthesis routes
a) b)
Spin coated

’; o S e R WA N )
o z Sol cast \ \
~ 3350 2875 o ——————— LY
Z E ~— M
2 £ | Powder \/ \-\
‘E E Vv \
. 3 3350 2875 16501 1415

1074 B 1070 895

1030 1475 1030

L T T o T e o T o SN EMIMEUENMEMINEMEEMENIMEMEMEMEMEMIMIENIMI L S
4000 3,500 3,000 2,500 2,000 1,500 1,000 4,000 3,500 3,000 2,500 2,000 1,500 1,000
Wavenumber (cm™) Wavenumber (cm™)

Figure 41 FTIR spectra of precursor chitosan posider), and chitosan films synthesized via
sol-cast or spin-coating routes, (b).
Figure 42 and Figure 43 show the FTIR spectra &e Isol cast and spin coated chitosan films
synthesized at different thicknesses. There werelhserved differences between the spectrum
of standard chitosan powder and the spectrum qmnesng to the sol cast films with varying
thicknesses. Likewise, no significant differeneesse observed between the spectra of the bare
chitosan spin coated films synthesized with indrepsoncentrations (Figure 42b) or increasing

number of layers (Figure 43a, b). Accordinglymay be concluded that an increase in film
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thickness does not have remarkable influence upenntolecular structure of the polymeric

matrix.
Sol cast Spin Coated - 10 layers
a) 30 mL b)
——— e IV 2.00%
k 's e h - R Y
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Figure 42 FTIR spectra of chitosan sol csat filnithwicreasing thicknesses, (a), and spin

coated films with increasing concentrations, (b).
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Figure 43 FTIR spectra of chitosan spin coateddifynthesized with increasing layers with
chitosan concentrations of 1.25%, (a), and 1.5, (
4.1.2. Morphological Characterization of chitosan Films

4.1.2.1. Optical Microscopy

Optical microscope images of bare chitosan solaadtspin coated films are shown in Figure 44.

The synthesis conditions were 20 mL of 1% w/v @ato solution for the sol cast film and 20
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layers and 1.75% wi/v chitosan solution for the smated film. The images revealed that spin-
coated films exhibited higher porosity than soltddms. This may be attributed to the partial
dissolution of the first polymeric layers by theepursor solution and the rapid evaporation of
solvent during the film thickening stages. A similaend was observed in all other films
synthesized via sol-cast and spin-coating appr&achas porosity may affect the XRD spectra
of the spin coated films; the porosity would difftahe x-rays at arbitrary angles, increasing the

noise to signal ratio.

Figure 44 Optical images of sol-cast, (a), and-spiated, (b), chitosan films.

4.1.2.2. Atomic Force Microscopy Analyses

AFM images of spin coated bare chitosan films drews in Figure 45. These films were
synthesized with 1.75% chitosan solution with Selgyon the 25x25 mm substrate in order to be
mounted in the AFM specimen holder. The imagecaigis that the chitosan spin coated films
exhibit porosity even at a such a low number oktay The roughness value was calculated
three 30x30um images as the average roughness at five velines; the average roughness
value for bare chitosan films was 18.1 nm. AFM gasifor sol cast films are not available since

samples must be attached to the substrate for measunt.
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Figure 45 AFM phase, (a), and topography, (b),avelchitosan film synthesized via spin
coating with 1.75% w/v chitosan solution and 5 taye

4.1.3. Films Thickness Measurements

Profilometry measurements for spin coated filmshwitcreasing numbers of layers and at
increasing precursor polymer solution concentratiare presented in Figure 46a and Figure 46b,
respectively. These measurements quantifiedeth@ency which is visible to the naked eye:
not only more layers but also higher chitosan cotrations increased the film thickness. Film
thickness is critical to their mechanical strength;films that were removed from the substrate
without breaking were at least fufn thick.

The error bars indicate the standard deviatiorheffilm thickness along the length of the film.
The increase in standard deviation in films withaltl 20 layers, Figure 46a, may be attributed
to an uneven surface. This irregularity stemmedifthe fact that the application of solution for
each consecutive layer partially dissolved therdgtow; furthermore this last layer took longer
to dry as the film became thicker. In contrastfilbms with 1, 5, and 10 layers had relatively

small standard deviation due to the smaller nurob&yers and the thinner film.
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Figure 46 Thickness of spin coated films with vaddayers, (a), and concentrations of precusor
solutions, (b).
4.1.4. Thermal characterization

4.1.4.1. Thermo-mechanical analyses

The TMA spectra for bare chitosan sol cast and spated films are shown in Figure 47; the
corresponding glass transition temperatures ofstilecast film and the spin coated film were
estimated at 81+3°C and 74+5°C, respectively. &heslues are in agreement with those
reported for bare chitosan sol cast films by Laiawi(94°C by DMA) [26] and Quijada-Garrido
(85°C by DMA and DSC) [30]. However, they are lowiiean the values established by other
researchers: 153°C (DMA) [27], 170°C (DSC) [31]61@ (DSC) [29] and 203°C (DMA and
DSC) [25]. Reviewed works did not provide gvhlue determined by TMA.

The glass transition temperature of chitosan has béributed to the torsional oscillations at the
glycosidic bonds between the two glucosamine riagsl a corresponding change in the
hydrogen bonding. [30] The sol cast films exhibliigher Ty than spin coated films which may

be due their higher crystallinity (and thereforgtisogen bonding) as determined in by XRD.
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Figure 47 TMA spectra of bare sol cast, (a), and spated chitosan films, (b).

