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Difluoroboron curcumin (BF,-CurOH) and 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F;) were synthesized. Curcumin, BF,-CurOH and F; as coloring agents were
characterized by Fourier transform infrared spectroscopy (FT-IR) and nuclear magnetic resonance
spectroscopy (NMR). Zein as a supporting natural polymer blending with coloring agents fiber mats were
fabricated by electrospinning, followed by a crosslinking reaction using citric acid as a non-toxic
crosslinker. 5%wt/wt (curcumin/zein) fiber mat, 0.25%wt/wt (BF ,-CurOH/zein) fiber mat and 0.1%wt/wt
(F4/zein) fiber mat were prepared for analytical purpose. The fiber mats were characterized by scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR) and diffuse reflectance
ultraviolet-visible spectroscopy (DRUV-Vis). The fiber diameters ranged from 394 to 586 nm without node.
Then fiber mat sensing ability was examined by naked-eye. The color of curcumin-loaded zein fiber mat
changed from yellow to brown in the presence of Fe”. The optimal sensing condition was at pH 2
without any effect of 17 interfering metal ions (Ag+, As5+, Ba2+, Ca2+, Cd2+, Coz+, Cr3+, Cu2+, Fe2+, Hg2+, K+,
f\/\n2+, Na+, N12+, Pb2+, zn”" and Mg2+). The visual detection limit was 0.4 mg/L. This method could be
employed for the analysis of Fe™ in potable water and surface water samples with a good accuracy
comparing with the reference method by inductive coupled plasma optical emission spectrometer (ICP-
OES). The color of BF,-CurOH-loaded zein fiber mat changed from orange to green after being exposed
to ammonia gas. The degree of color change of the fiber mat increased proportionally with the increasing
concentration of ammonia gas. This method could be applied for ammonia gas sensing by naked-eye.
The shade colors of Fs-loaded zein fiber mat changed from weak green fluorescence to dark in the
presence of Fe” under LV lamp. The optimal sensing condition was at pH 2 without any effect of the
same 17 interfering metal ions stated above. Its optical detection limit was 10 mg/L. For guantitative
detection, the mean gray value was evaluated from the photograph of fiber mat using image J software.
The mean gray value decreased with increasing concentrations of Fe”. The graph between the mean
gray value and the concentration of Fe”" in the range of 20-50 mg/L as the calibration graph for Fe™*
sensing was linear (R2 = 0.989). This method was applied for the determination of concentration Fe’" in
potable water, surface water and ground water samples with moderate accuracy comparing with the
result form ICP-OES detection. Moreover, the fiber mat sensing efficiency was higher than the cast film. In
conclusion, new optical sensors for analysis of ions were obtained. This technique is easy to use, low

cost and falls in environmental friendly technique.

Field of Study: Petrochemistry Student's Signature

Academic Year: 2014 Advisor's Signature



ACKNOWLEDGEMENTS

| would like to express my greatest appreciation to my reverent advisor,
Assistant Professor Dr. Apichat Imyim, for assistance, suggestion, constructive
criticism, inspiration and encouragement during my research. Furthermore, | would
like to thank my thesis committees, Assistant Professor Dr. Warinthorn Chavasiri,
Associate Professor Dr. Mongkol Sukwattanasinitt, Associate Professor Dr. Wimonrat
Trakarnpruk and Assistant Professor Dr. Thammasit Vongsetskul for their precious

suggestions and comments.

This thesis could not be completed without the kindness, help and
support of many people. | would like to thank Assistant Professor Dr. Wanlapa
Aeungmaitrepirom and Assistant Professor Dr. Fuangfa Unob for their advices and
suggestions. Furthermore, | would like to thank all members in the Environmental
Analysis Research Unit (EARU) for their lovely friendship and encouragement. |
also would like to thank Ms. Warangkhana Khaodee, Mr. Apiwat Promchat and Mr.
Anusak Chaicham for suggestion about experimental techniques and
recommendation. This thesis was financially supported by Overseas Research
Experience Scholarship for Graduate Student, Support for the Overseas
Presentations of Graduate Level Academic Thesis and National Center of

Excellence for Petroleum, Petrochemicals, and Advanced Materials (NCE-PPAM).

Finally, | would like to express my gratitude to my family for their love

and care at all time.

Vi



CONTENTS

THAT ABSTRACT .ttt iV
ENGLISH ABSTRACT ..ottt v
ACKNOWLEDGEMENTS ... Vi
CONTENTS ettt es vii
LIST OF TABLES «.. et Xii
LIST OF SCHEMES ...ttt Xiii
LIST OF FIGURES ...ttt Xiv
LIST OF ABBRIVIATIONS ...ttt XiX
CHAPTER | INTRODUCTION w..ctiiiiiiiitieintieitiei ettt 1
1.1 Statement of the Problem ... 1
1.2 ODJECLIVES .ttt ettt ettt se bttt eseebesa b e tessetesseseseesessberessesens 2
1.3 Scope Of the RESEAICH ...c.cviiiiiiicccc s 3
1.4 The Benefits of This RESEAICK .......ccuiiiiiiiic s 3
CHAPTER II' THEORY AND LITERATURE REVIEW ..ot 4
2.1 COLONMETIIC SENSON ..ottt a4
2.1.1 Liquid-phase ColonmetriC SENSON........ccoiiiiiieriiceecee e a4

2.1.2 Solid-phase ColonmMETNC SENSON.......cviiiieii e 4

2.2 EleCIrOSPINNING. ...ttt 6
2.2.1 BaSiC @aNd FEATUIE ..o 6

2.2.2 APPUICATIONS ..t 11

2.3 ZEIN et 11



2.3.2 Fabricability and CrosslinKiNg ...

2.0 COLOMNG AGENTS ..ttt bbb
281 CUICUMIN ettt ettt ettt s et et ene e
2.4.2 Difluoroboron Curcumin (BFy=CUrOH) ........cocvovoiiicicccecceeeee e
2.4.3 3 5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (Fs)..............

2.5 LITErature REVIEW ....c.ooicuiiiiiiicrce ettt
CHAPTER Ill' EXPERIMENTAL SECTIONS ...t
3.1 APPAIATUS .ttt ettt nas
3.2 Ch@MICALS ...ttt e csll e s e ittt ettt ne st e
3.2.1 Preparation Of SOIULION ..o

3.3 Synthesis of COlONNG AGENTS ...
3.3.1 Synthesis of Difluoroboron Curcumin (BFy-CUrOH) .......ccovvueveiiieiciirean

3.3.2 Synthesis of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxylbenzaldehyde (F3) ..o

3.4 Characterization of ColOrNg AGENTS .....c.cvcieiiriiieire e
3.4.1 Fourier Transform Infrared Spectrometer (FT-IR) .....coocovviininisecnnn
3.4.2 Nuclear Magnetic Resonance Spectrometer (NMR) ........coovvvreririeineinieninnes

3.5 Preliminary Study of the Amount Coloring Agent on Zein Fiber Mats for

ANBLYSIS OF TONS ..ttt
3.6 Preparation of Zein Blending with Coloring Agents Fiber Mats ..........ccccceeueienenee.
3.6.1 Preparation of Zein Blending with Curcumin Fiber Mat ......cccccccovviinne.

3.6.2 Preparation of Zein Blending with Difluoroboron Curcumin (BF,-

CUTOH) FIDEE BT ettt

viii



Page
3.6.3 Preparation of Zein Blending with 3,5-di(4-ethynyl-N,N-dimethylanily)-
2-hydroxybenzaldehyde (F3) Fiber Mat........ccccvvviieeiciieeeee e 30
3.7 Fiber Mats CharaCterization ... e 31
3.7.1 Fourier Transform Infrared Spectrometer (FT-IR) .....ccoovevierienieciccien 31

3.7.2 Diffuse Reflectance Ultraviolet-visible Spectrophotometer (DR-UV-Vis)... 31

3.7.3 Scanning Electron Microscope (SEM) ........ccoieirrirnieinieeieeeeeeeeee s 32
3.8 Fiber Mat SeNSING ADILITY ....cvoiieeee e 32
3.8.1 INflUENCE OF PH o 32
3.8.2 Effect of INTerferenCeS ......coi e 33
3.8.3 Limit of Detection (LOD) and Method Validation .........cccccccvieriirieninnnns 33
3.9 APPUCATIONS .ttt 34
3.9.1 Curcumin Fiber Mat for the Determination of Iron(lll) lons ........ccccoveriuene. 34
3.9.2 Difluoroboron Curcumin (BF,-CurOH) Fiber Mat for Ammonia Sensing..... 35

3.9.3 3,5-di(4-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (F;) Fiber

Mat for the Determination of Iron (I1) IONS .......ccooeiririreees 35

3.10 Preparation of Film Sensing for Comparison with Fiber Mat .........ccccccccevieee. 36
CHAPTER IV RESULTS AND DISCUSSION ...ttt 37
4.1 Synthesis Of COlONNG AGENTS ......ciiiieieieieieicce e 37
4.1.1 Synthesis of Difluoroboron Curcumin (BFy-CUrOH) .......cccovveveiiiieiciieiean 37

4.1.2 Synthesis of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-

hydroxybenzaldeyde (Fa)........oiiiiieeeeee s 38
4.2 Characterization of ColorNg AGENTS .....c.ccivieieiiieeee e 40
B. 2.7 CUTCUMIN ettt ettt ettt es 40

4.2.1.1 Fourier Transform Infrared Spectroscopy (FT-IR) .....cccccvrevrirerniennnne 40



4.2.1.2 Nuclear Magnetic Resonance Spectroscopy (NMR).......ccccoveuniunnnee. 41
4.2.2 Difluoroboron Curcumin (BF;=CUrOH) .......oovoviviieeeeeeeeeeeeeeeeeeeeeees 42
4.2.2.1 Fourier Transform Infrared Spectroscopy (FT-IR) .....ccccvverrernieennce a2
4.2.2.2 Nuclar Magnetic Resonance Spectroscopy (NMR) ......ccoveerreeerienenne 43
4.2.3 3 5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (Fs).............. a4
4.2.3.1 Fourier Transform Infrared Spectroscopy (FT-IR) ......ccccevevrieininnnnee. a4
4.2.3.2 Nuclear Magnetic Resonance Spectroscopy (NMR) ......c.ccovevevrinnee. a5
4.3 Preliminary Study of the Amount of Coloring Agent on Zein Fiber Mats for
ANQLYSIS OF TONS ..ttt es 46
4.4 Electrospun Zein Blending with Curcumin Fiber Mats ..., a8
4.4.1 Morphology of Curcumin-loaded Zein Fiber Mat .......cccooeeeeeeeceerne, 48
4.4.2 FT-IR Characterization of Curcumin-loaded Zein Fiber Mat.........ccccocovueunee 50
4.4.3 DR-UV-Vis Characterization of Curcumin-loaded Zein Fiber Mat................ 53
4.4.4 Naked-eye Sensing for Iron(l1) IONS ........cccovieveiiieeiieeeee s 54
4.4.5 Analysis of Real Water SAmPLES .......ccovvviiiiieceee e 60
4.5 Electrospun Zein Blending with Difluoroboron Curcumin.........ccccceeeecrrrnennne. 62
4.5.1 Morphology of BF,-CurOH-loaded Zein Fiber Mat........ccccoeeererrriine, 62
4.5.2 FT-IR Characterization of BF,-CurOH-loaded Zein Fiber Mat ....................... 63
4.5.3 DR-UV-Vis Characterization of BF,-CurOH-loaded Zein Fiber Mat .............. 64
4.5.4 Applicability of BOrax SENSING ....c.coiiieiriicieiriceeesee e 66
4.5.5 Applicability of AMMOoNia SENSING......ccccoiiiriieircer e 67
4.6 Electrospun Zein Blending with 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F3) ... 70

4.6.1 Morphology of Fs-loaded Zein Fiber Mat .........cccooiiiiireeecececeee, 70



Xi

4.6.2 FT-IR Characterization of Fs-loaded Zein Fiber Mat .......c.cccocoeoieivvivcvcc 71

4.6.3 DR-UV-Vis Characterization of Fs-loaded Zein Fiber Mat........ccccveveeennnne. 72

4.6.4 Naked-eye Sensing for Iron(lll) IONS ........ccririeieeee s 74

4.6.5 Analysis of Real Water SAmMPLES .......occviieiriieeceree e 80

4.7 Comparison of Fiber Mat and Film Sensing EffiCiency ........ccceeeeeririsscnne, 82
CHAPTER V' CONCLUSION AND SUGGESTIONS ...ttt 85
5.1 CONCLUSION 1ottt 85
5.2 Suggestions for FULUIE WOTK ........ccoiierciie e 87
REFERENCES ..ot aa et gl L a0 et ettas st etts st e bt st aba et st abasas st abatas 88



LIST OF TABLES

Page
Table 2.1 Electrospinning factors and their effects on fiber morphology..................... 10
Table 3.1 APPAratus LISt ..o 22
Table 3.2 ChemiCal lST. ..o 23

Table 3.3 The ICP-OES operating conditions for Fe evaluation...........cccccoevvniniiiinnes 34



LIST OF SCHEMES

Page
Scheme 4.1 Synthesis of difluroboron curcumin (BF,-CUrOH) ........cveveviereeieiicice 38
Scheme 4.2 The synthesis of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldenyde (Fz).......coiiiiiieeieceee e 39
Scheme 4.3 The complex formation of curcumin and iron(lll) ION ......ccccvverrirrrirenne. 56
Scheme 4.4 The ICT process of BF-CUrOH + NHa..o.ouoiiiiiiieieiees 69

Scheme 4.5 The proposed quenching mechanism of F3 + FE e 76



LIST OF FIGURES

Page
Figure 2.1 The common electrospinning SETUD ....c.cvirerrrrr e 6
Figure 2.2 The photograph of spinniNg JET .......coiiiiiiec e 8
Figure 2.3 The structure and physical/chemical properties of zein .......c.ccoovveeeennnnee. 12
Figure 2.4 The structure and physical/chemical properties of curcumin.........ccc.......... 16
Figure 2.5 The structure and physical/chemical properties of difluoroboron
CUrCUMIN (BFg=CUIOH) . 17
Figure 2.6 The structure and physical/chemical properties of
3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (F3).........ccccoovevevieruerennnee. 18
Figure 4.1 FT-IR spectrum Of CUrCUMIN ......ccoiiiiiccreeie e 40
Figure 4.2 "H-NMR spectrum of curcumin in DMSO-0y ....ouovvvivieririeieieieieieeeeeee e, a1
Figure 4.3 FT-IR spectrum of difluoroboron curcumin (BF,-CurOH) ........cccoceveiivreereinnnee. a2

Figure 4.4 "H-NMR spectrum of difluoroboron curcumin (BF,-CurOH) in DMSO-d...... 43

Figure 4.5 FT-IR spectrum of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldenyde (Fz) ..o a4

Figure 4.6 "H-NMR spectrum of 3,5-di(d-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F3) in CDCls....oiiiiiiiiieieieee e a5

Figure 4.7 Photographs of curcumin-loaded zein fiber mats with varying amount

of curcumin immersed in DI water and different concentrations of Fe3+ ...................... a7

Figure 4.8 SEM images (5,000x magnification) of (a) dry and (b) wet curcumin-
loaded zein fiber mats before and after immersing in DI water at room
temperature for 3 hours. Inset: SEM image (750x magnification) and the

photographs of curcumin-loaded zein fiber mats (upper right corner). .......cccccooevveveeee a9



XV

Figure 4.9 SEM images (5,000x magnification) of (a) dry and (b) wet zein fiber mats
before and after immersing in DI water at room temperature for 3 hours. Inset:

