a N O
T R F

ILIURULFNL IO

Tas9n1s

& A 0 (Y (W
Qﬂﬂi’)ﬁ)ﬁza’]ﬂﬁﬂﬂLﬂﬂi@&%ﬁ’]%iﬂﬂ’]i@l%")ﬁ)%ﬂ&ﬂ

A v a 6 A ~
ﬁ'l{l%ﬁd LL’)G\RE]&Jﬂ']ﬂﬁ%’]&JiJ%I‘VI%’ﬁW‘HLﬂaa%‘n

Tog Sa9A1dm319158 ﬂ‘i.a"ldﬂ(%iﬁ’]

<
LNBED 2562 Lﬂ‘iﬁ]‘[ﬂix‘l n3



Fyatanfi RSA6080036

s ﬂaﬂ%aﬁ'uaadyszﬁ

Tas9n1s

¢ A o Y W
‘.’lgﬂ@li’)%ﬁga’]ﬂ%'\ﬂLﬂﬂi@&%ﬁ’]ﬁiﬂﬂﬁi@l‘i']ﬁ)']ﬂwa

A U o 6 A ~
ﬁ’]ﬁ"[,%ﬁ\‘i LL'JﬂﬁE]Nﬂ’]ﬂﬁ%’]&JiJ%IﬂiﬁW‘n LAY W

QLA o
138

Qql

S 6 o = A' -7
3A.73.271798 A" AN Alladuaz§iuIna o
NRINYIRYFIVRIWBAIWNS
A (~4
MLNBANLNA
aﬁuawg%‘[ﬂﬂ

&9 N919N aan%aﬁuawumﬁﬁ' 2
AN ALHLATLRZHIULINR DN

a Y a a (1
NHBIIN maﬂawmumuwf M El'll,‘?.l(ﬂﬂlﬂ@l

(anurnlunsnuaduiiduresdids an. dndudesdudroianaly)



naanssyudsznd

Tasan1333u1309 q@mmazm@mﬂma%gﬁuz%m%’um‘miwi’@wamﬂuﬁaumé“au
mMaswaunlnsanrinfaud sansnduiiunsduiagdslasnssiuayuvesdiinnunamu
GUSTEVSI R o] uazanizinaluladuazfounadon smiInsnsasrauaIun envaniia

20UaUAMHTIBITIUWTITRAT YIMUUAT W1F1IATEF WA TTal w9an393
NINM@ARLAZWNENIUONE 815309 fnilarisansaszazinnisevaslassnaisil

V0UDUYUHTILANFATIANTS A3.299N NﬁﬁﬁﬁﬂqaﬁﬁaUmﬁamsaﬁﬂiwwamﬁ?ﬁ'ﬂ
LAZTIHATIVUA DA URLUNAIIHITE

mamauqmﬁwﬁ’]ﬁuazqﬂmmmaoﬂmzmquIaﬁLLazﬁ'ommTammz?wmmglﬁmnﬂ
vuiitiedmisanaszainlumsrhewissraslasinsised lagianzednds WHRIITUD
QYIUANA WazUIIEIIATaNN LagIud ﬁlﬁmmmUmﬁaL’%iaamﬂﬁmhm'ﬁunu?ﬁ'ﬂLLa:mi

guiinn1IiIaganany

[~3 a

mamauqmﬂmszﬂIuIaﬁLLazﬁaLL’ma”a:u URIINLIFURITAIUATUNT IN BIANLNAT]

appnaliltinamlunmsiidbuazidailaanunyiiids unsmivayuiag aunsaifidudu

A 6 o
2138 g@ﬂ

WIRlATINI9Y



Abstract

Project Title: Curcumin-based green colorimetric sensor for on-site and on-mobile

detection of environmental pollutants

Investigator: Assoc. Prof. Dr.Aree Choodum
E-mail Address: aree.c@phuket.psu.ac.th; choodum@gmail.com
Project Period: 2 years