4.1.4.2. Thermogravimetric analyses

As a candidate for edible food coverings or forteacidal applications in sterilized medical

environments, chitosan films may be processedeatattd temperatures. On this basis, thermal
degradation tests were run to determine the terhyperat which bare chitosan films degraded.
Figure 48 shows the thermal degradation curve sparding to bare powder and bare sol cast
and spin coated chitosan films in which degradatenperatures of 294, 281 and 292°C were
established. These temperature values are relaticlelse to the temperature reported by
Quijada-Garrido (260 °C). [30] The first derivaindicates that the process was endothermic,
requiring an energy input to degrade the film. Weaght loss at 125 °C may be attributed to the
evaporation of water, and weight loss beginninguado 290°C may be attributed to the

degradation of the main chain. The weight loshdy320°C may be attributed to the formation

of residue by the remaining carbon and the forrmadiomethane. [30]

62



Powder Sol cast film Spin coated film
20 mL 1.75% chitosan, 20 layers
100 100+ P e 100 e

] ] 17 £
o 80+ = 80 o 80
& 18] (- 1

il m 4 m i m
g 60- s 8 60 s 8§ 60] <
=l ] m = ] m = ] m
= ] = ] = ] 3
4 ] [l 8 ] } 2 : !
2 20- 2 20- | | 2 20

Ei — Vi 7 14

] \f L i \/

0 u 0-

T T \/I‘ T T 1
100 200 300 400 500 60
Temperature ("C)

0

0;\ | I I T | 1
0 100 200 300 400 500 600

Temperature ("C)

[ I I I I I 1
0 100 200 300 400 500 600

Temperature ("C)

Figure 48 TGA spectra of chitosan powder, sol tilstand spin coated film.
In addition to the method of synthesis, the effeftshitosan concentration and number of layers
of spin coated films on the degradation temperatugee explored. The TGA spectra and the
corresponding degradation temperatures are showhigare 49 and Table 9, respectively.
Higher precursor polymer solution concentrationd @crease in the number of layers produced,
as expected, thicker films as confirmed via profilry in Section 4.1.3. Taking this into
account, it may be concluded that the thicker fithegraded more slowly in the first stage (25 to
150°C) than the thin films. This occurrence mayaitributed to the fact that the thicker films
trapped more water inside the film and more enevgg required to release the water from
between the chitosan chains. In contrast, thé&ehiilms had a more rounded shoulder in the

second stage (150 to 300°C) indicating that moressmaas lost before the onset of the

degradation of the main chain.
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Figure 49 TGA spectra for chitosan spin coateddibynthesized at different precursor

concentrations, (a), and different numbers of Iayé).

Tdec (OC)
1.5% 5 layers 290
1.5% 20 layers 291
1.25% 10 layers 290
2.00% 10 layers 291
Table 9 TeqOf chitosan spin coated films

4.1.5. Conclusions

Bare chitosan films were synthesized via sol cgstind spin coating techniques. The structural

analysis indicated that sol cast films were morgstalline than spin coated films due to

processing conditions; however, the chemical bawmilsin the polymeric chains in the films

were not significantly affected by these processiogditions or by film thickness. An analysis

of the film morphology revealed that the spin cdatiéms are more porous than the sol cast

films. Profilometry measurements confirmed tha thickness of spin coated films increased

with the number of layers and the concentration tlé precursor polymer solution.

Thermomechanical analyses indicated that the giassition temperature of the sol cast films

(81+3°C) is higher than that of the spin coateah$il(74+5°C). Thermogravitational analyses set
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the degradation temperature of the bare films &t+28C, and suggested that synthesis route

does not exert a significant effect upon the, T

42.1.1.

X-ray Diffraction Analyses

4.2.1. Structural Characterization

4.2.Carbon black-bearing chitosan nanocomposites

XRD analyses of the chitosan-carbon black nanocaeitg® confirmed the formation of the

expected structures synthesized by the sol caffiggre 50a) and the spin coating (Figure 50b)

synthesis routes.

The broad XRD peaks centerdd®and 20° corresponding to the (020) and

(110) planes of chitosan were also encounteredhen 1%, 3% and 5% weight fraction

nanocomposites produced using both synthesis roesefore, the spin coated films showed

peaks of varying intensity, due to the rapid evapon of the solvent. In this case, however, the

spectra of the films containing carbon black aggoates exhibited a lower signal to noise ratio,

indicating that the carbon black disrupted the pwy's crystalline structure.
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Figure 50 XRD spectra of sol cast, (a), and spatex, (b), chitosan thin films containing carbon

black.
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4.2.1.2. Fourier Transform Infrared Spectroscopy Measuremens

Figure 51 shows the FTIR spectra for bare chit@sahcomposite films containing 1%, 3% and
5% weight percentages of carbon black agglomenateduced by the sol casting and spin
coating routes. The bands in the sol cast andcs@ted films did not change with incorporation
of carbon black, indicating that while there mayénaeen a mechanical disruption of the chains,

there was no chemical bonding between the chitosams and the carbon black disperse phase.
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Figure 51 FTIR spectra for sol cast, (a), and spated, (b), chitosan films containing carbon
black.
4.2.2. Morphological Characterization Analyses