SEM image (750x magnification) and the photographs of zein fiber mats

(UPPET TIBNT COME). ottt 49
Figure 4.10 FT-IR spectrum of curcumin-loaded zein fiber mat........ccccoovevvniiinnnnee 51
Figure 4.11 FT-IR spectrum of zein fiber mat ..o 52
Figure 4.12 FT-IR spectrum of Zein POWAET .......ccuriiirirrreeeeee e 52

Figure 4.13 DRUV-Vis spectrum of curcumin-loaded zein fiber mat (Inset shows

the photograph of curcumin-loaded zein fiber Mat.) ..o 53

Figure 4.14 DRUV-Vis spectrum of zein fiber mat (Inset shows the photograph of

ZEIN DT TN1E. ) ettt ettt ee s 54

Figure 4.15 Photographs of curcumin-loaded zein fiber mats immersed in DI
water and Fe”" solution at different pHs (sample volume = 1 mL, time = 3 hours,

TOOMN TEMPEIALTUIE)......eieieiiei ettt 55

Figure 4.16 Photographs of the curcumin-loaded zein fiber mats after immersing
into various metal ion solutions (concentrations= 200 pM, pH = 2, sample

vOLUME= 1 ML, tIME= 3 NOUIS) .o 57

Figure 4.17 The photographs of the curcumin-loaded zein fiber mats after
immersing into solutions at different concentration of Fe™" for qualitative. (yes/no

response) and quantitative testing (1: positive response, o: null response)................. 58

Figure 4.18 DR-UV-Vis spectra of curcumin-loaded zein fiber mats after immersing

for 3 hours in different concentrations of Fe’* at PH 2. 59

Figure 4.19 Photographs of the curcumin fiber mat after immersing in real water

samples (left) and the color calibration chart (ight) .........ccocoiorieieirieeeens 61



XVi

Figure 4.20 SEM images (5,000x magnification) of (a) dry and (b) wet

difluoroboron curcumin (BF,-CurOH)-loaded zein fiber mats before and after
immersing in DI water at room temperature for 3 hours. Inset: SEM image (750x
magnification) and the photograph of BF,-CurOH-loaded zein fiber mats (upper

TIGNT COMNMEN. oottt 63

Figure 4.21 FT-IR spectrum of difluoroboron curcumin (BF,-CurOH)-loaded zein

DT 8T e e et e e et et ettt et 64

Figure 4.22 DR-UV-Vis spectrum of difluoroboron curcumin (BF,-CurOH)-loaded
zein fiber mat (Inset shows the photograph of BF ,-CurOH-loaded zein fiber mat.)..... 65

Figure 4.23 DRUV-Vis spectrum of difluoroboron curcumin (BF,-CurOH) powder
(Inset shows the photograph of BF »-CUrOH POWAET.) ..o 65

Figure 4.24 DR-UV-Vis spectrum of zein fiber mat (Inset shows the photograph of

ZEIN FIDBE TTIAE.) ettt et ettt et et e ettt 66

Figure 4.25 Photographs of difluoroboron curcumin (BF ,-CurOH)-loaded zein fiber
mat immersed in DI water and 840727 solution at different pHs (sample volume =

1L, M@ = 3 NOUIS) oot 67

Figure 4.26 The photographs of BF,-CurOH fiber mat after exposing to ammonia

gas at different concentrations (time = 30 min, in a boiling water bath)..........c............ 68
Figure 4.27 SEM images (5,000x magnification) of (a) dry and (b) wet 3,5-di(4-
ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (F;)-loaded zein fiber mats

before and after immersing in DI water at room temperature for 3 hours (Inset:

SEM image (750X mMagnification)) .......ooeveueiiieieieieieieieeeee e 71
Figure 4.28 FT-IR spectrum of 3,5-di(d-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F3)-loaded zein fiber Mat .........ccooveveieveiciccceeeeee e 72
Figure 4.29 DR-UV-Vis spectrum of 3,5-di(d-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F3)-loaded zein fiber Mat ... 73



XVii

Figure 4.30 The photographs of (a) zein fiber mat and (b) 3,5-di(d-ethynyl-N,N-
dimethylanily)-2-hydroxybenzaldehyde (Fs)-loaded zein fiber mat under
fluorescent lamp (Top) and 20W black light lamp (bottom) ......ccceeeiiriiriesieae 73

Figure 4.31 The mean color intensity at various pH values (sample volume = 1

mL, 3 hours, under 20 W black Ught) .........coooiiiii e 75

Figure 4.32 Photographs of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F3)-loaded zein fiber mats immersed in DI water and Fe*

solution at pH 2 (sample volume = 1 mL, 3 hours, under 20 W black light)................ 75

Figure 4.33 Photographs of F; fiber mats after immersing into various solutions
(concentration = 200 uM, pH = 2, sample volume = 1 mL, 3 hours, under 20 W
PLACK UGNT) vttt 77

Figure 4.34 The mean color intensity with various metal ion solutions
(concentration = 200 pM, pH = 2, sample volume = 1 mL, 3 hours, under 20 W

DLACK UGNT) vttt 77

Figure 4.35 The photographs of the Fs-loaded zein fiber mats after immersing
into solutions at different concentration (pH = 2, sample volume = 1 mL, 3 hours,

under 20 W BLlack lGNt) ... 78

. . : 3+ .
Figure 4.36 The mean color intensity and concentration of Fe "in various

concentrations (pH = 2, sample volume = 1 mL, 3 hours, under 20 W black light).... 79

Figure 4.37 The calibration graph for Fe™" sensing (pH = 2, sample volume = 1

mL, 3 hours, under 20 W black Ught) ........ccovoiiiieceeeee e 79

Figure 4.38 The comparative results of Fe(lll) ion concentration determined by

naked-eye, Image J software and ICP-OES ... 81

Figure 4.39 SEM images (5,000x magnification) of (a) dry and (b) wet curcumin-
loaded zein film (c) dry and (d) wet zein film before and after immersing in Dl
water at room temperature for 3 hours (Inset: the photographs of films (upper

FIGNT COMEI) 1ottt 83



XViii

Figure 4.40 The photographs of curcumin-loaded zein (a) fiber mat and (b) film
before (top) and after (bottom) immersed into 10 meg/L of Fe”" solution (sample

volume = 3 mL, time = 3 hours, room temMPErature)..........occoeeereeieieeeeeeeen 84

Figure 4.41 The photographs of curcumin-loaded zein film before (a) and after (b)
immersed in 10 mg/L of Fe”" solution for 24 hours (sample volume = 3 mL, room

EEIMPEIATUIE). .ttt 84



BF,-CurOH

am

kV

LOD

me/L
mg/m3
mL
min
nm
PpPpm
S.D.
v/v
wt/v

wt/wt

LIST OF ABBRIVIATIONS

Percent

Degree Celsius

Microlitre

Micromolar
Difluoroboron curcumin
Centimeter
3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde
Gram

Kilovoltage

Limit of detection

Molar

Milligrams per litre
Milligram per cubic meter
Millilitre

Minute

Nanometer

Part per million

Standard deviation
Volume by volume
Weight by volume

Weight by weight



CHAPTER |
INTRODUCTION

1.1 Statement of the Problem

Colorimetric sensor is a sensing device that can alter its coloring character
with small change in a chemical or physical property of samples. In recent years,
many researches have paid attention to analyze color character by eye since it is

easy to detect without specific instrument.

A coloring agent is a chemical that can be change its color under special
conditions. Curcumin is a natural organic pigment from extraction of Curcuma longa
L. It displays a yellow color under acidic conditions and changes to red under
alkaline conditions. It is used as a pH indicator, food coloring agent and metal
complex dyes [1-3]. Moreover, difluoroboron curcumin (BF,-CurOH) is a derivative of
curcumin that shows color changing from red in acidic solutions to blue in alkaline
solutions. It was employed as a coloring agent in the solution system to detect
cyanide ions (4]. Recently, 3, 5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F3) shows a high sensitivity for cyanide detection. It exhibits

turn-on fluorescent phenomenon in cyanide solutions [5].

Zein is a natural polymer extracted from corn. It is a low nutritive food since
it contains mainly nonessential amino acids. Zein nanofiber mat has been used in
many biomedical applications such as tissue engineering, drug delivery and food
packaging [6-8]. Recently, the electrospun zein nanofiber mat was crosslinked using a
non-toxic crosslinker [9]. It succeeded to improve their mechanical properties and

water stability.

Electrospinning (electrostatic spinning) is a simple technique to fabricate a
nanofiber mat or membrane which shows a very large surface area and porosity. The
most prominent characteristic of nanofiber mat is a convenient handling and high

response rate to external stimuli such as chemicals, pH, temperature and humidity.



Recently, researches on electrospun nanofiber mat in naked-eye sensing have been
published [10, 11]. However, the process of mat fabrication is complexly involved
and relatively high-priced. The use of synthetic polymeric nanofiber mat can cause

an environmental pollution if unsuitable disposed.

Therefore, this research aimed to prepare zein blending with coloring agents
(curcumin, difluoroboron curcumin (BF,-CurOH) and 3,5-di(4-ethyl-N,N-dimethylanily)-
2-hydroxybenzaldehyde (F3)) fiber mats using electrospinning, followed by a
crosslinking reaction. The fiber mats consist of zein as a supporting natural polymer,
citric acid as a non-toxic crosslinker and curcumin, BF,-CurOH and F; as coloring
agents. The green sensor fiber mats were obtained and characterized. Then fiber mat
sensing ability was investigated by naked-eye. A curcumin-loaded zein fiber mat for
the determination of iron(lll) ions, a BF,-CurOH-loaded zein fiber mat for ammonia
sensing and a Fs-loaded zein fiber mat for the determination of iron(lll) ions were
tested. In addition, fiber mat and film sensing efficiency were investigated and

compared.

1.2 Objectives

- To prepare of zein blending with coloring agents (curcumin, difluoroboron
curcumin  (BF,-CurOH) and  3,5-di(4-ethynyl-N,N-dimethylanily)-2-hydroxybenzalde-

hyde (F3)) fiber mats by electrospinning

- To investigate optimum conditions for qualitative and quantitative
determination of iron(lll) ions using curcumin-loaded zein fiber mat, ammonia sensing
using BF,-CurOH-loaded zein fiber mat and iron(lll) ions sensing by Fs-loaded zein

fiber mat.



1.3 Scope of the Research
The scope of this research includes:

- Synthesis of difluoroboron curcumin (BF,-CurOH) and 3,5-di(d-ethynyl-N,N-
dimethylanily)-2-hydroxybenzaldehyde (F;) and characterization of coloring agents
(curcumin, BF,-CurOH and Fs3) by Fourier transform infrared spectroscopy (FT-IR) and

nuclear magnetic resonance spectroscopy (NMR)

- Preliminary study of the amount of coloring agent on zein fiber mats for
analysis of ions. Finding the suitable color change of fiber mats by naked-eye which

could be apparently distinguished from their original color when being a sensor

- Preparation of zein blending with curcumin fiber mat zein blending with BF,-
CurOH fiber mat and zein blending with F; fiber mat by electrospinning and a

subsequent crosslinking reaction with citric acid as crosslinker

- Characterization of fiber mats by Fourier transform infrared spectroscopy
(FT-IR), diffuse reflectance ultraviolet-visible spectroscopy (DR UV-Vis) and scanning

electron microscopy (SEM)

- Investigation of suitable conditions for naked-eye qualitative and
quantitative determination of iron(lll) ions using a curcumin-loaded zein fiber mat,
ammonia sensing by a BF,-CurOH-loaded zein fiber mat and iron(lll) ions sensing by a
Fs-loaded zein fiber mat. The following parameters were studied: the influence of

pH, the effect of interferences, the limit of detection (LOD) and method validation

- Study of the sensing efficiency of fiber mats by comparing with cast films

1.4 The Benefits of This Research

The electrospun coloring agent-loaded zein fiber mats for analytical

application were achieved.



CHAPTER Il
THEORY AND LITERATURE REVIEW

2.1 Colorimetric Sensor

Colorimetric sensor is a smart sensing device which exhibits its color change
by chemical or physical stimuli. The color is the characteristics of light which can
detect using instruments (spectrometer) or without instrument (image) [12, 13]. The
most interesting detector is human eye. It is easy in detection, low cost, and user
friendliness. Many researches on naked-eye sensor have been studied. It can be used

in liquid-phase or solid-phase system.

2.1.1 Liquid-phase Colorimetric Sensor

Liquid-phase colorimetric sensor exhibits color change in a liquid system.
They contain coloring agent(s) in a proper solvent. It must be homogeneously mixed
with real sample. The mixture solution shows the different color when the coloring
agent forms complex with analytes. The intensity of changing color is defined in
qualitative and/or quantitative results [14-17]. Many coloring agents are organic dyes
which dissolve in an organic solvent. It is hardly mixed to form a homogenous
solution between the coloring agent and aqueous sample solutions. It is a big

problem to develop this system.

2.1.2 Solid-phase Colorimetric Sensor

Solid-phase colorimetric sensors show color change in a solid system. The
coloring agent is fixed on a solid support by grafting, blending or coating process.
When the sensor is exposed to an analyte in a sample solution, the color of sensor is
changed. The quantitative analysis is performed by comparing a color intensity
between the sensor and calibration chart. Many researches have attended to

approve the sensing detection limit and to develop a real-time sensing application.



The most common naked-eye sensor was developed for using in a real
application for qualitative and quantitative analysis. In the solid-phase system, the
naked-eye sensor exhibits dominant characteristics for on-site testing. It is

comfortable and simple for sensing which lacks of complex operating procedure.

Many researchers studied to create the solid phase colorimetric sensors in
various methods. Dutta et al. [18] reported a new method for the synthesis of
conducting polyaniline in a filter paper for acting as an acid/base sensor. Its color
changed form green to blue in an alkaline solution. Moreover, the use of sensor for
ammonia sensing was possible. Pumtang et al. [19] gratted diacetylene lipids onto a
filter paper using UV-irradiation and used for organic solvent type detection and
identification. Zhou et al. [20] fabricated the crosslinked siloxane  3-
aminopropyltriethoxysilane for H,O, detection. The color of modified filter paper
changed when it reacted with H,0,. Ozay et al. [21] synthesized rhodamine based
reusable and colorimetric naked-eye hydrogel sensor. N-(Rhodamine-6G)lactam-N’-
acryloyl-ethylenediamine (RH6GAC) as comonomer reacted with Fe” ions and
formed a red complex on a hydrogel rod. Isaad et al. [22] prepared starch films
containing quinolinium merocyanine dye by hand casting for low concentration
detection of cyanide anions in water. The film could selectively detect sub-
micromolar quantities of cyanide ion by a distinct color change. Poltue et al. [10]
fabricated a sensor based on dimethylglyoxime blended poly(caprolactone) fiber mat
by electrospinning for the detection of N Moreover, Wang et al. [23] reported a
film made by elctrospinning which had higher sensitivities and adsorbent properties
more than a film made by casting because the rate of sensing depends on a surface
area effect. As mentioned above, the creative sensors were successfully innovated
such as paper sensors, film sensors, rod sensors and fiber mat sensors for acting as

the solid phase colorimetric sensor.

The important key for the most successful application of sensing is the good
shape of colorimetric sensor. The good shape shall have a large surface area and can
respond quickly to stimuli or analytes, and is easy to use. In addition, a method to

create sensor with simple and quick response as well as low cost is desired.



2.2 Electrospinning

Electrospinning is a simple technique for a fabrication of nanofiber mat or
membrane using electrostatic force [24-26]. It can be produce nanofiber with non-
woven fabric or mat. It has a very large surface-to-volume, length-to-diameter ratios

and high porosity. Therefore, it can be produce the good shape of sensor for sensing.
2.2.1 Basic and Feature

Three pieces of main equipment in laboratory are used. There are as follows:
the high-voltage DC power supply, the spinneret as metallic needle and the

collector. The common electrospinning setup is shown in Figure 2.1.