This project successfully developed colorimetric sensors based on natural polymer and
curcumin for detection of environmental pollutants. The tapioca starch was preliminary applied
as natural substrate to fabricate a phenanthroline-doped film for detection of ferrous in water
sample. This biodegradable thin film was successfully applied in conjunction with digital image
colorimetric method for on-site and on-mobile quantification of ferrous with excellence
performance. Limit of detection was achieved less than the maximum concentration limit of
ferrous in drinking water. The tapioca starch was then used to fabricate a green colorimetric
films for ferrous and boron by doping curcumin nanoparticle (30-90 nm) extracted from turmeric
powder. The film for ferrous was fabricated on wax-coated filter paper as a paper-based
sensor, while the film for boron was fabricated on plastic spoon. Both fiims showed good
characteristic with selective property on such analytes at different pH and they were
successfully applied for surface water and wastewater. Due to the films cost only <0.10 THB,
the sensors (film and substrates, i.e. plastic spoon and waxed filter paper) are then cost
effective (<1.5 THB). A novel starch based cryogel-colorimetric sensor was also developed for
ferric detection by doping curcumin nanoparticle within gel matrice. The macroporous cryogel
showed good characteristic with selective property for ferric at pH 2. This cryogel based sensor
was fabricated without any substrate making it was cheaper than others (~0.5 THB). Therefore,
three green and one biodegradable colorimetric sensors were developed in this work. They
were successfully applied for on-site environmental pollutant detection in conjunction with an
on-mobile digital image colorimetry. All sensors have a potential to be further developed as a
prototype for commercial. However, standard color chart was recommended for semi-

quantitative analysis rather than smartphone application as it is easier.

Keywords: Curcumin; Environmental pollutant; Green sensor; On-site sensor
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Iron is an important trace element in environmental and biological systems, the development of simple and se-
lective methods for the determination of iron is important. In this work, completely biodegradable tapioca starch
was introduced as the substrate to entrap standard chromogenic probes (1,10-phenanthroline) for fabrication of
a novel colorimetric sensor for ferrous. A clear plasticized thin film from tapioca starch was fabricated inside a
small plastic tube as a portable test kit. A red complex was obtained by exposing the film to a ferrous solution,
while no color changes were obtained with various other ions, indicating excellent selectivity. The developed

Keywords: e ! : . e . . .
Iron sensing films were applied in conjunction with a digital image colorimetry for quantification of ferrous. Calculated molec-
Tapioca film ular absorption of the red complex showed the widest linear range (0 to 10 mg L™") with good linearity (R? <

0.9934) with ferrous concentrations. The developed method provided good inter-day precision (1.75 to 3.97%
RSD, 5 days 15 sensors), good accuracy (+2.35% to +4.57% relative error), and low detection limit (0.09 £
0.01 mg L™ "). The concentrations of ferrous ion in soil and water samples quantified by the developed method
were not significantly different from atomic absorption spectrophotometry at 95% confidence level. The films

Phenanthroline film
Digital image colorimetry
iPhone

were stable for at least three months.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Iron (Fe) is an important trace element in environmental and biolog-
ical systems. Although iron is a naturally occurring element, commonly
present in rock and soil, large concentrations of reduced iron (Fe?™) in
solution may be toxic to plants [1]. Iron is also an essential transition
metal involved in various human metabolic pathways, e.g. the oxygen-
transport mechanism and acting as a cofactor. Iron deficiency may
cause loss of motor skills [2], while deposition of it in the central ner-
vous system is involved in a number of diseases [3,4]. Ferrous iron
also causes the formation of hydroxyl radicals [5], contributing to lipid
peroxidation [6], and DNA damage [7]. Therefore, the development of
simple and selective methods for the determination of iron has received
particular attention.