4.2.2.1. Optical Microscopy

Composite chitosan films containing 1%, 3%, and &% carbon black were studied with
optical microscopy at 5x magnification in ordercioalitatively assess the film morphology and
the dispersion of the carbon black agglomeratagirEi52 shows the optical microscopy images
corresponding to the sol cast and spin coated cer®so Similar to the bare films, the spin
coated films exhibited a remarkable porosity in panson with the sol cast films, which

showed a smoother surface. The porosity in spitecodlms was attributed to the partial
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dissolution of the top layer by each subsequentiggimn of solution and to the rapid solvent
evaporation while drying on the hotplate. The fibontaining 3% carbon black shows greater
porosity than the film containing 5% carbon blaekich is likely due to the location in which
the image was taken. The center exhibited porbsewhe edges had exhibited “streaks”. This
may be explained by the different shearing andriagal forces in each location during the spin
coating process. In the center, the viscous foaresgreater than the shear forces, forming a
network containing pores; however at the edgesshear forces are greater than the viscous
forces, breaking the network and forming strea&g] [

As defined in Section 2.2.2, the microdispersiorotis the nanometric scale and affects the
interaction between the polymer and the carbonkbdanxl the formation of a network between
the carbon black particles via van der Waals forckescontrast, the macrodispersion is on the
micrometric scale and affects the appearance amadrtbchanical failure properties. In the
carbon-black bearing chitosan films, a good masmelision of the carbon black can be
observed for all weight fractions; even when therere carbon black clusters, they were
homogenously distributed. Despite the agglomerattbncarbon black aggregates and the
resulting poor microdisersion, the particles werasonably well dispersed within the polymeric

matrix.
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b)

d)

Sol Cast Film:s Spin Coated Films

Figure 52 Optical images of chitosan sol cast gma soated films containing (a) O, (b) 1, (c) 3,

and (d) 5% wi/w carbon black.
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4.2.2.2. Atomic Force Microscopy Analyses
AFM topography and phase images of chitosan filmstaining 0%, 1%, 3%, and 5% weight
fractions of carbon black are shown in Figure B.in the bare films, the composite films were
synthesized with 5 layers on a 25x25 mm substrateder to be mounted in the AFM specimen
holder. The roughness was calculated for eachddoording to the method explained in Section
3.3.2 and graphed in Figure 53. As expected, dhglmess increased with an increase in the
loading of carbon black. This increase may beibaified to the incorporation of more

agglomerates due to higher loading and/or enlargenfeagglomerate size.
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Figure 53 Roughness of spin coated films with carblack.
The comparatively large aggregate diameter indsctitat the carbon black, which is formed into
pellets to facilitate customer handling, was ndlyfbroken down during the magnetic mixing
phase. More energy intensive mixing techniques stscball milling or homogenization may be

used to increase microdispersion of the carborkbAathin the polymer film.
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Figure 54 AFM of chitosan spin coated films conitagn(a) 0, (b) 1, (c) 3, and (d) 5% w/w

carbon black.
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4.2.2.3. Comparison of Film Thickness: Profilometer and Micometer

Micrometer and profilometer measurements for spiated films containing 0%, 1%, 3%, and 5%
weight fractions of carbon black may be observedrigure 55. Spin coated films were
measured with both the profilometer when attacledhe substrate and a micrometer when
removed from the substrate; the thickness increape treatment with NaOH and removal
from the substrate. Sol cast films were only messwvith a micrometer, since they were not
attached to a substrate.

Average sol cast film thickness ranged from 224@®, and average spin coated film thickness
as measured with the micrometer ranged from 6@ @ The thickness of the sol cast films is
noticeably more homogeneous within a single filingwging that it is the superior synthesis
method. An increase in the disperse phase wascege increase spin coated film thickness
since the addition of carbon black significantlereased the viscosity of the solution from

which the films were synthesized; however it did Imave a significant effect on film thickness.

Sol Cast Spin Coated
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20 { [} 201
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%o w/w Carbon Black % w/w Carbon Black

Figure 55 Thickness of chitosan films with carbdeck synthesized via sol casting, (a), and spin

coating, (b).
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4.2.3. Thermal Characterization Measurements
4.2.3.1. Thermo-mechanical analyses

The TMA spectra for sol cast and spin coated filraaring 0%, 1%, 3%, and 5% weight fraction
carbon black are displayed in Figure 56 and FigIreespectively. Three samples were run for
each film to determine the reproducibility of theeasurements; the resulting glass transition
temperatures are summarized in Table 10 and graphdedgure 58. The glass transition
temperatures of the sol cast and the spin coateghasite films ranged from 66 to 101°C. All
spectra followed the same behavior.
While changes in thegimay be attributed to the inhibition of the polymeshain rotation due to
the incorporation of the disperse phases within dhitosan matrix, no definite trend can be
derived from the data due to the high standardatievi. As noted previously, the, Bceurs
over a range of temperatures, since the lengthefpblymer chains contain multiple structures
which are disrupted with various amounts of he@3] Therefore, it is conceivable that the
calculated § varies between specimens from the same films ilhportant to note that reviewed
papers dealing with chitosan based composites aiccarry out thermal stability test and thus

the only possible comparison with the bare films.