Spinneret

”
# ’
’
’
’
e s ’
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/ e Collector
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High-voltage DC

Power Supply

Figure 2.1 The common electrospinning setup



The electrostatic force at the spinneret is created by the high-voltage power
supply. The electrically charged jet of polymer solution in the spinneret is generated.
The jet is expelled from the needle tip when the electrostatic force on the surface
of the polymer solution wins the surface tension of the polymer solution. The jet
travels between the needle tip to the collector. The jet is pulled into small fibers.
Then, it is dried by solvent evaporation. The fibers are continuously fabricated.
Finally, the non-woven fabric or membrane is obtained on the surface of the

collector.

Reneker et al. [27] divided the electrospinning into four steps: (1) creating of
the jet, (2) elongation of straight region of jet, (3) whipping of instability region of jet
and finally (4) solidification into fiber mat.

Creating of the jet. In an applied electric field, the charged droplet generates
into ellipsoid at the end of the needle tip. Then, it is ejected into cone-like shape as
known as the Taylor’s cone at the critical voltage (V) applied to a droplet at the end

of the tip of length (h) and radius (R) [28].

2 = () (1 (%) - 15) 0117mRT),

When L = the distance between the needle and the collector

R = the internal radius of needle tip

This equation implies that the high-surface tension liquids require high

electric field.



Elongation of straight region of jet. For launching of the jet, the coulombic
repulsion will be insufficient to eject the jet. The slender fibril is initially created from
cone in order to create additional surface area to accommodate surface charges. Jet
initiation occurs instantaneously on application of a voltage exceeding V. to the
polymer solution. Then, the jet has an axial component with the coulombic
repulsion of surface charges. The initially straight jet tapers down with extension in
the region below the Taylor’s cone. After that, the jet is elongated in its passage
towards the collector. The photograph of spinning jet was shown in Figure 2.2. This

figure was adapted from Shin et al. [29] and Li et al [30].

Straight region

Instability region

Figure 2.2 The photograph of spinning jet [29, 30]

Whipping of instability region of jet. The whipping instability region of jet may
occur via different forces acting: gravitational force, electrostatic force, coulombic
repulsion forces, viscoelastic force and surface tension force. Gravitational force (F)
is dependent on density of solution (p). It moves jet in a vertically arranged
collector. Electrostatic force (Fg) is determined by the applied electric field. It
extends the jet and drives it towards the collector. Coulombic repulsion force (F.) on

the surface of the jet is dependent on the polymer solution. It introduces instability



and whipping motions. Viscoelastic force is dependent on the polymer solution. It
works against elongation of the jet. Surface tension force is dependent on the

polymer solution and additives. It works against the stretching of the jet.

Solidification into fiber mat. During the jet travel into the collector, the
solvent is evaporated. The solidification rate is varied with many factors such as the

polymer concentration, electrostatic field, gap distance, etc.

The fine fiber is circular cross-section, continuous and node free which is
obtained under the best electrospinning conditions. There are several factors
affecting the electrospinning process. These factors are mainly divided into three
parts: (1) the solution parameters, (2) process parameters and (3) ambient
parameters. The solution parameters include viscosity, polymer concentration,
molecular weight of polymer and conductivity. The process parameters include
applied voltage, tip to collector distance and flow rate. The ambient parameters
include humidity and temperature. Table 2.1 shows the electrospinning factors and
their effects on fiber morphology [25, 31]. The morphology and diameter of fibers are
changed upon a several factors. For example, the polymer solution much has
concentration high enough to continuous fiber formation. The viscosity of polymer
solution is not over high to cause the difficulty of ejection of jets from the polymer
solution. Moreover, the molecular weight of polymer shall be high enough to
entangle with polymer chain in a solution. The jet is ejected from conductivity of the
solution under enough applied voltage. The electrostatic repulsive force on the jet
overcomes the viscosity and surface tension of the polymer solution. The jet is
traveled from the tip to the collector. A minimum distance is required to evaporate

solvent in time for dry fiber before reaching the collector.
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Table 2.1 Electrospinning factors and their effects on fiber morphology [25,

31]

Parameters Effect on fiber morphology References

Solution parameters

Viscosity - Increase in fiber diameter with increase of [32-35]
viscosity

- Decrease in the number of nodes on the

fiber with decrease of viscosity

Polymer concentration - Increase in fiber diameter with increase of [36-38]
polymer concentration

Molecular weight of polymer - Decrease node generation on thefiber and | [39-41]
droplets with increase of molecular weight
of polymer

Conductivity - Decrease in fiber diameter with increase of | [32, 38, 42]
conductivity

Processing parameters

Applied voltage - Decrease in fiber diameter with increase of | [36, 38, 40]
applied voltage

Tip to collector distance - Decrease in fiber diameter with increase of | [43-45]
tip to collector distance

Flow rate - Decrease in fiber diameter with decrease of | [35, 46, 47]
flow rate

Ambient parameters

Humidity - Increase the number of circular pores on [48]
the fiber with increase of humidity

Temperature - Decrease in fiber diameter with increase of | [35]

temperature
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2.2.2 Applications

The electrospun fiber mat has several surprising characteristics such as a very
large surface area that keeps a high chemical reaction rate and a suitable form that is
satisfied in handling. The fiber mat composed of two or more substances that can be
fabricated and improved its physical and chemical properties. The fiber mat displays
outstanding properties for many application areas such as reinforced composites [31],

filtration membrane [49], smart cloths [50], biomedical usage [51] and sensors [52].

Based on colorimetric sensor, the green sensor with using natural polymer is

much attained. It falls environmentally friendly if inappropriately disposed.

2.3 Zein
2.3.1 Chemical and Physical Properties

Zein is a low-nutritive protein from corn. It contains mainly nonessential
amino acids but it lacks some essential amino acids such as lysine and tryptophan
[53-56]. The structure of zein is polypeptide helices that mainly contain nonpolar
amino acids such as alanine, proline and leucine. The structure and

physical/chemical properties of zein are presented in Figure 2.3.
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(His)

/
—CHz—CH\ (Leu)

CH; (Pro)

—CH; (Ala)

Appearance: yellow powder

Molecular weight: 22,000 - 24,000 g/mol

Glass transition temperature: 165 S

Thermal degradation point: 320 °C

Water solubility: Poor

Solubility: Aqueous alcohols

Figure 2.3 The structure and physical/chemical properties of zein
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2.3.2 Fabricability and Crosslinking

Zein is a natural polymer with high molecular weight. Zein chains in solution
can be entangled and easily continuously fabricated into fine fiber mats via
electrospinning process. Many researchers studied to fabricate pure zein into
nanofiber mats. Miyoshi et al. (2005) [57] produced an ultrafine fibrous zein mat by
electrospinning of an 80%wt/wt ethanol aqueous solution. A polymer concentration
and electric field affected its morphology. The fiber diameter was near 700 nm.
Torres-Giner et al. (2008) [53] fabricated a white colored zein fiber mat with average
fiber diameters below 100 nm. The polymer concentration, solvent content, flow-
rate, applied voltage, needle tip-to-collector distance and pH were investigated in
order to control the fiber size and morphology. Selling et al. (2007) [58] showed that
zein fibers could be produced from a variety of lower alcohol/water solutions when
spun under suitable conditions. Quality fibers could not be produced from N,N-
dimethylformamide, acetone, acetic acid and NaOH aqueous solution as a solvent.
As above researches, aqueous ethanol is the best solvent system for the
electrospinning of zein. Moreover, it is a non-toxic and easily volatile solvent which

allow the easy solidification of fibers.

Recently, there are continuously many reports on the electrospinning of
blending zein. Blending of polymers is a very effective way to produce new
multipurpose advanced materials. Yao et al. (2008) [59] produced zein/silk fiber mat
with unique mechanical properties and excellent biocompatibility as biocomponent
nanofibrous scaffolds for biomedical applications. Torres-Giner et al. (2009) [60]
obtained novel antimicrobial ultrathin structures of zein/chitosan blends by
electrospinning for an application in fields such as active and bioactive packaging, in
antimicrobial food coatings and in biomedical purposes. Kayaci et al. (2012) [61]
produced zein nanofibers containing cyclodextrins via electrospinning. The
incorporation of cyclodextrin in zein improved the electrosinnability and node-free
nanofibers at low zein concentrations. Cyclodextrins are cyclic oligosaccharides
having a toroid-shaped molecular structure. Yang et al. (2013) [62] prepared ferulic

acid drug-loaded zein composite fiber as drug carrier. Neo et al. (2013) [63] reported
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the successful encapsulation of food grade antioxidant in natural biopolymer by
electrospinning with zein/gallic acid blending as model for bioactive packaging. At
stated above, many researches have attained to fabricate blending zein fiber mat for
many applications such as food coating, food packaging especially in biomedical
usage [7, 62, 64] because it is biocompatibility, renewable and biodegradable.
However, the zein fiber mat dissolves in water and has poor mechanical properties. It

is limited to use.

Recently, many researches have attained to improve these defects by
employing a crosslinking of polymers. The crosslinking is the chemical reaction that
produces the network in their structure by adding a crosslinker. It shows insoluble
and swollen behavior in water. Yao et al. (2007) [65] studied the electrospinning and
crosslinking of zein nanofiber mat. Hexamethylene diisocyanate as crosslinker was
used to improve the flexibility and tensile strength of the nanofiber mat. Xu et al.
(2008) [66] used citric acid as crosslinker and sodium hypophosphite monohydrate as
catalyst in the electrospinning of zein solution. The crosslinked fiber mat showed a
high wet strength and good water stability. Jiang et al. (2010) [9] reported the
method of cytocompatible crosslinking zein fiber mat for tissue engineering and
other medical applications. Citric acid as nontoxic crosslinker was used. The
electrospun fiber mat was put in an oven at 150 °C for 2.5 hours for fully crosslinking
reaction. The water stability of fiber mat was developed. Suwantong et al. (2011) [67]
prepared crosslinked electrospun fiber mat by adding glyoxal as crosslinker for using
in biomedical applications. The mechanical properties of fiber mat were improved.
Moreover, the fiber mat form was preserved after immersion in water. As summarized
by above researches, the crosslinking reaction is an important reaction to obtain a
water stable fiber mat. In addition, a non-toxic crosslinker is needed to apply

because it still represents the biocompatibility and sustainable development.

In conclusion, the crosslinked zein fiber mat blending with coloring agent can

be possibly created for acting as a colorimetric sensor.
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2.4 Coloring Agents

The coloring agents are mainly organic dyes that produce color. They can be
attached on a supporting material. Coloring agents are regularly classified using their
chemical structure such as azo, anthraquinone, thiazole, oxazine and xanthene [68,
69]. The coloring agents respond with a specific substance by intermolecular
interaction. Thus, the position and/or intensity of the absorption and/or emission
bands of coloring agents are changed resulting in color change. The coloring agent

for sensing is variously applied.

2.4.1 Curcumin

Curcumin is a natural organic dye which is extracted from the root of
Curcuma longa L. It contains phenolic compounds as major moieties. The structure
of curcumin can alternate between keto and enol tautomeric forms in acid and base
media, respectively [70, 71]. It shows a yellow color under acidic conditions and
switch to red under alkaline conditions. The transition pH is in the range of 6.0-8.0.
Curcumin has been used in many application areas such as food coloring agent [1],
natural pH indicator, biomedical activities [72, 73], sensitizer [74] and metal-chelating
agents [75-77]. The structure and physical/chemical properties of curcumin are

presented in Figure 2.4.



16

Appearance: Bright yellow powder
Molecular weight: 368.38 ¢/mol
Melting point: 183°C

Water solubility: Insoluble
Solubility: Ethanol

Absorption band: 408 - 430 nm

Emission band: 460 - 560 nm

Figure 2.4 The structure and physical/chemical properties of curcumin

2.4.2 Difluoroboron Curcumin (BF,-CurOH)

Difluoroboron curcumin is prepared from curcumin by adding of BF, on the
carbonyl groups of curcumin. The BF,-CurOH inhibits keto- enol tautomerism. It can
be improved the photophysical properties and stability of curcumin [4]. Moreover,
difluoroboron curcumin (BF,-CurOH) shows the color transition from red to blue in
cyanide solution which could be observed by eye or UV-vis spectrometry. The BF,-
CurOH contains two methoxy phenol as the electron donor parts and difluoroboron
enolate as the electron acceptor part which occur a strong intramolecular charge
transfer (ICT) upon the binding of cyanide ions [78, 79]. In addition, BF,-CurOH
exhibits a red color under acidic conditions and turns to blue color under alkaline
conditions. The structure and physical/chemical properties of difluoroboron

curcumin (BF,-CurOH) are presented in Figure 2.5.
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Appearance: Red powder
Molecular weight: 443.26

Water solubility: Insoluble
Absorption band: 465.1 - 513.0 nm

Emission band: 521.94 — 587.05 nm

Figure 2.5 The structure and physical/chemical properties of difluoroboron curcumin

(BF,-CurOH)

2.4.3 3,5-di(4-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (F5)

3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde ~ (F;) is a
fluorescent synthetic dye base on a salicylaldehyde derivative. The F; consists of
diphenylacetylene as fluorogenic fragments and salicylaldehyde as a cyanide ion
receptor resulting in the reduction of intramolecular charge transfer (ICT) process [80-
82]. The F3 can be used as cyanide fluorescent sensors using chromatographic-like
technique [5]. It displays strong green emission at addition of cyanide ions and weak
yellow fluorescence background at non-addition of cyanide ions. The structure and
physical/chemical properties of 3 5-di(d-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F3) are presented in Figure 2.6.



Appearance: Yellow solid
Molecular weight: 408.184
Water solubility: Insoluble
Absorption band: 335, 385 nm

Emission band: 444 nm

Figure 2.6 The structure and physical/chemical properties of
3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (F)
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2.5 Literature Review

Many researches on electrospun fiber mats have been reported in

colorimetric sensor applications.
- Sensing of chemical ions

Wang et al. (2002) fabricated an optical chemical sensor for metal ion (Fe™*
and Hg2+) and 2,4-dinitrotoluene detection by electrospinning of poly(acrylic acid)-
poly(pyrene methanol) as a fluorescent conjugated polymer. The fluorescence
intensities decreased with increasing the concentration of analytes. These sensors
showed high responsive fluorescence quenching due to the interactions of electron
rich on poly(pyrene methanol) part and electron deficient quencher. In addition, this
sensor exhibited high sensitivity due to high surface area-to-volume ratio of the fiber

mat structure.

Li et al. (2010) [83] designed a colorimetric fiber mat based on 4-(2-
pyridylazo)-1,3-benzenediol (PAR). The fiber mat responded with heavy metal ions,
such as Hg2+, Pb2+, Cd2+,Zn2+, Ni2+ and Cu2+ with a color change from red-orange to
dark-brown while light metals such as Ca2+, Mg2+ and A" did not create any color
change. The color change of fiber mat was due to the coordinate of PAR with heavy
metal ions. In addition, the colorimetric fiber showed good selectivity at different pH

values.

Wang et al. (2011) [84] prepared the poly(methyl methacrylate-co-
naphthalimide) fiber mat via electrospinning. The fluorescent fiber mat showed high
sensitivity and selectivity toward cu” over other metal ions in aqueous solution. The
Cu2+—naphtalimide complex exhibited a 48 nm blue-shift from 487 nm to 439 nm in

fluorescence spectra.