Recently, a number of chemosensors have been developed for the
detection of iron [8-20] to overcome the disadvantages of conventional
instrumental methods, such as cumbersome and expensive optical
equipment, complicated operating procedures, and tedious pre-
treatment of samples. Various selective reagents have been reported
for the detection of ferric ions, e.g. curcumin [15], D-penicillamine-

* Corresponding author.
E-mail address: aree.c@phuket.psu.ac.th (A. Choodum).

https://doi.org/10.1016/j.saa.2018.09.062
1386-1425/© 2018 Elsevier B.V. All rights reserved.

functionalized graphene quantum dots [19], alcohol-soluble poly(9-
fluorenecarboxylic acid) [20], triazole [17], rhodamine G [21]; as well
as for ferrous ions, e.g. phenanthroline and bathophenanthroline
[12,22], 2-(2’-pyridyl)imidazole [13], ferrozine [22], and ferene S [22].
These selective reagents may be trapped within filter paper to fabricate
selective test strips [23], while polymer materials have also been re-
ported as substrates to entrap and avoid leakage of these selective re-
agents, e.g. electrospun nanofiber [13], and hydrogel [12,21]. These
materials, e.g. poly-vinylbenzene chloride used to fabricate nanofiber
[13], are synthetic polymers and may be toxic to the environment due
to resisting degradation. The organic solvents commonly used to dis-
solve such materials, e.g. dimethylformamide and tetrahydrofuran
[13], are also toxic. The use of biodegradable natural polymers as sub-
strate in fabrication of selective iron sensors could overcome this
drawback.

Recently, natural polymers have been receiving growing attention
due to their inherent biodegradability [24]. Starch is the most abundant
polysaccharide in plants, and is composed of two homopolymers of p-
glucose, amylose and amylopectin [24-26]. Due to its film-forming
properties and other advantages that include low cost and wide avail-
ability, starch has been widely used to fabricate renewable and biode-
gradable films for various applications [24,27]. The ratio of amylose
and amylopectin influences mechanical properties of the starch films,
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and amylose is preferable for good film properties [28]. Due to hydro-
philic nature and brittleness of starch films, plasticizers such as glycerol
may be used [29-31].

In this work, natural biodegradable polymers were used for the first
time as the substrate to fabricate environmentally friendly colorimetric
films for the detection of ferrous ions. The ferrous-selective reagent,
1,10-phenanthroline (phen), was entrapped within biodegradable
films from tapioca starch. The films were then used in conjunction
with digital image analysis, instead of conventional spectrophotometric
measurement, to facilitate on-site detection. Digital image technology is
increasingly used in the quantification of analytes [32-40]. It is based on
analysis of the basic red/green/blue (RGB) color layers in a digital image
of the colorimetric product. The RGB data were calibrated for the quan-
tification of analytes. In this work, the on-site quantification of ferrous
ions employed a common smartphone, which is more convenient and
cost effective than a spectrophotometer.

2. Materials and Methods
2.1. Materials

Ferrous (II) sulfate heptahydrate was purchased from Merck (Darm-
stadt, Germany). Tapioca starch was purchased from a supermarket in

Kathu, Phuket, while glycerol was obtained from Ajax FinechemPty
Ltd. 1,10-Phenanthroline monohydrate was purchased from Fisher

___lid

plastic tube
Hﬁ_‘*—.

thin film

scientific UK Limited (Leicestershire, UK). Ultrapure water (type
I) was obtained from Merck water purification system (Elix Essential 5).

2.2. Preparation of the Phenanthroline-based Tapioca Starch Colorimetric
Films (Phen-film)

The phen-films were prepared by entrapment of phen within thin
films of tapioca starch. Tapioca starch (0.5 g) was dispersed in ultrapure
water (10 mL) before heating on a hotplate (~120 °C) under continuous
stirring until a clear viscous solution was obtained. Glycerol (0.10 mL)
was added with stirring for 3-4 min to obtain a homogenous solution.
After the resultant solution was cooled to room temperature, phen
(0.1 g) was added and stirred for 4-5 min. One hundred microliters of
the mixture was then transferred into a 1.5 mL plastic tube and verti-
cally incubated at 100 °C for 90 min in an oven. After the tube was
cooled to room temperature it was quickly closed to avoid any contam-
ination before storage in a refrigerator prior to further use.