0.1+ 0.1+ 0.1+
a) 1 —1%CB (1) b) 1—3%CB(1) C) 1 — 5% CB (1)
i 1% CB (2) i | 3% CB (2) 5% CB (2)
0.08 y . .08+
’E | 1% CB (3) J ’EO 08 3% CB (3) ’EO 08 5% CB (3)
3 3 3
‘E0.0G— ‘E0.0E— ‘E0.0E—
3 3 3
L L L
£0.04 £0.04 £0.04
g s s
(7] [7,] [7,]
0.02 H 0.02 0.02
0 T T T T T T 1 0 T T T T T T 1 0 T T T T T T 1
0 100 200 300 0 100 200 300 0 50 100 150 200 250 300
Temperature ("C) Temperature ("C) Temperature ("C)

Figure 56 TMA spectra for chitosan sol cast filmthwa) 1%, (b) 3%, and (c) 5% carbon black.
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Figure 57 TMA spectra for chitosan spin coated dikvith (a) 1%, (b) 3%, and (c) 5% carbon

black.
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Figure 58 T, of sol cast, (a), and spin coated, (b), chitodamsfcontaining carbon black.

% wiw T4(°C)
CB Sol cast Spin coated
0 80.5+3.2 75.1+2.4
1 75.0+6.4 89.4+29
3 70.1+£1.1 75.8+5.1
5 68.9 + 2.9 97.0+3.8

Table 10 T of chitosan films containing carbon black.
4.2.3.2. Thermogravimetric analyses
The thermal degradation curve of chitosan-carbaskbtomposite sol cast and spin coated films
are shown in Figure 59 and Figure 60, respectivbly;corresponding degradation temperatures
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are summarized in Table Efror! Reference source not found.and graphed in Figure 61. The
results showed that the produced composite filnpeeanced a pronounced the greatest weight
loss between 288 and 295 °C. No consistent traredsbserved with an increase in the disperse
phase, which may be attributed experimental ervar w the small quantity of disperse phase.
However, the averageyd of the sol cast composite films (293+4°C) was Hlig higher than
that of the bare film (281°C). While several woti@ve investigated the dispersion of carbon
nanoparticles in a chitosan matrix, none investidathe thermal properties of the resulting
composites [72], [73]. However, the dispersioncafbon nanotubes in a polymer matrix has
been reported to enhance the thermal stabilithefrésulting composites due to their excellent
thermal conductivity. A thorough review of polymeranocomposites revealed that an
enhancement of the thermal stability usually ocatréower nanoparticle loadings because at
higher loadings the nanoparticles tend to aggloteereeducing the contact area with the
polymer and forming microparticles. [88]

From this study it may be concluded that these @it films may be used at temperatures up
to 280 °C without significant weight loss. Whileet proposed application of removal of heavy
metals from water do not require such high tempeest the thermal properties of these films
will be important in other possible applicationglsas in electrodes, EMI shielding and sensors

as mentioned in the literature review [73].
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Figure 59 TGA spectra for chitosan sol cast filmastaining (a) 1%, (b) 3%, and (c) 5% w/w
carbon black.
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Figure 60 TGA spectra for chitosan spin coateddibuontaining (a) 1%, (b) 3%, and (c) 5%
carbon black.
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Figure 61 ey 0f sol cast, (a), and spin coated, (b), chitodarsfcontaining carbon black.

CB concentration

Tdeg (°C) in sol

Taeg (°C) in spin-

(% wiw) casted films coated films
0 281 292
1 288 291
3 295 291
5 295 291

Table 11 Teq0f chitosan films containing carbon black.

4.2.4. Conclusions

Composite chitosan films containing 1%, 3%, andv@® carbon black were synthesized via sol
casting and spin coating. A structural analysdidated that the carbon black was located
between the polymer chains, disrupting the senstatljne polymer structure. However, FTIR
spectrometry suggests that while there may be damézal disruption of the chains, there is no
chemical bonding between the chitosan chains amddlbon black disperse phase. An analysis
of the film morphology reveals that the spin coatedhposite flms were more porous than the
sol cast films. Optical microscopy and AFM indiathat the composite exhibits good
macrodispersion but poor microdispersion. Due e inclusion of the carbon black
agglomerates, both film thickness and roughneseeased with the highest loading of the
disperse phase. Thermomechanical analyses indiwt¢he glass transition temperature varied
from 66 to 101°C (or 81+ 10°C) and suggested thatinclusion of the disperse phase does not
exert a significant effect upon thg. T Thermogravitational analyses indicated that aeagtion

temperature of the carbon black bearing chitosaoc@mposite films ranged from 288 to 295°C

(or 292+3°C), and that theydy of the sol cast films was higher than that ofgpen coated films.
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4.3. Silver-bearing chitosan nanocomposites
4.3.1. Structural and Optical Characterization
4.3.1.1. X-ray Diffraction Analyses

XRD analyses of the chitosan-silver nanocomposiyeshesized via sol casting and spin coating
are shown in Figure 62a and Figure 62b, respegtivdlhe sol cast flms show a very broad
diffraction peak at 38° that can be attributed anacrystalline silver. The spin coated films did
not exhibit any peaks; this may be attributed t® libw concentration of AgN©9and the low
reaction time and temperature involved with thetlsgsis of the films via spin-coating, leading
to a low concentration of silver nanoparticles. Hoer, the UV-vis measurements in the
following section confirm the presence of silvenapatrticles both in the sol cast and spin coated
films.
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Figure 62 XRD patterns of chitosan sol cast, (ag, spin coated, (b), films with Ag
nanoparticles.