Poltue et al. (2011) [10] demonstrated the electrospun dimethylglyoxime
blended poly(caprolactone) fiber mat for nickel(ll) ions sensing. The fiber mat turned
from white to red in nickel solutions. Dimethylglyoxime (DMG) reacted with nickel(ll)

ions and formed a red complex of Ni(DMG), .
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Adewuyi et al. (2012) [85] developed a fluorescent nanofiber probe for the
determination of Ni°* via electrospinning of a covalently functionalized pyridylazo-2-
naphthol-poly(acrylic acid) polymer. The Ni** qguenched the fluorophore in a solid

receptor-fluorophore. The fluorescent fiber mat switched off in the presence of Ni“,

Li et al. (2013) [86] designed a colorimetric sensor using nanogold probes
immobilized on polyamide-6 membrane. Upon addition of lead(ll) ions, the sensor
was induced a pink to white color change. The ligand on nanogold was leached
resulting in color change. The complexation between ligand and lead(ll) ions

occurred.

Ondigo et al. (2013) [87] reported the development of a colorimetric sensor
for iron(ll) ions sensing using 2-(2’-pyridyl) imidazole (PIMH) as a coloring agent. The
poly(vinylbenzyl chloride) was spun and then the electrospun fiber mat was treated
with the 2-(2’-pyridyl) imidazole (PIMH) for functionalization. When the fiber mat was
used in the detection of iron(ll) ions, the red-orange color appeared. PIMH-Fe”*

complexes were generated.
- Sensing of gas

Lv et al. (2010) [88] described a colorimetric and fluorescent nanofiber sensor
which comprised of the synthesis between porphyrin moieties as fluorescence
coloring agent and polyimide as polymer backbone. The electrospun porphyrinated
polyimide nanofiber mat could rapidly detect hydrogen chloride gas via protonation
process. The structure of porphyrin changed from planar to saddle. It showed the

color change from red to fluorescent green after exposing to hydrogen chloride gas.

Wang et al. (2012) [11] developed a simple and highly sensitive colorimetric
nanofiber mat for real-time formaldehyde gas sensing based on methyl yellow-
impregnated nylon 6 membrane. The sensor altered color from yellow to red when
it was exposed to formaldehyde. Methyl yellow as coloring agent was reacted with

formaldehyde using sulfuric acid as catalyst.
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- Sensing of pH and others

Schueren et al. (2010) [89] developed a nanofibrous pH-sensor by
electrospinning with incorporated pH-indicator dyes. The pH-indicator addition had
no influence on the average fiber diameter. Moreover, the fiber mat showed a clear

color change with a change in pH.

In summary, the electrospinning can produce a colorimetric sensor using
various coloring agents. This work aimed to prepare a simple zein blending with
coloring agents fiber mat by the electrospinning and followed by crosslinking reaction
using citric acid as a non-toxic crosslinker for ions sensing. Zein as a supporting
natural polymer was used. Curcumin, difluoroboron curcumin (BF,-CurOH) and 3,5-
di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (F;) as the coloring agents
were selected as coloring agents. Nowadays, there is no report on the fabrication of

zein blending with coloring agents for ions sensing.



CHAPTER 1lI
EXPERIMENTAL SECTIONS

3.1 Apparatus

The used apparatus were listed in Table 3.1.

Table 3.1 Apparatus list

Apparatus Model (company)

Analytical balance SI-234 (Mettler-Toledo Ltd.)

Attenuated total reflection fourier transform Nicolet 6700 (Thermo Scientific)

infrared spectrometer (ATR-FT-IR)
Camera DSC-WX100 (SONY)
Cover glasses 22x22 mm (Menzel-Glaser)

Diffuse reflectance ultraviolet visible  UV-2500PC (Shimadzu)
spectrophotometer (DR-UV-Vis)

High voltage power supply EQ-30P1-L  (230V) (Matsusada

Precision Inc.)

Inductively coupled plasma-optical emission iCAP 6000  series  (Thermo

spectrometer (ICP-OES) Scientific)

Nuclear magnetic resonace spectrometer (NMR) ~ Mercury Plus 400 (Varian)

Oven UM500 (Memmert)
pH meter Seven Compact (Mettler Toledo)
Scanning electron microscope (SEM) JSM-5410 LV (JEOL)

Syringe pump NE-1000 (Prosense B.V.)
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All chemicals were analytical reagent grade. The used chemicals were listed

in Table 3.2.

Table 3.2 Chemical list

Chemical Suppliers
Ammonium iron(ll) sulfate hexahydrate Merck
Ammonia solution (25%) Merck
Ammonium iron(lll) sulfate dodecahydrate J.T. baker

Citric acid

Curcumin

Ethanol (absolute)

Metal standard solutions (1000 mg/L) of Ag, As, Cr,
Cu, Fe, Hg, Ni and Pb

Metal standard solutions (1000 mg/L) of Co
Metal standard solutions (1000 mg/L) of Mn
Nitric acid (65%)

Sodium hydroxide (pellets)

Sodium tetraborate decahydrate

Zein (Z3625)

Sigma-Aldrich

Thai-China Flavors & Fragrances

Industry Co., Ltd.
Merck

Merck

BDH

Fisher scientific
Merck

Merck

Merck

Sigma-Aldrich
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3.2.1 Preparation of solution

All chemicals were used without purification. Deionized (DI) water was

selected as the solvent.

Fe2+ stock solution

Fe”" solution (1 M, 10 mL) was prepared by dissolving 3.9214 g of ammonium

iron(ll) sulfate hexahydrate ((NHg),Fe(SOg),.6H,O, MW = 392.14, Merck) in DI water.

Fe3+ stock solution

Fe”" solution (10,000 mg/L, 10 mL) was prepared by dissolving 0.8635 g of
ammonium iron(lll) sulfate dodecahydrate ((NH4Fe(SO,),.12H,O0, MW = 482.20, J.T.

baker) in DI water.

Na' stock solution

Na' solution (1 M, 10 mL) was prepared by dissolving 0.8500 g of sodium
nitrate (NaNOs;, MW = 85.00, Fluka) in DI water.

K" stock solution

K" solution (1 M, 10 mL) was prepared by dissolving 1.011 g of potassium
nitrate (KNOs;, MW = 101.10, BDH) in DI water.

Ca2+ stock solution

Ca’" solution (1 M, 10 mL) was prepared by dissolving 1.1098 g of calcium
chloride (CaCl,, MW = 111.00, Merck) in DI water.
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Ba2+ stock solution

Ba~ solution (1 M, 10 mL) was prepared by dissolving 2.4428 ¢ of barium
chloride dihydrate (BaCl,.2H,0, MW = 244.28, Merck) in DI water.

Mg2+ stock solution

Mg2+ solution (1 M, 10 mL) was prepared by dissolving 1.3121 ¢ of magnesium
chloride dihydrate (MgCl,.2H,0, MW = 131.21, Merck) in DI water

B,O, stock solution

84072_ solution (1,000 mg/L, 25 mL) was prepared by dissolving 61.36 mg of
sodium tetraborate decahydrate (Na,B40,.10H,0, MW = 381.37, Merck) in DI water.

Sodium hydroxide solution

Sodium hydroxide solution (1 M, 50 mL) was prepared by dissolving 2.0000 g
of sodium hydroxide (NaOH, MW = 40.00, Merck) in DI water.

All the required concentrations of solution were prepared by dilution of its

stock solution.
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3.3 Synthesis of Coloring Agents
3.3.1 Synthesis of Difluoroboron Curcumin (BF,-CurOH)

Difluoroboron curcumin (BF,-CurOH) was synthesized in methanol. The

method was applied from Chaicharm et al [4, 90.

Curcumin (2.947 ¢) and borontrifluoride diethyl etherate (1.02 mL) were
added to a two-necked round bottom flask containing and refluxed at 60 °C for 2
hours under nitrogen atmosphere. The reaction was stopped by cooling down at
room temperature. The solvent was removed using a rotary evaporator. The red
powder was purified via recrystallization using methanol/ethyl acetate (1:3) as
solvent. The desired product was dried at room temperature and stored in a

desiccator.

3.3.2 Synthesis of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxylbenzaldehyde (F,)

3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxylbenzaldehyde (F3) was provided
by Organic Synthesis Research Unit (OSRU), Department of Chemistry, Faculty of
Science, Chulalongkorn University. The method was described from Khumsri et al

[91] and Niamnont et al [5].

Briefly, lodine (24.90 ¢) and pyridine (20 mL) were added to a two-necked
round bottom flask containing 20 mL of dioxane and stirred at 0°C for 15 min. Then,
2-hydroxybenzaldehyde (3.00 ¢) was added in the solution. The reaction was reacted
at reflux for 4 hours. The solvent was removed by a rotary evaporator. Sodium
thiosulfate (20%wt/v) was added drop-wise on residual oil until it was turned light
yellow. The mixture was purified by extraction with dichlorometane and washed with
water. The water was removed using anhydrous magnesium sulfate. 2-Hydroxy-3,5-
diiodobenzaldehyde was obtained via evaporation. Next, 2-hydroxy-3,5-
dilodobenzaldehyde (0.93 ¢), bis(triphenylphosphine) palladium(ll)  dichloride
(PAC,(PPh3),) (132 mg), copper(l) iodide (36 mg) and triphenylphosphine (51 mg) were

dissolved and mixed in the two-necked round bottom flask containing 10 mL
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tetrahydrofuran. Then, triethylamine (10 mL) was added and followed by 4-ethynyl-
N,N-dimethylaniline (0.49 g). The mixture solution was stirred at room temperature
for 4 hours. The solid precipitate in the mixture solution was separated by filtration
and then washed with dichloromethane. The desired product was conducted
through a silica gel column using gradient solvents (pure hexane to

dichloromethane/hexane (3:1)). The dried product was stored in a desiccator.

3.4 Characterization of Coloring Agents

Curcumin, difluoroboron curcumin (BF,-CurOH) and  3,5-di(4-ethynyl-N,N-
dimethylanily)-2-hydroxybenzaldehyde (F3) as coloring agents were characterized by
Fourier transform infrared spectrometer (FT-IR) and nuclear magnetic resonance

spectrometer (NMR).

3.4.1 Fourier Transform Infrared Spectrometer (FT-IR)

FT-IR was used to identify the functional groups of the coloring agents. The
FT-IR spectra were recorded in a wavenumber range of 400-4,000 cm_1 with 32 scans
at wavenumber resolution of =4 cm ' using the attenuated total reflectance (ATR)

mode.

3.4.2 Nuclear Magnetic Resonance Spectrometer (NMR)

NMR was used to confirm the structure of coloring agents. "H-NMR spectra
were recorded in the chemical shift of 0-14 ppm with repetitions of 8 using
deuterated solvents. DMSO-dg was used as the solvent for curcumin and
difluoroboron curcumin (BF,-CurOH). CDCl; was used as the solvent for 3,5-di(4-

ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (Fs).
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3.5 Preliminary Study of the Amount Coloring Agent on Zein Fiber Mats for

Analysis of lons

Firstly, the =zein containing curcumin fiber mats were prepared by
electrospinning and heat-induced amide crosslinking reaction using citric acid as
crosslinker. The preparation method was adapted from Jiang et al [9]. and Reddy et
al [92]. The weight ratios of curcumin/zein were varied from 0-15%wt/wt
(curcumin/zein). Then, the fiber mats were examined in different concentrations (0-10
me/L) of Fe” solution. The suitable curcumin-loaded zein fiber mat was investigated
by eyes. It could be obviously distinguished from the intensity of color change in

different concentrations of Fe3+ solution.

Exhaustively, the mixture solution was prepared by adding zein (1.0400 g)
and citric acid (0.0936 ¢) in a tube containing 70% aqueous ethanol (2 mL). The pH of
solution was adjusted to 4.9 by sodium hydroxide (0.125 ¢/mL in 70% aqueous
ethanol). Next, the tube was sealed using parafilm and stored at room temperature
for 48 hours. Then, curcumin (0, 7.28, 10.4, 31.2, 52.0, 72.8, 104.0, and 156.0 mg) was
added into the solution. The total volume of solution was adjusted at 4 mL with
70% aqueous ethanol and shaken using an ultrasonic bath for 15 min. After that, the
homogeneous solution was loaded in a 3 mL syringe. The syringe was put onto a
syringe pump. The condition for fabrication of fiber mat was the applied voltage at
19.5 kV and the distance between the needle and the collector at 20 cm using the
flow rate of 2 mlL/hr. The fiber mat was collected on an aluminum foil covered
collector. Next, the fiber mat was put in an oven at 150°C for 2.5 hours to allow the
crosslinking reaction. After that, the fiber mat was cut into circle with diameter of 0.8
cm and weight in the range of 1.5-2.5 mg and used for sensing. After that, the sensing
characteristics of the fiber mats were investigated by immersing the obtained fiber
mats into the different concentrations (0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 mg/L) of Fe3+
solution in the pH of 2 at room temperature for 3 hours. The color changes of fiber

mats were observed by naked-eye.
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The amounts of difluoroboron curcumin (BF,-CurOH) and 3,5-di(4-ethynyl-N,N-
dimethylanily)-2-hydroxybenzaldehyde (F;) loaded in zein fiber mat were firstly

selected similarly with the amount of curcumin loaded in zein fiber mat.

3.6 Preparation of Zein Blending with Coloring Agents Fiber Mats

The preparation of suitable coloring agent loaded zein fiber mats were similar
to the methodology described in section 3.5. Zein blending with curcumin fiber mat,
zein blending with difluoroboron curcumin (BF,-CurOH) fiber mat and zein blending
with 3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (Fs) fiber mat were
prepared by electrospinning and crosslinking reaction at 150 “C adapted the method
described by Jiang et al [9] and Reddy et al [92].

3.6.1 Preparation of Zein Blending with Curcumin Fiber Mat

Briefly, zein (1.0400 ¢) and citric acid (0.0936 ¢) were added in a tube
containing 70% aqueous ethanol (2 mL). The pH of solution was adjusted to 4.9 by
sodium hydroxide (0.125 ¢/mL in 70% aqueous ethanol). Then, the tube was sealed
using parafilm and stored at room temperature for 48 hours. Next, the curcumin (52.0
mg, 5%wt/wt (curcumin/zein)) was loaded into the solution. The total volume of
solution was adjusted at 4 mL with 70% aqueous ethanol and shake using an
ultrasonic bath for 15 min. Then, the homogeneous solution was loaded in a 3 mL
syringe. The syringe was put onto a syringe pump. The condition for fabrication of
fiber mat was the applied voltage at 19.5 kV and the distance between the needle
and the collector at 20 cm using the flow rate 2 mL/hr. The fiber mat was collected
on an aluminum foil covered collector. The fiber mat was put in an oven at 150 “C
for 2.5 hours. After that, the fiber mat was cut into circle with diameter of 0.8 cm and

weight in the range of 1.5-2.5 mg and used for all experiments.
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3.6.2 Preparation of Zein Blending with Difluoroboron Curcumin (BF,-

CurOH) Fiber Mat

Concisely, the mixture was prepared by adding zein (1.0400 g) and citric acid
(0.0936 g) in a tube containing 70% aqueous ethanol (2 mL). Next, the pH of solution
was adjusted to 4.9 by sodium hydroxide (0.125 ¢/mL in 70% aqueous ethanol). The
tube was sealed using parafilm and stored at room temperature for 48 hours. Then,
difluoroboron curcumin (BF,-CurOH) (2.60 mg, 0.25%wt/wt (curcumin/zein)) was
loaded into the solution. The total volume of solution was adjusted at 4 mL with
70% aqueous ethanol and shake using an ultrasonic bath for 15 min. After that, the
homogeneous solution was loaded in a 3 mL syringe. The syringe was put onto a
syringe pump. The condition for fabrication of fiber mat was the applied voltage at
19.5 kV and the distance between the needle and the collector at 20 cm using the
flow rate 2 mL/hr. The fiber mat was collected on an aluminum foil covered
collector. The fiber mat was put in an oven at 150 “C for 2.5. After that, the fiber mat
was cut into circle with diameter of 0.8 cm and weight in the range of 1.5-2.5 mg and

used for all experiments.