4.3.1.2. Ultraviolet Visible spectroscopy measurements

The UV-vis spectra for Ag-bearing sol cast and sjwated films synthesized in presence of 0, 1,
and 3 mM AgNQ are displayed in Figure 63 a and b, respectivélye films synthesized with 5

mM AgNO; are not shown because they exhibited saturatidgheogignal due to film thickness.
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The sol cast films produced a narrow plasmon cedten 425 nm and the spin coated films
produced a broad plasmon centered on 450 nm.

Sol cast Spin Coated
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Figure 63 UV vis spectra of chitosan sol cast, 4aj] spin coated, (b), film containing Ag
nanoparticles.

Other research groups have reported the plasmosili@r nanoparticles reduced in a chitosan
solution between 400 and 420 nm; these nanopatreleged from 10 to 13 nm in diameter
[51],[50]. However, the plasmon for silver nanopaes has also been reported at higher
wavelengths (440-445 nm) [52],[53]. A narrow plasmindicates monodisperse Ag

nanoparticles, whereas an asymmetric broadeningrtbvarger wavelengths indicates particle
agglomeration. Therefore it may be concluded thath the sol cast and spin coated films
contain silver nanoparticles; however, the silvartiples in the spin coated films would be larger
in size and in a smaller quantity than those insthlecast films. The synthesis time, temperature
and concentration affected the quantity of silvenaparticles [51], suggesting that the 24 hours
drying time at 60°C to synthesize the sol castdilmay have contributed to the better formation

and enhanced yield of silver. On the other hahd,2 minutes drying time at 100°C between
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layers of the spin coated films should not havenlmetable for the complete formation of silver
nanoparticles.

4.3.1.3. Fourier Transform Infrared Spectroscopy Measuremens

Figure 64a and b show the FTIR spectra for barsain and composite films synthesized with
1, 3 and 5 mM AgN®via sol casting and spin coating, respectiveljre Dands in both the sol
cast and spin coated films did not change with rnpoemoration of silver nanoparticles,
indicating that there is no chemical interactionwsen the chitosan chains and the disperse
phase. This is not expected, since the functigraips of chitosan reportedly reduce the silver
particles. In the literature, two research groligee reported a reduction in the band at 3400 cm
! corresponding to —~NH and a new band at 1760.cifhey attributed these changes to bonding
between the silver and the amine group on the sdiitachain [7], [50]. Shifting in the bands
corresponding to oxygen and nitrogen were consildtee to an increase in bond length due to

the coordination bond between the silver and tli@sén [7].

Sol Cast Spin Coated
a) | 5 mM AGNO; b) | 5 mm AgNo,
e e ), ) R e T e ~
5|3 mM Agho: B VAN ET Y Y
Ji T T ‘\r/"»wﬁu\ E: e '\f\/\,./’“\“ .
| LmMAgNO: o WA Z LmMAgNO; _ W
= e N . - — . RO ._ —
E Bare \/ \\\ § Bare VAN
= ¥ S
3350 2875 1650 | 1150 4/ 895 3350 2875 1650/ [1150% 895
1535 | 1070 1535 | 1070
1475 1030 1475 1030
L o o e o T e e o S AL
4,000 3,500 3,000 2,500 2,000 1,500 1,000 4,000 3,500 3,000 2,500 2,000 1,500 1,000
Wavenumber (cm®) Wavenumber (cm™)

Figure 64 FTIR spectra of chitosan sol cast, (&), gpin coated, (b), film containing Ag

nanoparticles.
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4.3.2. Morphological Characterization
4.3.2.1. Optical Microscopy

Bare and composite chitosan films synthesized wjtB and 5 mM AgN©@were studied with
optical microscopy at 5x magnification in order qoalitatively assess the film morphology.
Figure 65 shows the optical microscopy images spording to the sol cast and spin coated
composites. Similar to the bare films, the spiated films are more porous than the sol cast
films due to the rapid solvent evaporation during $ynthesis process and the partial dissolution
of the top layer by each subsequent applicatiosotiftion. The silver nanoparticles cannot be
seen via optical microscopy, however at 100x (hots) light is reflected by the films, giving

the surface a slight brilliance that could be lttred to a fine deposit of metallic silver.

80



Sol Cast Film:s Spin Coated Films

b)

d)

300 pm 300m

Figure 65 Optical images of chitosan sol cast fisysthesized from solutions containing (a) O,

(b) 1, (c) 3, and (d) 5 MM AgN®
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4.3.2.2. Atomic Force Microscopy Analyses

AFM topography and phase images of chitosan filyrghesized with 1, 3 and 5 mM AgNO

are shown in Figure 67. As in the bare films, fimas were synthesized with 5 layers on a
25x25 mm substrate in order to be mounted in th®1ABecimen holder. The particles seen in
the AFM images may be agglomerations of silver pamticles, however the bare film showed
similar particles. The roughness was calculateceémh film according to the method explained
in Section 3.3.2 and graphed in Figure 66. NoiBgant increase in the roughness of the films
was noted with increasing silver particle loaditigs may be attributed to the small quantity and

size of particles formed.
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Figure 66 Roughness of spin coated chitosan filomsaining Ag nanopatrticles
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Figure 67 AFM of chitosan spin coated films synihed from solutions containing (a) O, (b) 1,
(c) 3, and (d) 5 mM AgN@
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4.3.3. Thickness measurements with profilometer and microrater