3.6.3 Preparation of Zein Blending with 3,5-di(4-ethynyl-N,N-
dimethylanily)-2-hydroxybenzaldehyde (F,) Fiber Mat

Shortly, zein (1.0400 ¢) and citric acid (0.0936 ¢) were added in a tube
containing 70% aqueous ethanol (2 mL). The pH of solution was adjusted to 4.9 by
sodium hydroxide (0.125 ¢/mL in 70% aqueous ethanol). The tube was sealed using
parafilm and stored at room temperature for 48 hours. After that, 3,5-di(4-ethynyl-
N,N-dimethylanily)-2-hydroxybenzaldehyde (Fs) (1.04 mg, 0.1%wt/wt (curcumin/zein))
was added into the solution. The total volume of solution was adjusted at 4 mL with
70% aqueous ethanol and shake wusing an ultrasonic bath for 15 min. The
homogeneous solution was loaded in a 3 mL syringe. The syringe was put onto a
syringe pump. The condition for fabrication of fiber mat was the applied voltage at

19.5 kV and the distance between the needle and the collector at 20 cm using the
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flow rate 2 mlL/hr. The fiber mat was collected on an aluminum foil covered
collector. Next, the fiber mat was put in an oven at 150 °C for 2.5 hours. After that,
the fiber mat was cut into circle with diameter of 0.8 cm and weight in the range of

1.5-2.5 mg and used for all experiments.

3.7 Fiber Mats Characterization

The electrospun fiber mats were characterized by Fourier transform infrared
spectrometry (FT-IR), diffuse reflectance ultraviolet-visible spectrophotometry (DRUV-

Vis) and scanning electron microscopy (SEM).

3.7.1 Fourier Transform Infrared Spectrometer (FT-IR)

FT-IR was used to identify the functional groups of the electrospun fiber
mats. ATIR-FT-IR spectra were recorded by using the procedure previously in the

section 3.4.1.

3.7.2 Diffuse Reflectance Ultraviolet-visible Spectrophotometer (DR-UV-
Vis)

DR-UV-Vis was used to investigate the diffuse reflectance of the electrospun
fiber mats. The diffuse reflectance ultraviolet visible spectra were recorded in a
wavenumber range of 200 - 800 '’ by using barium sulfate as background
substrate. The spectra were plotted between F(R) (Kubelka-Munk function) and

wavelength (nm). The F(R) was calculated from the following equation [93].

(1-R)>
2R

F(R) =

When F(R) = Kubelka-Munk function

R = Reflectance of sample
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3.7.3 Scanning Electron Microscope (SEM)

SEM was used to determine the morphology and the fiber diameter of the
electrospun fiber mat. The sample was coated with gold. The SEM image was
recorded with the accelerated voltage of 15 kV. The magnification at 5,000 was used
for the measurement of a diameter of fiber. The average diameter and its standard

deviation (n=30) of fibers were evaluated by Sem Afore program.

3.8 Fiber Mat Sensing Ability

The electrospun coloring agents-loaded zein fiber mats were tested for
sensing of selected analytes by naked eye in triplicate. The fiber mat was immersed
in 1 mL of sample solution for 3 hours. Then, the fiber mat was taken out. The free
water at the surface of fiber mat was removed by filter paper and the fiber mat was
photographed. For the difluoroboron curcumin (BF,-CurOH) fiber mat, the
photograph was taken under 20W black light lamp. Then, the picture at a test zone
was analyzed using image J software in gray mode. The mean gray value and its

standard deviation (n=3) was evaluated.

3.8.1 Influence of pH

For the curcumin-loaded zein fiber mat, 1 and 10 mg/L Fe3+ solutions in the
pH range of 1-5 were examined. DI water in the pH range of 1-5 as the control

solution were evaluated.

For the difluoroboron curcumin (BF,-CurOH)-loaded zein fiber mat, 100 mg/L
B4O72_ solutions in the pH range of 7-10 were tested. DI water in the pH range of 7-10

as the control solution were investigated.

For the 3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde  (Fs)-
loaded zein fiber mat, 10 and 100 mg/L Fe?5+ solutions in the pH range of 1-5 were

investigated. DI water in the pH range of 1-5 as the control solution were examined.
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3.8.2 Effect of Interferences

The interferences of 17 metal ions (Ag+, A55+, Ba2+, Ca2+, Cd2+, C02+, Cr3+, Cu2+,
Fe2+, Hg2+, K+, Mn2+, Na+, Ni2+, Pb2+, zn’" and I\/\gz+ (200 uM)) were examined under

the optimal pH from the experiment described in section 3.8.1.

3.8.3 Limit of Detection (LOD) and Method Validation

LOD is defined as the lowest concentration of analyte which produces the
minimum intensity of color change of fiber mat. It can be visually differentiated by

the naked eye.

For the curcumin-loaded zein fiber mat, the different concentrations (0.1, 0.2,
0.3, 0.4, 0.5, 1.0 and 5.0 mg/L) of Fe3+ solutions were investigated. In addition,
curcumin-loaded zein fiber mat was examined for qualitative (yes/no response) and
quantitative testing [94]. The series concentrations (0.1, 0.2, 0.3, 0.4, 0.5, 1.0 and 5.0
mg/L) of Fe” solutions were investigated as assay of 1 and 2. The DI water as assay

of 1-14 was used for acting as iron-free solution.

For the 3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde  (F5)-
loaded zein fiber mat, the different concentrations (0.3, 0.6, 0.9, 1, 3, 8, 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 200, 300, 400 and 500 mg/L) of Fe3+ solutions were tested.
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3.9 Applications

For the assessment of the developed fiber mats sensing, the real samples
were applied. All real samples were filtrated by 0.45 pm cellulose membrane and

preserved with nitric acid at pH 2 and kept in polypropylene bottles.

3.9.1 Curcumin Fiber Mat for the Determination of Iron(lll) lons

Bottled drinking waters (I, Il and mineral), tap water and Chulalongkorn
University pond water as real samples were used. 100 yL of 50, 100 and 500 mg/L
Fe”" solution were spiked in real water samples in a 10 mL volumetric flask. All of
the real samples were tested using curcumin-loaded zein fiber mat. The
concentration of Fe" solutions in real samples were evaluated using the inductively
coupled plasma-optical emission spectrometer (ICP-OES). The ICP-OES operating

conditions for Fe evaluation are shown in Table 3.3

Table 3.3 The ICP-OES operating conditions for Fe evaluation

Operating conditions

Fe emission wavelength 259.9 nm
RF power 1150 W
Analysis pump rate 50 rpm
Auxiliary gas flow 0.5 L/min
Nebulizer gas flow 0.6 L/min
Coolant gas flow 12 L/min

The Fe3+ standard solution in the concentration 0, 2, 4, 6, 8 and 10 mg/L

were used as a calibration standard for ICP-OES.
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3.9.2 Difluoroboron Curcumin (BF,-CurOH) Fiber Mat for Ammonia

Sensing

The concentrated ammonia solution (13.4 mol/L) was dropped with the
volume of 20, 50 and 100 uL using a micropipette in a closed bottle (volume size =
7.96><1076 m3; diameter = 1.5 cm, height = 4.5 cm). The BF,-CurOH-loaded zein fiber
mat was hung above ammonia solution. After that, the bottle was put in boiling
water bath for 30 min. The ammonia solution was completely evaporated. The fiber
mat was taken out and photographed immediately. 20 pL of DI water was also used

as a control for sensing application.

3.9.3 3,5-di(4-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (F)

Fiber Mat for the Determination of Iron (lll) lons

Tap water, Chulalongkorn University pond water and ground water as real
samples were used. 100 pL of 3,000 and 7,000 mg/L Fe” solutions were spiked in
real water samples in a 10 mL volumetric flask. All of the real samples were tested
using Fs-loaded zein fiber mat. The concentrations of Fe” in real samples were
examined using inductively coupled plasma-optical emission spectrometry (ICP-OES).
The ICP-OES operating conditions for Fe measurement are described in section 3.9.1.
The Fe3+ standard solution in the concentration 0, 2, 4, 6, 8, 10, 20, 30, 40, 50, 60, 70,
80, 90 and 100 mg/L were used for a calibration of ICP-OES.
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3.10 Preparation of Film Sensing for Comparison with Fiber Mat

For a comparison of fiber mat and film sensing efficiency, the zein blending
with curcumin film was prepared by hand casting and heat-induced amide
crosslinking reaction using citric acid as crosslinker. The method was adapted from

Bualom et al [95], Jiang et al [9] and Reddy et al [92].

Briefly, the mixture solution was prepared by adding zein (1.0400 g) and citric
acid (0.0936 ¢) in a tube containing 70% aqueous ethanol (2 mL). The pH of solution
was adjusted to 4.9 by sodium hydroxide (0.125 ¢/mL in 70% aqueous ethanol). The
tube was sealed using parafilm and stored at room temperature for 48 hours. After
that, the curcumin (52.0 mg, 5%wt/wt (curcumin/zein)) was added into the solution.
The total volume of solution was adjusted at 4 mL with 70% aqueous ethanol and
shake using ultrasonic bath for 15 min. Next, the cover glass was cleaned using
ethanol and acetone. Then, 30 yL of the homogeneous solution was pipetted onto
clean cover glass and casted by hand. Finally, the cast film was put in an oven at
150 °C for 2.5 hours to allow the crosslinking reaction. Curcumin-loaded zein film
containing 5%wt/wt (curcumin/zein) was obtained and used for Fe”" sensing. In
addition, the morphology of film was investigated by scanning electron microscope
(SEM). The SEM image was recorded using the same procedure described in section

3.7.3.

For fiber mat, the curcumin-loaded zein fiber mat containing 5%wt/wt
(curcumin/zein) was prepared by electrospining followed the method described in

section 3.6.1.

For the assessment of the efficiency sensing, fiber mat and film were
immersed in 3 mL 10 mg/L of Fe” solution at pH 2 for 3 hours. After that, the fiber
mat and film were taken out. The free water at the surface was removed by a filter

paper and the sensors were photographed.



CHAPTER IV
RESULTS AND DISCUSSION

Zein blended with coloring agents (curcumin, difluoroboron curcumin (BF,-
CurOH) and 3,5-di(4-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (F3)) fiber
mats were prepared by electrospinning. The curcumin-loaded zein fiber mat for
iron(lll) ions sensing, the BF,-CurOH-loaded zein fiber mat for ammonia sensing and
the Fs-loaded zein fiber mat for iron(lll) ions sensing were examined using the naked-
eye. This work consists of seven parts including (1) synthesis of coloring agents, (2)
characterization of coloring agents, (3) preliminary study of the amount of coloring
agent on zein fiber mats for analysis of ions, (4) electrospun zein blending with
curcumin fiber mats, (5) electrospun zein blending with difluoroboron curcumin (BF,-
CurOH), (6) electrospun zein blending with 3,5-di(d-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F;) and (7) comparison of fiber mat and film sensing

efficiency.

4.1 Synthesis of Coloring Agents
4.1.1 Synthesis of Difluoroboron Curcumin (BF,-CurOH)

Difluoroboron curcumin (BF,-CurOH) was synthesized from yellow powder of
curcumin. Curcumin was modified with borontrifluoride diethyl etherate ((C,Hs),OBF5).
The red powder of BF,-CurOH was obtained in 61% vyield. The synthesis of

difluoroboron curcumin (BF,-CurOH) was illustrated in Scheme 4.1.
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OCH; OCH;

(C,H5),0BF,
Reflux

BF,-CurOH

OCH; (Red solid) OCH;

Scheme 4.1 Synthesis of difluroboron curcumin (BF,-CurOH) [4, 90]

4.1.2 Synthesis of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F)

The green powder of 3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzal-
dehyde (Fs;) was provided by Organic Synthesis Research Unit (OSRU), Chulalongkorn

University. The result was described from Khumsri et al [91] and Niamnont et al [5].

Briefly, 3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (Fs;) was
synthesized from 2-hydroxybenzaldehyde. 2-Hydroxybenzaldehyde was doubly
iodinated and doubly coupled with 4-ethynyl-N,N-dimethylaniline. The yellow
powder of F; was obtained in 41% vyield. The synthesis of 3,5-di(d-ethynyl-N,N-
dimethylanily)-2-hydroxybenzaldehyde (F3) was illustrated in Scheme 4.2.
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o
X
HO
2-hydroxybenzaldehyde
I,
Reflux
o
X
HO
2-hydroxy-3,5-iodobenzaldehyde
1 I
H3c ~ N/c H3
Reflux . -
4-ethynyl-N,N-dimethylaniline
o H
HO
HsC._ _CHs
N 3,5-di(4-ethynyl-N, N-dimethylanily)- N
CH; 2-hydroxybenzaldehyde CH;

(yellow solid)

Scheme 4.2 The synthesis of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F3) [5, 91]
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4.2 Characterization of Coloring Agents

All coloring agents (curcumin, difluoroboron curcumin (BF,-CurOH) and 3,5-
di(d-ethynyl-N,N-dimethylanily)-2-hydroxylbenzaldehyde (Fs)) were characterized by
Fourier transform infrared spectroscopy (FT-IR) and nuclear magnetic resonance

spectroscopy (NMR).

4.2.1 Curcumin
4.2.1.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The curcumin was characterized by FT-IR. The IR spectrum of curcumin was
shown in Figure 4.1. The characteristic bands of curcumin were observed at 1022 (s)
e’ assigned to C-O stretching band of ether, 1503 (s) cm’ assigned to C-H
stretching band of alkane, 1600 (m) cm’ assigned to C=C stretching band of alkene,
1623 (m) cm’ assigned to C=0O stretching band of carbonyl group and 3304 (m,
broad) ' assigned to O-H stretching band of hydroxyl group. This accorded with
the results described by Zebib et al [96] and Kim et al [97].
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Figure 4.1 FT-IR spectrum of curcumin
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4.2.1.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

Curcumin was characterized by "H-NMR. The NMR spectrum of curcumin in
DMSO-ds was shown in Figure 4.2. "H-NMR signals (400 MHz, DMSO-dj) of curcumin
were observed at 9.71 ppm (s, 2H) of hydroxyl group, 7.54 ppm (J = 16.0 Hz, d, 2H) of
aromatic group, 7.32 ppm (s, 2H) of aromatic group, 7.16 ppm (J = 12.0 Hz, d, 2H) of
aromatic group, 6.82 ppm (J = 8.0 Hz, d, 2H) of alkene group, 6.75 ppm (U = 16.0 Hz,
d, 2H) of alkene group, 6.07 ppm (s, 2H) of alkane group and 3.84 ppm (s, 6H) of
methoxy group. This matched with the results described by Suwantong et al [98].
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Figure 4.2 "H-NMR spectrum of curcumin in DMSO-dj
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4.2.2 Difluoroboron Curcumin (BF,-CurOH)
4.2.2.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The difluoroboron curcumin (BF,-CurOH) was characterized by FT-IR. The IR
spectrum of BF,-CurOH was shown in Figure 4.3. The absorption bands of curcumin
and borondifluoride units were found. For the curcumin unit, the characteristic bands
of BF,-CurOH were observed at 1062 (s) e’ for C-O stretching of ether, 1496 (s) e’
for C-H stretching of alkane, 1584 (m) cm’ for C=C stretching band of alkene, 1609
(m) cm for C=0 stretching of carbonyl group and 3483 (m, broad) cm” for OH
stretching of hydroxyl group. For borondifluoride unit, the characteristic bands of BF,-
CurOH were observed at 1386 (m) cm’’ for B-O stretching of borate group. Gao et al
[99] reported that the IR absorption band of borate linkage (B-O) appeared at 1350
cm Moreover, FT-IR spectrum of BF,-CurOH presented a new peak of borate group

at 1386 cm when comparison with IR spectrum of curcumin (Figure 4.1).
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Figure 4.3 FT-IR spectrum of difluoroboron curcumin (BF,-CurOH)
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4.2.2.2 Nuclar Magnetic Resonance Spectroscopy (NMR)