Micrometer and profilometer measurements for set ead spin coated films synthesized from
solutions containing 0, 1, 3, and 5 mM AghN@ay be observed in Figure 68. As with the
chitosan films containing carbon black, spin coatidths were measured with both a
profilometer before removal from the substrate andnicrometer after removal from the
substrate, while sol cast films were only measwvét a micrometer. In almost all cases, the
spin coated films increased in thickness aftertineat with the NaOH and removal from the
substrate. Average sol cast film thickness rangaah £7 to 35um, and average spin coated film
thickness as measured with the micrometer ranged 83 to 99um. The thickness of the sol
cast films is noticeably more homogeneous withsingle film and repeatable between various

films; therefore, it may be selected as a supeayathesis method.
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Figure 68 Thickness of chitosan films containingemoparticles synthesized via sol casting,

(a), and spin coating, (b).
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4.3.4. Thermal characterization
4.3.4.1. Thermomechanical analyses

The TMA spectra for sol cast and spin coated figyisthesized with 0, 1, 3, and 5 mM AghO
are displayed in Figure 69 and Figure 70, respelstivThree samples were run for each film to
determine the reproducibility of the measuremetits;resulting Jeq are tabulated in Table 12
and graphed in Figure 71. The glass transitiorperatures of the sol cast and the spin coated
composite films ranged from 68 to 100°C.
All spectra follow the same behavior, with the fué¢aexception of the 3mM AgN{Bpin coated
film, where the slope at higher temperatures was ieclined. As determined by profilometry,
this film is thinner than the others; as noted e {TGA, thinner films show a different
degradation pattern. Since the number of silvetighes is small as determined by XRD and

UV-vis, it is reasonable that no significant trestwbuld be seen.
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Figure 69 TMA spectra of chitosan sol cast filmsthgsized from precursor solutions

containing (a) 1 mM, (b) 3 mM, and (c) 5 mM AghIO
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Figure 70 TMA spectra of chitosan spin coated fisysthesized from precursor solutions

containing (a) 1 mM, (b) 3 mM, and (c) 5 mM AghIO
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Figure 71 T of sol cast, (a), and spin coated, (b), chitodarsfcontaining Ag nanoparticles.

mM T4(°C)
AgNO3 Sol cast Spin coateq
0 81+3 7512
1 85+1 83+1
3 86 + 2 82+8
5 781 96 +4

Table 12 T of chitosan films containing Ag nanoparticles

4.3.4.2.

Thermogravimetric analyses

The thermal degradation curve of chitosan-silveraparticle composite sol cast and spin coated

films are shown in Figure 72 and Figure 73, respelt the corresponding degradation
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temperatures are tabulated in Table 13 and graphé&dgure 74. The results show that the
produced composite films experienced the greategghwloss between 282 °C and 299 °C.

As in the carbon black composite films, there was definite trend in the degradation
temperatures of the composite sol cast or spiredddtns with an increase in silver nanoparticle
loading; the averageydy of the composites was 293+6°C and that of the filane was 286+8°C.
This value is much lower than that of the chitoBbns bearing silver nanoparticles synthesized

by Vimala [7], but is similar to that of the barbkitosan films synthesized by Quijada-Garrido
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Figure 72 TGA spectra of chitosan sol cast filmstsgsized from precursor solutions containing
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Figure 73 TGA spectra of chitosan spin coated fisyisthesized from precursor solutions

containing (a) 1 mM, (b) 3 mM, and (c) 5 mM AghlO
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Figure 74 Tego0f sol cast, (a), and spin coated, (b), chitodarsfcontaining Ag nanoparticles.

Ag concentration Taeg (°C) in sol Tdeg (°C) in spin-
(mM) casted films coated films
0 281 292
1 295 282
3 295 299
5 295 291

Table 13 TFeq0f chitosan films containing Ag nanoparticles.
4.3.5. Conclusions

Composite chitosan films were synthesized with,03,1and 5 mM AgN@via sol casting and
spin coating. An optical analysis confirmed thenfation of silver nanoparticles in both the sol
cast and spin coated films, and suggested thdterspin coated films small quantities of silver
were formed and that the particles were agglomeératé structural analysis confirmed the
presence of silver nanoparticles in the sol cdstsfi FTIR spectrometry suggested that there
was no chemical bonding between the chitosan clzidghe silver particle disperse phase. An
analysis of the film morphology reveals that thengmated composite films were more porous

than the sol cast films but the silver particlealdmot be seen. The roughness increased slightly
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with the inclusion of silver nanoparticles, and tiilen thickness increased with the highest
loading of the disperse phase. Thermomechanicalyses indicate set the that the glass
transition temperature varied from 68 to 100°C856+7°C) and suggested that the inclusion of
the disperse phase does not exert a significaettefipon the J Thermogravitational analyses
indicated that degradation temperature of the sinamoparticle bearing chitosan nanocomposite
films ranged from 282°C and 299 °C (or 293+6°C}J "rat the g4 Of sol cast films was higher

than that of spin coated films.
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5. Concluding Remarks

Bare and composite chitosan films were successyliyesized via sol casting and spin coating.
The thickness of the bare and composite films maytimed by adjusting the synthesis
parameters in both synthesis routes. Surface pprasd preferential alignment of polymer
chains may be induced by selecting the appropsiatéhesis route.

Microscopy techniques indicate a good macrodisperdiut a poor microdispersion of the
carbon black agglomerates. As suggested by thetstal characterization, the inclusion of
carbon black aggregates in the polyimide matrixhité the ordering of the polymeric chains.
Optical spectroscopy indicates that silver nana@ad may be reduced with chitosan.