The difluoroboron curcumin (BF,-CurOH) was characterized by "H-NMR. The
NMR spectrum of BF,-CurOH in DMSO-dgs was shown in Figure 4.4. "H-NMR signals (400
MHz, DMSO-d,) of BF,-CurOH were observed at 10.15 ppm (s, 2H) of hydroxyl group,
7.91 ppm (J = 16.0 Hz, d, 2H) of aromatic group, 7.46 ppm (s, 2H) of aromatic group,
7.34 ppm (U = 8.0 Hz, d, 2H) of aromatic group, 7.01 ppm (J = 16.0 Hz, d, 2H) of
alkene group, 6.88 ppm (J = 8.0 Hz, d, 2H) of alkene group, 6.46 ppm (s, 2H) of
alkane group and 3.85 ppm (s, 6H) of methoxy group. When compared "H-NMR
spectrum of BF,-CurOH and curcumin, "H-NMR signals of BF,-CurOH showed the
downfield shift because borondifluoride unit was an electron withdrawing group [4,

90].
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Figure 4.4 "H-NMR spectrum of difluoroboron curcumin (BF,-CurOH) in DMSO-d
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4.2.3 3,5-di(4-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (F5)
4.2.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

3,5-Di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (Fs) was
characterized by FT-IR. The IR spectrum of F; was shown in Figure 4.5. The absorption
bands of salicylaldehyde and diphenylacetylene units were found. For the
salicylaldehyde unit, the characteristic bands of F5 were observed at 1608 (s) e’ for
C=0 stretching of aldehyde, 2798 (s) and 2851 (s) cm’ for C-H stretching of aldehyde
and 3433 (broad) cm’ for OH stretching band of hydroxyl group. For
diphenylacetylene unit, the characteristic bands of F; were observed at 1189 (m)
cm’ for C-N stretching of tertiary amine group, 2204 (m) e’ for C=C stretching of

alkyne group and 2919 (m) e’ for C-H stretching of aromatic.
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Figure 4.5 FT-IR spectrum of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F5)
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4.2.3.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

3,5-Di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenzaldehyde (Fs) was
characterized by '"H-NMR. The NMR spectrum of F5 in CDCl; was shown in Figure 4.6.
"H-NMR signals (400 MHz, CDCly) of F; were observed at 10.55 ppm (s, 1H) of
aldehyde group, 7.68 ppm (S, 1H) of aromatic group, 7.78 ppm (J = 8.0 Hz, d, 2H)
aromatic group, 7.43 ppm (J = 8.0 Hz, d, 2H) of aromatic group, 6.82 ppm (s, 1H) of
aromatic group, 6.78 ppm (J = 8.0 Hz, d, 2H) of aromatic group, 6.68 ppm (J = 8.0 Hz,
d, 2H) of aromatic group, 3.05 ppm (s, 6H) of methyl group, 3.00 ppm (s, 6H) of
methyl group and 2.61 ppm (s, 6H) of hydroxyl group. This corresponded with the
results described by Khumsri et al [91] and Niamnont et al [5].
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Figure 4.6 "H-NMR spectrum of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F5) in CDCls
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4.3 Preliminary Study of the Amount of Coloring Agent on Zein Fiber Mats for

Analysis of lons

Amounts coloring agents were studies to find the suitable fiber mats for
sensing objective. The color change of suitable fiber mats should be highly and
obviously distinguished from their original color at different concentrations of specific

ions solution.

Firstly, curcumin-loaded zein fiber mats with 0-15%wt/wt (curcumin/zein)
were prepared for iron(lll) ions sensing by the naked-eye. Curcumin-loaded zein fiber
mats were immersed into DI water and 1-10 mg/L of Fe” solutions at pH 2. Figure
4.7 displays the photographs of curcumin fiber mats with varying amount of
curcumin immersed in DI water and solutions of different concentrations of Fe’". At
equal to or above 3%wt/wt (curcumin/zein) of curcumin-loaded zein fiber mat, the
color of fiber mats in 1-10 mg/L of Fe”" solution were differently changed from DI
water as blank solution while below 3%wt/wt (curcumin/zein) of curcumin-loaded
zein fiber mat, no color change was observed. The amount of coloring agent at
below 3%wt/wt (curcumin/zein) of curcumin-loaded zein fiber mat was not suitable
in sensing while the fiber mats having equal to or above 7%wt/wt (curcumin/zein)
did not exhibit color change comparing to the control mats (immersing in DI water)
caused by a background effect [10]. The change in color intensity of fiber mats in
solutions of different concentrations of Fe3+ was not obviously observed. Therefore,
5%wt/wt (curcumin/zein) curcumin-loaded zein fiber mat was selected for Fe”"
sensing. The change in color intensity was easily and obviously distinguished when

employed in different concentrations of Fe” solution.

Next, 5%wt/wt (BF,-CurOH/zein) fiber mat and 5%wt/wt (Fs/zein) fiber mat
were prepared. It was found that the blending failed. These coloring agents were not
completely dissolved in zein solution. Thus, the maximum amount of BF,-CurOH and
Fsthat was capable to completely and homogenously dissolve in zein solution were
investigated. It was found that 0.25%wt/wt of BF,-CurOH-loaded zein fiber mat and
0.1%wt/wt of Fs-loaded zein fiber mat could be obtained. The mats with smoothly

spread color were observed.
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In conclusion, 5%wt/wt (curcumin/zein) fiber mat, 0.25%wt/wt (BF,-
CurOH/zein) fiber mat and 0.1%wt/wt (Fs/zein) fiber mat were selected for further

experiments.
Curcumin Concentration of Fe (lll) ions (ppm)
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Figure 4.7 Photographs of curcumin-loaded zein fiber mats with varying amount of

o . ) . 3+
curcumin immersed in DI water and different concentrations of Fe
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4.4 Electrospun Zein Blending with Curcumin Fiber Mats

In this section, 5%wt/wt (curcumin/zein) fiber mat was fabricated by
electrospinning, followed by the crosslinking reaction. The morphology of curcumin-
loaded zein fiber mat was investigated by scanning electron microscopy (SEM). The
functional groups of curcumin-loaded zein fiber mat were characterized by Fourier
transform infrared spectroscopy (FT-IR). The color characteristic of curcumin-loaded
zein fiber mat was investigated by diffuse reflectance ultraviolet-visible spectroscopy
(DR-UV-Vis). The naked-eye sensing for iron(lll) ions was examined and applied in real

water samples.

4.4.1 Morphology of Curcumin-loaded Zein Fiber Mat

The morphology of curcumin-loaded zein fiber mat was investicated by
scanning electron microscopy (SEM). The SEM images of curcumin fiber mat before
and after immersing in DI water were presented in Figure 4.8. Before immersing in DI
water, the morphology of dry curcumin fiber mat exhibited satisfactory fiber mats
observed by straight and smooth fibers. The average diameter of dry curcumin fiber
mat was 586+131 nm (mean+S.D., n=30). After immersing in DI water, the
morphology of wet curcumin fiber mat showed considerable swelling yet maintaining
their fibrous networks. It indicated that the fiber mat was completely crosslinked by
heat-induced amide crosslinking. In actuality, an uncrosslinked zein fiber mat is water
soluble. It becomes water insoluble when there is a crosslinking [9, 67]. The average
diameter of wet curcumin-loaded zein fiber mat increased to 1381+384 nm
(mean+S.D., n=30). Moreover, the curcumin-loaded zein fiber mat preserved yellow
color mat after immersing in DI water. The curcumin could be efficiently retained in
the zein fiber mat. This retaining action can be ascribed to the H-bonding
intermolecular force between the polypeptide chains of zein and the hydroxyl

groups of curcumin.
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Figure 4.8 SEM images (5,000x magnification) of (a) dry and (b) wet curcumin-loaded
zein fiber mats before and after immersing in DI water at room temperature for 3
hours. Inset: SEM image (750x magnification) and the photographs of curcumin-

loaded zein fiber mats (upper right corner).

SHEm

Figure 4.9 SEM images (5,000x magnification) of (a) dry and (b) wet zein fiber mats
before and after immersing in DI water at room temperature for 3 hours. Inset: SEM
image (750x magnification) and the photographs of zein fiber mats

(upper right corner).
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In addition, the morphology of zein fiber mat was investigated by scanning
electron microscopy (SEM). The SEM images of zein fiber mat before and after
immersing in DI water were showed in Figure 4.9. The zein fiber mat has white color.
The average diameter of dry and wet zein fiber mats were 482+67 nm and 1060+180
nm (mean=+S.D., n=30), respectively. The morphology of zein fiber mat and curcumin
fiber mat were compared. From Figures 4.8 and 4.9, the morphology of both fiber
mats was similarly found. The small amount curcumin blending with zein did not
affected the morphology and diameter of fiber mats. When a small amount of
curcumin was added into zein solution, the average diameter of curcumin fiber mat
was insignificantly increased due to the fact that the viscosity of mixture solution

slightly increased and affecting the electrospinning [25, 100].

4.4.2 FT-IR Characterization of Curcumin-loaded Zein Fiber Mat

The curcumin-loaded zein fiber mat was characterized by FT-IR. The IR
spectrum of curcumin-loaded zein fiber mat was shown in Figure 4.10. The
absorption bands of zein unit and curcumin were investigated. For the zein unit, the
characteristic bands of curcumin-loaded zein fiber mat were observed at 1515 (m-s)
e’ for N-H bending of amide Il group, 1645 (s) cm’ for C=0 stretching of amide |
group and 3286 (m, broad) and 3057 (w) e’ for N-H stretching of secondary amide
group. For the curcumin unit, the characteristic bands of curcumin-loaded zein fiber
mat were not appeared probably because of low amount of curcumin blending with
zein at 5%w/w (curcumin/zein) fiber mat. However, the curcumin-loaded zein fiber
mat presented yellow color of curcumin. These showed significantly different color

intensities on mat from the white zein fiber mat (Figures 4.8 and 4.9).

In addition, the zein fiber mat was characterized by FT-IR. The IR spectrum of
zein fiber mat was shown in Figure 4.11. The characteristic bands of zein fiber mat
were observed at 1515 (m-s) cm’ assigned to N-H bending band of amide Il group,
1645 (s) cm | assigned to C=0 stretching band of amide | group and 3286 (m, broad)

and 3057 (w) e’ assigned to N-H stretching band of secondary amide group.
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Moreover, the IR spectrum of zein fiber mat and zein powder was compared. The IR
spectrum of zein powder was shown in Figure 4.12. Both spectra exhibited a very
similar characteristic absorption bands. This implied that the electrospinning did not

change functional groups of materials.
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Figure 4.10 FT-IR spectrum of curcumin-loaded zein fiber mat
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Figure 4.11 FT-IR spectrum of zein fiber mat
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Figure 4.12 FT-IR spectrum of zein powder
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4.4.3 DR-UV-Vis Characterization of Curcumin-loaded Zein Fiber Mat

The curcumin-loaded zein fiber mat was characterized by DR-UV-Vis. The DR-
UV-Vis spectrum of curcumin-loaded zein fiber mat was shown in Figure 4.13. The
maximum absorption of curcumin-loaded zein fiber mat was found at 424 nm. This
agreed with the absorption band of an enol form of curcumin [101]. In addition, the
zein fiber mat was also characterized by DR-UV-Vis. In Figure 4.14, the absorption
band of zein fiber mats had the maximum at 424 nm ()\max). The DR-UV-Vis spectrum
of curcumin-loaded zein fiber mat was significantly different from the DR-UV-Vis
spectra of zein fiber mat. This can be supported that the incorporating of curcumin

into the zein fiber mat was obtained.
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Figure 4.13 DRUV-Vis spectrum of curcumin-loaded zein fiber mat (Inset shows the

photograph of curcumin-loaded zein fiber mat.)
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Figure 4.14 DRUV-Vis spectrum of zein fiber mat (Inset shows the photograph of zein
fiber mat.)

4.4.4 Naked-eye Sensing for Iron(lll) lons

Concerning the study of influence of pH, 1 and 10 mg/L Fe”" solution were
prepared in the pH range of 1 to 5 to avoid the formation of insoluble metal
hydroxides. Moreover, the color of curcumin can self-shift at the pH above 7.4 acting
as a pH indicator [102]. The photographs of curcumin-loaded zein fiber mats after
immersed into DI water and Fe”~ solution at different pHs were displayed in Figure
4.15. At pH 1-3, the color of curcumin-loaded zein fiber mats changed from yellow to
brown in the presence of Fe3+ while the in DI water, a blank solution, did not change.
The most sensitive color change was observed at pH 2. The reason for this
phenomenon is explained by the stability of an enol from that is generally present in
acidic solution. This enol form of curcumin can serve as a ligand in curcumin-metal
complex [75, 103]. The conjugated system is disturbed causing a color change. The

complex formation of curcumin and iron(lll) ion was shown in Scheme 4.3.
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DI water

1 mg/L Fe™*

+

10 mg/L Fe’

Figure 4.15 Photographs of curcumin-loaded zein fiber mats immersed in DI water
and Fe” solution at different pHs (sample volume = 1 mL, time = 3 hours, room

temperature).

Regarding the study of effect of interferences, 17 metal ions (Ag+, A55+, Ba2+,
ca’t cd”, o ol Fe He L K, MY, Nat, NPT, PbY, Zn” T and Me”) of 200
UM was prepared at pH 2. In Figure 4.16, the photographs of the curcumin-loaded
zein fiber mats after immersing into various metal ion solutions were presented. After
dipping into the presence of Fe3+, the color of the curcumin-loaded zein fiber mat
was changed only. For the presence of other metal solutions, the color of the
curcumin-loaded zein fiber mat was remained similarly to nonexistence of Fe” in DI
water. The selectivity of curcumin-loaded zein fiber mat to Fe”" can be described to
the Hard Soft Acid Base (HSAB) theory. Fe” is classified as hard Lewis acid. The enol
functionality of curcumin is classified as hard Lewis base. Meanwhile other metal ions
are classified as soft and borderline acids. The hard Lewis acid prefers to bind to hard

Lewis base while soft and borderline acids do not prefer to bind to hard Lewis base
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form HSAB theory. Therefore, Fe”* sensing with curcumin fiber mat was free from

interferences by other metal ions.

HO OH

Curcumin

PN

H;CO OCH;

OH o

3+

Fe

Fe-Curcumin complex

Scheme 4.3 The complex formation of curcumin and iron(lll) ion
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Figure 4.16 Photographs of the curcumin-loaded zein fiber mats after immersing into

various metal ion solutions (concentrations= 200 uM, pH = 2, sample volume= 1 mL,

time= 3 hours)

For qualitative and quantitative testing, the color change of curcumin-loaded
zein fiber mats were investigated by varying the concentration (0.1, 0.2, 0.3, 0.4, 0.5,
1.0 and 5.0 mg/L) of Fe” solution at pH 2. DI water at pH 2 was applied as Fe free
solution. The photographs of the curcumin fiber mats after immersing into solutions
at different concentrations of Fe" for qualitative (yes/no response) and quantitative
testing (1: positive response, 0: null response) were shown in Figure 4.17. A positive
response (1) signifies “with color change” while a null response (0) signifies “no color
change”. At the concentration of Fe”" equal to or greater than 0.4 mg/L, the color
change of curcumin-loaded zein fiber mats were observed. Moreover, the color of
curcumin-loaded zein fiber mats was not changed at below 0.4 mg/L Fe™" solution.
Therefore, the visual detection limit was found at 0.4 mg/L. Furthermore, the

intensity of color change of the curcumin-loaded zein fiber mat increased
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proportionally with increasing concentration of Fe”". These changed from yellow to
dark-brown. Moreover, the response time of the curcumin-loaded zein fiber mat
depended on the concentration of Fe”". For the solutions containing 5.0 mg/L, 1.0
me/L and lower than 1 meg/L of Fe’ solution, the color change of curcumin-loaded

zein fiber mat were initially observed at 5 min, 60 min and 90 min, respectively.

[Fe>], me/L

0.1 0.2 0.3 0.4 0.5 1.0 5.0
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Assay 2

Control (Fe free solution)

Assay

1-14

Conditions: Sample volume = 1 mL, Time = 3 hours, pH = 2, Room temperature

Figure 4.17 The photographs of the curcumin-loaded zein fiber mats after immersing
into solutions at different concentration of Fe”* for qualitative. (yes/no response) and

quantitative testing (1: positive response, o: null response)



59

In addition, the curcumin-loaded zein fiber mats after immersing in different
concentrations of Fe”* solutions at pH 2 were characterized by DR-UV-Vis. Figure 4.18
shows the DR-UV-Vis spectra of curcumin-loaded zein fiber mats after immersing for 3
hours in different concentrations of Fe’™ at pH 2. The new absorption band of
curcumin-Fe”* complex at the region of 620-660 nm was found. This was significantly
different from the absorption band of curcumin fiber mat in DI water. The result

agreed with the report of Tcnnesen et al [104].
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Figure 4.18 DR-UV-Vis spectra of curcumin-loaded zein fiber mats after immersing for

3 hours in different concentrations of Fe”* at pH 2
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4.4.5 Analysis of Real Water Samples

In Thailand, the amount of iron in water is prescribed by the Pollution
Control Department. The maximum acceptable concentration and maximum
allowable concentration of iron for potable water are 0.5 and 1.0 mg/L, respectively

[105].

In term of colorimetric detection, the curcumin-loaded zein fiber mat can be
easily used to analyze qualitatively and quantitatively by comparing with a
calibration color chart. The photographs of the curcumin-loaded zein fiber mat after
immersing in real water samples and the color calibration chart were shown in Figure
4.19. For comparative purpose, all concentrations of Fe”™ in solutions were
determined using the inductively coupled plasma-optical emission spectrometer
(ICP-OES). For five different real water samples, the curcumin-loaded zein fiber mat
was tested. When dipping into all non-spiked real samples, the color of the
curcumin-loaded zein fiber mats did not change. This implies that the concentration
of Fe”" in all non-spiked real sample was below 0.4 mg/L as the LOD of the
proposed naked eye method. From the results determined by ICP-OES, the Fe
concentrations of all non-spiked real samples are in the range of 0.07-0.09 mg/L. For
spiked real samples at 0.5, 1.0 and 5.0 mg/L, the degree of brown color of the
curcumin-loaded zein fiber mat increased in accordance with the color calibration
chart. The present naked-eye detection on curcumin-loaded zein fiber mat produced

a satisfied accuracy comparing with ICP-OES result as the reference method [106].

In conclusion, the proposed procedure can be used for iron(lll) ions sensing in

potable water and surface water samples.
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The values indicated on the concentration of Fe determined by ICP-OES.

Figure 4.19 Photographs of the curcumin fiber mat after immersing in real water

samples (left) and the color calibration chart (right)
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4.5 Electrospun Zein Blending with Difluoroboron Curcumin

In this section, 0.25%wt/wt (difluoroboron curcumin (BF,-CurOH)/zein) fiber
mat was established by electrospinning and amide crosslinking reaction. The
morphology of BF,-CurOH-loaded zein fiber mat was investigated by scanning
electron microscopy (SEM). The functional groups of BF ,-CurOH-loaded zein fiber mat
were characterized by Fourier transform infrared spectroscopy (FT-IR). The diffuse
reflectance of BF,-CurOH-loaded zein fiber mat was characterized by diffuse
reflectance ultraviolet-visible spectroscopy (DR-UV-Vis). Finally, the applicability of

ammonia sensing was investigated.

4.5.1 Morphology of BF,-CurOH-loaded Zein Fiber Mat

The morphology of difluoroboron curcumin (BF,-CurOH)-loaded zein fiber mat
was investigated by scanning electron microscopy (SEM). The SEM images of BF,-
CurOH-loaded zein fiber mat before and after immersing in DI water were presented
in Figure 4.20. Before immersing in DI water, the morphology of dry BF,-CurOH-loaded
zein fiber mat presented smooth and straight fibers. The average diameter of dry BF,-
CurOH-loaded zein fiber mat was 429+89 nm (mean+S.D., n=30). After immersing in
DI water, the morphology of wet BF,-CurOH fiber mat exhibited swelling with
maintaining their fibrous networks. The average diameter of wet BF,-CurOH-loaded
zein fiber mat increased to 840+174 nm (mean+S.D., n=30). This result indicated that
the fiber mat was fully crosslinked [9, 67]. Moreover, the BF,-CurOH-loaded curcumin
fiber mat preserved orange color on zein mat after immersing in DI water. It indicated
that BF,-CurOH could be efficiently retained in the zein fiber mat. This retaining
action can be attributed to the H-bonding intermolecular force between the

polypeptide chains of zein and the hydroxyl groups of BF,-CurOH.
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Figure 4.20 SEM images (5,000x magnification) of (a) dry and (b) wet difluoroboron
curcumin (BF,-CurOH)-loaded zein fiber mats before and after immersing in DI water
at room temperature for 3 hours. Inset: SEM image (750x magnification) and the

photograph of BF,-CurOH-loaded zein fiber mats (upper right corner)

4.5.2 FT-IR Characterization of BF,-CurOH-loaded Zein Fiber Mat

The difluoroboron curcumin (BF,-CurOH)-loaded zein fiber mat was
characterized by FT-IR. The IR spectrum of BF,-CurOH-loaded zein fiber mat was
shown in Figure 4.21. The absorption bands of zein unit and difluoroboron curcumin
were investigated. For the zein unit, the characteristic bands of BF,-CurOH-loaded
zein fiber mat were observed at 1515 (m-s) cm’ assigned to N-H bending band of
amide Il group, 1645 (s) cm’ assigned to C=0 stretching band of amide | group and
3286 (m, broad) and 3057 (w) cm’ assigned to N-H stretching band of secondary
amide group. For the difluoroboron curcumin unit, the characteristic bands of BF,-
CurOH-loaded zein fiber mat were not observed. This supposed reason is due to a
low amount of BF,-CurOH blending with zein solution at 0.25%wt/wt (BF,-
CurOH/zein). Nevertheless, the BF,-CurOH-loaded zein fiber mat has orange color of

BF,-CurOH.
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Figure 4.21 FT-IR spectrum of difluoroboron curcumin (BF,-CurOH)-loaded zein fiber

mat

4.5.3 DR-UV-Vis Characterization of BF,-CurOH-loaded Zein Fiber Mat

The difluoroboron curcumin (BF,-CurOH)-loaded zein fiber mat was
characterized by DR-UV-Vis. The DR-UV-Vis spectrum of BF,-CurOH-loaded zein fiber
mat was shown in Figure 4.22. The absorption band of BF,-CurOH-loaded zein fiber
mat was found at the region of 425 to 600 nm. This agreed with the absorption
bands of difluoroboron curcumin powder (red powder) [4, 90]. In Figure 4.23, the
absorption band of BF,-CurOH powder was found at the region of 525 to 600 nm. In
addition, the absorption band of zein fiber mat was not found as shown in Figure
4.24. This result implied that the blending of BF,-CurOH with zein fiber mat was

achieved.
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Figure 4.22 DR-UV-Vis spectrum of difluoroboron curcumin (BF,-CurOH)-loaded zein
fiber mat (Inset shows the photograph of BF,-CurOH-loaded zein fiber mat.)
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Figure 4.23 DRUV-Vis spectrum of difluoroboron curcumin (BF ,-CurOH) powder (Inset
shows the photograph of BF,-CurOH powder.)
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Figure 4.24 DR-UV-Vis spectrum of zein fiber mat (Inset shows the photograph of zein
fiber mat.)

4.5.4 Applicability of Borax Sensing

BF,-CurOH could be changed its molecular structure by strongly basic anions
since the deprotonation occurred at its hydroxyl groups [4, 90]. B4O727 solution was a
basic anion with a low acid dissociation constant (pKa = 9.23) that may be abstract
protons from the hydroxyl groups in BF,-CurOH resulting in the change of BF,-CurOH

color by disturbance of the pi-conjugate system.

Regarding the study of influence of pH, 100 meg/L of 840727 solution and DI
water as free B4O72_ sample were prepared in the pH range of 7 to 10. The
photographs of difluoroboron curcumin (BF,-CurOH)-loaded zein fiber mat after
immersing into DI water and B4O727 solution at different pHs were shown in Figure
4.25. At pH 10, the color of BF,-CurOH-loaded zein fiber mat changed upon the
presence of B4O72_ while absented of B4O72_ the color did not change. However, it
was unfortunate that the BF,-CurOH-loaded zein fiber mat could not maintain its

fiber morphology at pH 9-10. It became distorted and exploded on fiber morphology,
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probably due to zein protein denaturation under high basic conditions. However,

these phenomena might be useful to apply in basic gas sensing.

DI water

100 mg/L B,O;

Figure 4.25 Photographs of difluoroboron curcumin (BF ,-CurOH)-loaded zein fiber
mat immersed in DI water and 84072_ solution at different pHs (sample volume =1

mL, time = 3 hours)

4.5.5 Applicability of Ammonia Sensing

Ammonia is the most attractive of basic gas sensing. It is colorless toxic gas
that causes damage to health and environment. Ammonia was enormously
produced in many applications such as fertilizers, refrigerant chemical and urine from
humans and animals [107, 108]. The maximum allowable concentration of ammonia
at the working place for 8 hours is 25 ppm (18 mg/m3 of air). This is regulated by the
National Institute for Occupational Safety and Health in U.S. Department of Health

and Human Services.

In term of applicability of ammonia gas sensing, the color changing of BF,-
CurOH-loaded zein fiber mat was investigated by varying the concentration of NH; at

572.4, 1,431 and 2,862 mg/L. The photographs of BF,-CurOH-loaded zein fiber mat
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after being exposed to ammonia gas at different concentrations were shown in Figure
4.26. The color of BF,-CurOH-loaded zein fiber mats changed under presence of
ammonia gas while the one in the air without ammonia gas did not change. One
possible reason for this phenomenon is described by the strong intermolecular
charge transfer (ICT) process [4, 90, 109]. BF,-CurOH contains methoxy phenol as
electron donor parts at both conjugated pi-system and difluoroboron enolate as
electron acceptor. In the presence of NHs, BF,-CurOH was assumed to undergo the
deprotonation of hydroxyl groups by NHs;. The negative charges could delocalize
through pi-conjugated bond to acceptor unit resulting in a strong pi-delocalization.
The color change of BF,-CurOH was occurred. The intermolecular charge transfer
(ICT) process of BF,-CurOH + NH; was shown in Scheme 4.4. Moreover, the degree of
color change of the BF,-CurOH-loaded zein fiber mat increased proportionally with

the increasing concentration of ammonia gas, from orange to dark-green.

In conclusion, the result demonstrated that this method can be applied for

ammonia gas sensing by the naked-eye.

Ammonia (mg/L)

Air 572.4 1,431 2,862

Figure 4.26 The photographs of BF,-CurOH fiber mat after exposing to ammonia gas

at different concentrations (time = 30 min, in a boiling water bath)
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4.6 Electrospun Zein Blending with 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F)

In this section, 0.1%wt/wt (3,5-di(d-ethynyl-N,N-dimethylanily)-2-hydroxybenz-
aldehyde (F3)/zein) fiber mat was fabricated by electrospinning and then crosslinking
reaction. The morphology of Fs-loaded zein fiber mat was investigated by scanning
electron microscopy (SEM). The functional groups of Fi-loaded zein fiber mat were
characterized by Fourier transform infrared spectroscopy (FT-IR). The diffuse
reflectance of Fi-loaded zein fiber mat was recorded by diffuse reflectance
ultraviolet-visible spectroscopy (DR-UV-Vis). In addition, the naked-eye sensing for

iron(lll) ions were examined and real water samples were tested.

4.6.1 Morphology of F;-loaded Zein Fiber Mat

The morphology of Fs-loaded zein fiber mat was investigated by scanning
electron microscopy (SEM). The SEM images of Fi-loaded zein fiber mat before and
after immersing in DI water were shown in Figure 4.27. The morphology of dry Fs-
loaded zein fiber mat show fine fibers without node. It exhibited swelling and
maintaining their fibrous networks after immersing in DI water. The average diameter
of dry and wet Fsi-loaded zein fiber mat were 394+65 nm and 559+197 nm

(mean+S.D., n=30), respectively.



Figure 4.27 SEM images (5,000x magnification) of (a) dry and (b) wet 3,5-di(4-ethynyl-

N,N-dimethylanily)-2-hydroxybenzaldehyde (F;)-loaded zein fiber mats before and
after immersing in DI water at room temperature for 3 hours (Inset: SEM image (750x

magnification))

4.6.2 FT-IR Characterization of Fs-loaded Zein Fiber Mat

The Fs-loaded zein fiber mat was characterized by FT-IR. The IR spectrum of
Fs-loaded zein fiber mat was shown in Figure 4.28. The absorption bands of zein and
F; unit were investigated. For the zein unit, the characteristic bands of curcumin-
loaded zein fiber mat were observed at 1515 (m-s) cm_ for N-H bending of amide |I
group, 1645 (s) e’ for C=0 stretching of amide | group and 3286 (m, broad) and
3057 (w) cm’ for N-H stretching of secondary amide group. For the F5; unit, the
characteristic bands of Fs;-loaded zein fiber mat were not found because of low

amount of F5 loaded in zein fiber mat, 0.1%wt/wt (Fs/zein).
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Figure 4.28 FT-IR spectrum of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F3)-loaded zein fiber mat

4.6.3 DR-UV-Vis Characterization of Fs;-loaded Zein Fiber Mat

The Fs-loaded zein fiber mat was characterized by DR-UV-Vis. The DR-UV-Vis
spectrum of Fs-loaded zein fiber mat was shown in Figure 4.29. The absorption bands
of Fs-loaded zein fiber mat were found at 279 and 326 nm. Khumsri et al [91] and
Niamnont et al [5] were reported that F; in 90% DMSO/10 mM HEPES buffer pH 7.4

showed two absorption bands at 335 and 385 nm.

Normally, F5 is a weak fluorescence synthetic dye. Fs-loaded zein fiber mat
was observed by eyes under 20W black light lamp and comparison with zein fiber
mat. The photographs of zein fiber mats and Fi-loaded zein fiber mat were shown in
Figure 4.30. The Fs-loaded zein fiber mat presented as weak green fluorescence

while zein fiber mat showed as non-fluoescence.

In conclusion, this result can be indicated that the incorporating of F; into the

zein fiber mat was created.
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Figure 4.29 DR-UV-Vis spectrum of 3,5-di(4-ethynyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (Fs)-loaded zein fiber mat

Figure 4.30 The photographs of (a) zein fiber mat and (b) 3,5-di(4-ethynyl-N,N-
dimethylanily)-2-hydroxybenzaldehyde (F;)-loaded zein fiber mat under fluorescent
lamp (Top) and 20W black light lamp (bottom)
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4.6.4 Naked-eye Sensing for Iron(lll) lons

The Fs-loaded zein fiber mat was examined as fluorescent sensor for iron(lll)
ions sensing. It was observed under 20W black light lamp. For obtaining quantitative
data, the mean gray value and its standard deviation (n=3) was evaluated from the
photograph of Fi-loaded zein fiber mat using image J software. The mean gray value

decreased inversely proportionally with the increasing shade color to dark [20].