While various studies have investigated the therswranical properties of bare chitosan sol
cast films, there is still debate over the glasmgition temperature and none of these studies
determined the glass transition temperature ugiegdéchnique thermomechanical analysis. In
addition, none removed the spin coated films frdme substrate for characterization and
therefore no studies compared the thermal propgedieboth spin coated and sol cast chitosan
films. Thermomechanical analysis results set flassgtransition temperature of bare chitosan
films at 78+4°C, that of the composite films begricarbon black at 81+10°C, and that of the
composite films bearing silver nanoparticles at 8% This indicates that the disperse phase
may slightly increase the glass transition tempeeabf the composite films. These results
agree with those of Lazaridou (94 °C by DMA) [2@aLi (85°C by DMA and DSC) [30].
Thermogravitational analysis indicate that the n@tymer chain degrade at 286+8°C for bare
chitosan films, at 292+3°C for composite films hegr carbon black, and 293+6°C for
composite films bearing silver nanoparticles. Thaee it may be concluded that the

incorporation of a disperse phase does not havgnifisant effect on the degradation of the

90



composite films. These produced chitosan nanocsitggomay be used without any changes in

their physical and structural stability for appticas involving temperatures up to 70°C.
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Appendix A — Synthesis and Characterization of Chitsan Beads

Introduction

As previously discussed in this work, chitosannswn to chelate heavy metals such as arsenic.
Chitosan beads are optimal for this application gutheir size and mechanical properties. On
this basis, the synthesis and characterization peaformed as elaborated in the following
sections.

Literature Review: Absorption properties of chitosan beads

The following works discuss the capability of clsiim beads to remove toxic arsenic species

from water. The absorption capacity of the comjggsieviewed in this section is listed in Table

14.
Capacity from Langmuir model
(mg As /g composite)
Adsorbent pH in parenthesis Reference
As(l11) As(V)
Chitosan beads 1.83 (5.0) 1.94 (5.0) [37]
Iron coated chitosan flakes 16.1 (7.0) 22.5 (7.0) [89]
Chitosan coated alumina 56.5 (4.0) 96.46 (4.0) [36]

Table 14 Arsenic adsorption

In a study using pure chitosan beads, Chen efoahd that at an initial pH of 5 the arsenic
adsorption capacities for As(lll) and As(V) wer&3.and 1.94 mg As / g chitosan respectively.
The beads were desorbed witkS, and recycled up to 15 times. [37]

A study on the removal of arsenic from groundwaismg iron—chitosan composites was
conducted by Gupta et al [89] Both beads and flake® synthesized with 13% iron. At a pH
of 7, flake adsorption was 16.15 mg/g for As(lilda22.47 mg/g for As(V) respectively. The
bead adsorption was 2.32 mg/g for As(lll) and 2n2gl/g for As(V) respectively. The arsenic

adsorption levels for both of these compositeshégher than that of plain chitosan, indicating
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that iron nanoparticles increase arsenic adsorptibuarther investigation should be done to
discover why the adsorption by the flakes is areoad magnitude higher than that of the beads.
[89]

Boddhu coated beads of alumina with chitosan irefiort to increase efficiency since both
chitosan and alumina adsorb arsenic. The resujtiags were roughly spherical with diameters
between 100 and 150m. Although chitosan dissolves in acidic solutiotise chitosan
composite does not; this property is desirable ilsrd must withstand flow and must be
removed from the solutions intact. Adsorption wastlmodeled by the Langmuir model which
assumes one layer of adsorption. Maximum arsetsoration was 56.5 mg As(lll) / g chitosan
and 96.5 mg As(V) / g chitosan, much higher thantalues for pure chitosan. However, the
fact that it can form hydrogen bonds with sodiundroxide (NaOH) was used to remove the
arsenic from the composite for recycling. [36]

Based on this information and the reported capggbdi carbon black to remove aqueous
contaminants including arsenic as previously preegseim this thesis, carbon black will be added
to the chitosan based beads in order to increasesdinption capabilities of the resulting
composites.

Materials selection

The only additional material used in the synthesis the beads is gluteraldehyde
(OHC(CH,)3CHO, 50%, Sigma Aldrich), which is the most comnsoibstance used to crosslink
chitosan. Crosslinking prevents the resulting cositps from dissolving in acidic solutions and
increases the mechanical properties. The propmsetianisms of cross linking are the Michael-

type adducts with terminal aldehydes and the Sdaffe formation as shown in Figure 75. [90]
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A possible drawback of crosslinking is the useheffree amine groups which has been shown to

decrease the adsorption of metals by up to 50%. [4]

Figure 75 Cross linking mechanisms of glutaraldehyéh a) Schiff Base Imine Functionality
and b) Michael type Adducts [90]

Materials Synthesis

Required amounts of chitosan (2% w/v), carbon bl@¢KL, 2 and 3% w/w) and acetic acid (5%
v/v) were added to high purity water at room terap@e conditions. Dissolution of the polymer
was performed using a magnetic stirrer systemanrtemperature for 24 hours. This solution
was added drop by drop via a syringe, tubing, apdrastaltic pump to solutions of 1, 2, or 3 M
sodium hydroxide and stirred magnetically for 24its0 The resulting beads were rinsed and
added to solutions of 0.025, 0.050, or 0.100 M GArAd left for 24 hours without agitation in

order to crosslink the beads. Finally, the beadsewinsed and left to dry. The bare beads
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synthesized with 21 NaOH were the only ones that did not break whemserged in the GL/
solutions, therefore they were the only ones falaracterized and are the results present
the current work.After further testing, it was determined thieads synthesized at 1 M Nac
and 0.025 GLA were not affected by the stirringogess. Therefore, the composite beads
synthesized with 1 M NaOH and 0.025 M GLA, in orderconserve reagants. ~ final

synthesis routér the composite beais summarized in Figure 76.

Chitosan, Acetic Acid, Carbon Bla

Mix at 20°C for 24 hours

Add dropwise to 1 M NaOH

Magnetic stirring for 24 hours

Crosslink in 0.025 M GLA for 24 hot

Rinse and dry at room temperature

Figure76 Synthesis method for chitosan beads
Materials Characterization
The stereomicrecope shown ilFigure 77was used to measure the size of the beads. Siim
the optical microscope, it provides morphologicaimgle information by focusing the ima
with refractive glass or quartz lenses. Howe'the steromicroscope only provides up to ¢

tenth the magnification of an optical microscopé ases incident light illuminaticinstead of
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transillumination; this model provides magnificatiup to 11x. Current models also display a

digital image on a computer screen via a chargeledulevice.

™

Computer
connection

RGN
H

Light
Soluirce

Figure 77 Nikon SMZ 1500 stereomicroscope — Depamtrof Engineering Science and
Materials at UPRM

Results

X Ray Diffraction analyses

XRD analyses of the chitosan matrix confirmed pmeseof chitosan in the synthesized beads.
As seen in Figure 78, broad peaks centered and@@@sponding to the structure of chitosan
indicated a short-range molecular order. While geak corresponding to the (020) plane that
appears in the chitosan powder does not appedreitdre chitosan beads, it is present in the

spectra of the composite beads as seen in Figure 78
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Figure 78 XRD of chitosan beads synthesized with MaOH, (a), 2 M NaOH, (b), and 3

NaOH, (c).
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Figure 79 XRD of chitosan beads containing cardanko
Fourier Transform Infrared spectroscopy measuremens
The Fourier Transform Infrared spectra shown iruF@g80 provide an analysis of the chemical
bonds in the beads. The peaks corresponding tdeagnoups (3350 cth) and the C-H bending

(1475 cm') changed slightly in intensity due to the crodstig by GLA.
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Figure 80 FTIR spectra of bare beads synthesizdd2M NaOH (KBr pellet), (a), and b) beads
containing carbon black (ATR), (b).
Optical Microscopy
Images of the beads were taken with a stereomigpesand imported into GIMP [91] where a
scale was imposed onto the image. Subsequentlyigheters were measured with the software
Image J [92] and the histogram was created. Tlaeldbevere relatively uniform; the mean
diameter was 1.12 mm, 1.13 mm, and 1.17 mm folbtees synthesized with 2 M NaOH and
0.025 M, 0.050 M, and 0.100 M GLA respectively. Utig 81 shows the stereomicroscope image
and the histogram for the beads synthesized udwhgNAOH and 0.025M GLA. Likewise,
Figure 81 displays the images and the histogranteeobead diameters for the chitosan beads
bearing carbon black. The average bead diameaténdacomposite beads were 1.6 mm, 1.7, 1.7,
and 1.7 mm for 0, 1, 2, and 3% carbon black logdiegpectively. These beads were larger due
to the fact that they were synthesized without poaermic needle at the end of the tubing.
Therefore it may be concluded that the size oflis@d may be controlled based on the size of

the tube and/or needle during the synthesis process
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Figure 81 a) Stereomicroscope image and b) sizeldison of chitosan beads
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Stereomicroscope Image Histagn
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Figure 82 Sterioscope images and size distribudfdreads containing (a) 0, (b) 1, (c) 2, and (d)

3% w/w carbon black.
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Thermogravitational Analysis

The TGA spectra for bare chitosan beads synthesinel@r varying conditions are shown in
Figure 83. The spectra for chitosan beads comgihj 2, and 3 % w/w carbon black are shown
in Figure 84; the degradation temperature of thee H@eads was 274°C and the average
temperature of the chitosan beads bearing carlawk bas 269+6°C. It may be concluded that
the addition of carbon black does not significaraffect the degradation temperature as shown
in Table 15. However, the method of synthesis play a more significant role; the overall
average degradation temperature of the beads (26916 slightly lower than that of chitosan
films (292+5°C). It is also noticeable that thesano initial weight loss due to water, which may
be attributed to the loss of water in the crystallistructure of chitosan when the beads are
crosslinked. In summary, these beads may be usegbplications up to 250°C without the
degradation of the main polymer chain.

1 M NaOH 2 M NaOH 3 M NaOH
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Figure 83 TGA spectra of beads synthesized usiMighNaOH and 0.025 M GLA
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Figure 84 TGA spectra of beads containing carbankbl
% W/W CB Tdec OC
0 274
1 264
2 266
3 275
Table 15 Teq0f chitosan beads containing carbon black.
Remarks

In summary, bare and carbon-black bearing chitb&mas with an average diameter of 1.7 mm
were synthesized. The X-ray spectra of these besibit the peaks correponding to chitosan;
likewise the FTIR bands correspond to the chemnstaicture of chitosan. Finally, since the
degradation temperature of the beads was calculatbd 269+6°C, these beads may be used at

temperatures up to 250 °C.
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