Regarding the study of influence of pH, 10 and 100 mg/L of Fe”" solution
were prepared at pH 1, 2, 3, 4 and 5. The mean color intensity at various pH values
was presented in Figure 4.31. It was found that the most sensitive color change was
observed at pH 2. The shade colors of Fs-loaded zein fiber mat was changed from
weak green fluorescence to dark in the presence of Fe>" as shown in Figure 4.32. The
reason for this phenomenon is explained by occurred quenching with Fe”. This
agreed with the results published by Ye et al [110]. In the absence of Fe3+, Fs
displays weak fluorescence. It contains diphenylacetylene as fluorogenic units which
have many conjugated systems. Upon excitation with light, the emission of radiation
occurs. On the other hand, the fluorescence intensity of F; was reduced into dark
upon increasing the concentration of Fe”". This quenching may be due to the
formation of coordination complexes between Fe” ions and oxygen atom on
salicylaldehyde groups. It inhibited the emission properties. The proposed quenching
mechanism of F; + Fe”" was shown in Scheme 4.5. For 100 me/L of Fe”" solution at
the pH range of 3 to 5, the mean color intensity of Fs-loaded zein fiber mat did not
decrease because Fe’~ was precipitated. Therefore, pH 2 was chosen in this

experiment.
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Figure 4.31 The mean color intensity at various pH values (sample volume = 1 mL, 3

hours, under 20 W black light)

hydroxybenzaldehyde (F3)-loaded zein fiber mats immersed in DI water and Fe™*

DI water
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Figure 4.32 Photographs of 3,5-di(d-ethynyl-N,N-dimethylanily)-2-

solution at pH 2 (sample volume = 1 mL, 3 hours, under 20 W black light)
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Scheme 4.5 The proposed quenching mechanism of F3 + Fe’

Concerning the study of effect of interferences, 17 metal ions (Ag+, A55+, Ba2+,
Ca cd”, ot ol Fe”t He T, K, MnY, Nat N b, Zn” and Mg of 200
UM were prepared at pH 2. The photographs of Fs-loaded zein fiber mats after
immersing into various metal ion solutions were shown in Figure 4.33. It was found
that the color of the Fsi-loaded zein fiber mat was significantly changed to dark only
after dipping into the solution of Fe”". For the solution of other metal ions, the color
of the Fs-loaded zein fiber mat remained the same as the blank test using only DI

water, the fiber mat exhibited weak green fluorescence. It implied that the
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fluorescence was quenched by Fe”". Aydin et al. and Buss et al. reported that
salicylaldehyde group showed strong affinity to Fe”* [111, 112]. In addition, the mean
color intensity with various metal ion solutions was evaluated by image J software as
shown in Figure 4.34. The mean gray value significantly dropped only in the presence
of Fe’" Therefore, Fs-loaded zein fiber mats colorimetrically responsed selectively to

3+
Fe .

Figure 4.33 Photographs of F; fiber mats after immersing into various solutions

(concentration = 200 uM, pH = 2, sample volume = 1 mL, 3 hours, under 20 W black
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Figure 4.34 The mean color intensity with various metal ion solutions (concentration

=200 pM, pH = 2, sample volume = 1 mL, 3 hours, under 20 W black light)
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For the qualitative analysis, the color change of Fi-loaded zein fiber mat was
investigated by varying the concentration of Fe” from 0-500 mg/L. The photographs
of the Fs;-loaded zein fiber mats after immersing into solutions at different
concentrations were shown in Figure 4.35. It was found that the color change of the
F; fiber mat was observed at the concentration of Fe”* equal to or greater than 10
mg/L. For the concentration Fe”" below 10 me/L, the color of Fs-loaded zein fiber
mats was not significantly changed. The stable color change of Fs-loaded zein fiber

mats was observed at 3 hours.

For the quantitative analysis, the mean color intensity with various
concentration of Fe”" was shown in Ficure 4.36. The result showed that the mean
color intensity decreased with increasing concentration of Fe” . In addition, the mean
color intensity and concentrations of Fe” in the range of 20-50 mg/L was plotted in
Figure 4.37. This graph acting as the calibration graph for Fe”* sensing was linear with
a coefficient of determination (Rz) of 0.989 and the linear equation of y = -1.69x +

113.84.

DI water 0.6 8 10 20 30 40 50 60 mg/L Fe’*
70 80 90 100 200 300 400 500 mg/L Fe™*

Figure 4.35 The photographs of the Fs-loaded zein fiber mats after immersing into
solutions at different concentration (pH = 2, sample volume = 1 mL, 3 hours, under

20 W black light)
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Figure 4.36 The mean color intensity and concentration of Fe”" in various

concentrations (pH = 2, sample volume = 1 mL, 3 hours, under 20 W black light)
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Figure 4.37 The calibration graph for Fe’" sensing (pH = 2, sample volume = 1 mL, 3

hours, under 20 W black light)
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4.6.5 Analysis of Real Water Samples

The high concentration of iron was focused to analyze for some application
such as ground water, mine wastewater and industrial wastewater. The applicability
of the proposed method was evaluated by determination of Fe”" in three real water
samples including ground water, pond water and tap water. The comparative results
of Fe(lll) ion concentration determined by the naked-eye, Image J software and
inductively coupled plasma-optical emission spectrometer (ICP-OES) as shown in

Figure 4.38. The concentration of Fe”" was verified by ICP-OES [106].

For qualitative test, the color change of Fs-loaded zein fiber mat can be easily
used to analyze qualitatively by comparing with a calibration color chart. The
calibration color chart was shown in Figure 4.35. It was found that the color of Fs-
loaded zein fiber mat did not change when dipping into all non-spiked real samples.
It indicates that the concentration of Fe’" in all non-spiked real water samples was
below 10 mg/L as the LOD of the proposed naked eye method. From the results
determined by ICP-OES, the Fe concentrations of all non-spiked real water samples
are in the range of 0.12-0.31 mg/L. In addition, the shade color of the Fs-loaded zein
fiber mat increased to dark for spiked real samples. These imply that the

concentration of Fe”" in all spiked real water sample was equal or upper 10 mg/L.

For quantitative test, the mean color intensity of F; fiber mat can be used to
analyze quantitatively using the calibration graph for Fe* sensing. The calibration
graph for Fe3+ sensing was shown in Figure 4.37. The linear equation is 'y = -1.69x +
113.84 in the range of 20-50 mg/L Fe”" solution. The fiber mats of spiked real water
samples were determined by image J software. It was found that the result from
image J software detection produced moderately accuracy comparing with the result
from ICP-OES. The reason may be suggested that some species in real sample waters
could have reaction with Fs;-loaded zein fiber. The mean color intensity was

decreased.



Real samples [Fe3+], ppm
Naked-eye Image J ICP-OES
Ground water <10 . n.d. 0.31 + 0.02
Pond water <10 . n.d. 0.13 £ 0.03
Tap water <10 . n.d. 0.12 £ 0.00
Ground water >10 . 39.8+7.0 289 +0.3
Pond water >10 . 323 +49 288 0.5
Tap water >10 . 37.8 £ 3.7 28.8 + 0.5
Ground water >10 . n.d. 64.0 + 0.04
Pond water >10 . n.d. 61.66 + 1.8
Tap water >10 - n.d. 60.0 £ 2.3

Condition: pH = 2, sample volume = 1 mL, 3 hours, under 20 W black light

The values indicated on the concentration of Fe determinied by ICP-OES.

Figure 4.38 The comparative results of Fe(lll) ion concentration determined by

naked-eye, Image J software and ICP-OES
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4.7 Comparison of Fiber Mat and Film Sensing Efficiency

5%wt/wt (curcumin/zein) of curcumin-loaded zein film was prepared by hand
casting. The morphology of curcumin-loaded zein film and zein film were
investigated by scanning electron microscopy (SEM). The SEM images of curcumin
film and zein film before and after immersing in DI water were shown in Figure 4.39.
The morphology of dry film exhibits flat form. After immersing in DI water, the

morphology of wet film showed rough form with low porosity.

For comparison of fiber mat and film sensing efficiency, 5%wt/wt
(curcumin/zein) of curcumin-loaded zein film and 5%wt/wt (curcumin/zein) of
curcumin-loaded zein fiber mat were tested into 10 mg/L of Fe” solution at pH 2 for
3 hours. The photographs of curcumin-loaded zein film and curcumin-loaded zein
fiber mat after immersing into 10 me/L of Fe”" solution were shown in Figure 4.40. It
was found that the color of curcumin-loaded zein fiber mat was significantly changed
from yellow to dark brown while the color of curcumin-loaded zein film was slightly
change from yellow to light brown after immersing into 10 mg/L of Fe”"solution for 3
hours. In addition, the degree of color change of curcumin-loaded zein film increased
from yellow to dark brown after immersing in 10 mg/L of Fe”" in solution for 24
hours. The photographs of curcumin film after immersing in 10 mg/L of Fe”" solution
for 24 hours was shown in Figure 4.41. The result indicates that the film takes time
longer than fiber mat for sensing. The reason for this phenomenon is explained by
the surface area of material that is generally a factor on reaction rate. The rate of

reaction increases with increasing the surface area.

In conclusion, the fiber mat sensing efficiency was higher than the cast film.
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Figure 4.39 SEM images (5,000x magnification) of (a) dry and (b) wet curcumin-loaded
zein film (c) dry and (d) wet zein film before and after immersing in DI water at room

temperature for 3 hours (Inset: the photographs of films (upper right corner))
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Figure 4.40 The photographs of curcumin-loaded zein (a) fiber mat and (b) film
before (top) and after (bottom) immersed into 10 mg/L of Fe” solution (sample

volume = 3 mL, time = 3 hours, room temperature)

Figure 4.41 The photographs of curcumin-loaded zein film before (a) and after (b)
immersed in 10 mg/L of Fe”* solution for 24 hours (sample volume = 3 mL, room

temperature).



CHAPTER V
CONCLUSION AND SUGGESTIONS

5.1 Conclusion

Difluoroboron curcumin (BF,-CurOH) was synthesized from curcumin and
borontrifluoride  diethyletherate.  3,5-Di(d-ethyl-N,N-dimethylanily)-2-hydroxyben-
zaldehyde (F3;) was synthesized from 2-hydroxybenzaldehyde and 4-ethynyl-N,N-
dimethylaniline. Curcumin, BF,-CurOH and F; were applied as coloring agents. All
coloring agents were characterized by Fourier transform infrared spectroscopy (FT-IR)
and nuclear magnetic resonance spectroscopy (NMR). The results from all
characterization techniques could evidently confirm the structures of the coloring

agents.

The zein blending with coloring agents (curcumin, BF,-CurOH and Fs) fiber
mats was fabricated by electrospinning and amide crosslinking. All fiber mats were
characterized by scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FT-IR) and diffuse reflectance ultraviolet-visible spectroscopy (DRUV-
Vis). After that, fiber mats sensing ability were investigated by naked-eye.

From preliminary study, the amount of coloring agent on zein fiber mats for
analysis of ions was investigated. It was found that the optimum coloring agent
loading for analysis of ions could be achieved at 5%wt/wt (curcumin/zein) of
curcumin-loaded zein fiber mat, 0.25%wt/wt (BF,-CurOH/zein) of BF,-loaded zein
fiber mat and 0.1%wt/wt (Fs/zein) of Fs-loaded zein fiber mat.

For an electrospun zein blending with curcumin fiber mat, the SEM image
showed satisfactory non-woven fiber mat with an average diameter of 586+131 nm.
The DR-UV-Vis spectrum showed the maximum absorption band at 424 nm. The
concentration of Fe” solution was determined by naked-eye detection after dipping
fiber mat into the solution. The color of fiber mat changed from yellow to brown in
the presence of Fe3+. The effect of pH and interfering metal ions (Ag+, A55+, Ba2+, Ca2+,

2+ 2+ 3+

Cd, Co, Cr, Cu2+, Fe2+, Hg2+, K+, Mn2+, Na+, Ni2+, Pb2+, zn”" and I\/\g2+) were
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investigated. It was found that the optimal sensing condition was at pH 2 without any
significant interfering ions. The intensity of color change increased in agreement with
the increasing concentration of Fe”". Its optical detection limit was 0.4 mg/L. This
method could be practically used for analysis of Fe” in potable water samples with
a good accuracy comparing with the reference method by inductive coupled plasma

optical emission spectrometry (ICP-OES).

For an electrospun zein blending with difluoroboron curcumin (BF,-CurOH)
fiber mat, the SEM image showed fiber network before and after immersing in DI
water with an average diameter of 429+89 nm and 840+174 nm, respectively. The
DR-UV-Vis spectrum showed the absorption band at the region of 425 to 600 nm.
The 84072_ solution in the pH range 7 to 10 was determined by naked-eye detection
after dipping fiber mat into the solution. The color of fiber mat changed from orange
to green in the presence of B4O72-. Unfortunately, the fiber mat could not maintain
fiber morphology. It became distorted and exploded on fiber morphology. The
applicability for ammonia gas sensing was examined. It was found that the color of
fiber mat changed from orange to green as a result of intermolecular charge transfer
(ICT) process. The intensity of changing color increased in accordance with the
increasing concentration of NH;. The result implied that this method can be used for

ammonia sensing by naked-eye.

For an electrospun zein blending with 3,5-di(4-ethyl-N,N-dimethylanily)-2-
hydroxybenzaldehyde (F;) fiber mat, the average diameter of fibers mat was 394+65
nm. The DR-UV-Vis spectrum showed the absorption band at 279 and 326 nm. The
shade colors of fiber mat changed from weak green fluorescence to dark in the
presence of Fe”". The effect of solution pH and co-existing metal ions (Ag+, A55+, Ba2+,
Ca2+, Cd2+, C02+, Cr3+, Cu2+, Fe2+, Hg2+, K+, !\/\n2+, Na+, Ni2+, Pb2+, Zn2+ and Mg2+) were
examined. It was found that the optimal sensing condition was at pH 2 without
significant effect of interfering ions. The visual detection limit was 10 mg/L. For
quantitative detection, the mean gray value was evaluated from the photograph of
fiber mat using image J software. It was found that the graph between the mean gray

value and the concentration of Fe’' in the range of 20-50 mg/L was linear with a
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coefficient of determination (R°) of 0.989. The fiber mat via image J software
detection was applied to the determination of concentration Fe™ in potable water,
surface water and ground water samples with moderately accuracy comparing with

the result from ICP-OES detection.

In addition, the fiber mat efficiency was compared with the cast film.
5%wt/wt (curcumin/zein) fiber mat and film were observed after immersing in 10
me/L of Fe”" solution at pH 2. It was found that the film took time longer than the
fiber mat for Fe”" sensing. Therefore, the fiber mat sensing efficiency was higher than

the film.

In conclusion, the simple coloring agent-loaded zein fiber mats for analysis of
ions as new optical sensors were successfully established by electrospinning and
followed amide crosslinking using citric acid as a non-toxic crosslinker. This technique

is easy to use, low cost and fall in environmental friendly technique.

5.2 Suggestions for Future Work

For an electrospun zein blending with difluoroboron curcumin (BF ,-CurOH), a
suitable method for ammonia gas sensing should be further studied in a flow gas
system. Moreover, it is well known that an electrospun coloring agent-loaded zein
fiber mat as a colorimetric sensor is easily developed. The natural coloring agent can
be applied for many external stimuli sensing such as chemicals, pH, temperature,

humidity.
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