2.3. Preparation of the Acidic Tapioca Starch Thin Films (Acidic-film) for
Sample Preparation

As acidic conditions are required in sample preparation for ferrous
detection, acidic-films were prepared to facilitate on-site use. The
acidic-film was prepared using similar preparation procedure as for
the colorimetric thin films (Section 2.2). Hydrochloric acid (5 mL,
6 M) was used instead of the colorimetric reagent. The mixture

Transmittance [%)]
65 70 85 90 95 100
1 1 I 1
3284.87

60

()
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Fig. 1. (a) The phen-film cast in a small plastic tube, (b) SEM images, and (c) FTIR spectrum of the phen-film.
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20 mgL*!

Fig. 2. Red complexes obtained from testing the phen-films with ferrous standard solution at various concentrations. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

(0.75 mL) was used to fabricate the acidic thin film by placing on the lid
of a 20 mL plastic bottle and incubating at 60 °C for 2 h. The lids were
quickly placed in sealed plastic bags until use. Blank acidic-films were
also fabricated using the same procedure but without hydrochloric acid.

2.4. Characterization of the Phen-film

The morphology of the phen-film was investigated using scanning
electron microscopy (SEM; Quanta400, FEI, Czech Republic), while its
functional groups were studied by Fourier transform infrared spectros-
copy (FTIR) (Equinox55, Bruker, Germany). The FTIR spectra of the films
were investigated from 4000 to 400 cm ™! with a resolution of 4 cm ™!
using KBr pellet method.

2.5. Stability of the Tapioca Starch Films

The phen-films (n = 79) and acidic-films (n = 25) were prepared at
the same time using the same ingredients and similar procedures, to eval-
uate the stability of both films. One acidic-film was used to condition the
ferrous standard solution (10 mg L~!, 10 mL) before testing the

Co* Cu**

conditioned solution with three phen-films to detect ferrous, on the day
of preparation. The remaining sensors (76 phen-films and 24 acidic-
films) were split into two groups and stored in a refrigerator (4 °C, 38
phen-films and 12 acidic-films in separate zip locked plastic bags) and
in the laboratory (ambient conditions at 29 °C). To test stability of the
phen-films, three colorimetric sensors were subsequently removed
from the storage for testing with a ferrous solution that was pre-
conditioned using a freshly prepared acidic-film. This routine was per-
formed each day for one week, and then the testing was done on a weekly
basis for a further 3 weeks, and finally after 2 and 3 months. The stability
of the acidic-films was also investigated using a similar procedure for 1
film at each time but using three freshly prepared colorimetric films.

2.6. Digital Image Colorimetry (DIC) for On-site Quantification of Ferrous

A series of ferrous standard solutions (0.1 to 20 mg L") was freshly
prepared. Each standard solution (10 mL) was conditioned using an
acidic-film before completely filling three plastic tubes (1.5 mL) con-
taining phen-films with shaking. These colorimetric sensors placed
on-site in a custom-built detection box (6.5 x 6.5 x 8.0 in.) for

SO>

Fig. 3. Colorimetric products obtained from testing the phen-films with various ions.
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photography. The resultant color products in three colorimetric sen-
sors were photographed using the digital camera of an iPhone 7.0
(12 MP, backside illuminated CMOS, /1.8 aperture, 1/17 s exposure
time, ISO 50, no flash) for 6 images. Each image was saved as a
JPEG file (4032 x 3024 pixels, 1.33 MB). The average intensities of
the red, green and blue layers were investigated using a custom-
built RGB analysis program [36]. The average RGB values of all 6 im-
ages of the 3 sensor films (18 values in total) were used as a single
data point for each standard concentration to fit calibration curves.

2.7. System Performance and Method Validation

The system performance of the phen-film with DIC for ferrous detec-
tion was investigated. Accuracy of the method is reported as relative
error (%RE) in quantifying control standard solutions of known concen-
tration (2.5 mgL™"). Precision (%RSD) was determined from 6 images of
3 sensors (n = 18). The limit of detection (LOD) was estimated using a
standard method, y;op = yg + 3Sg, Where y; op is the limit of detection,
yg is the y-axis intercept, and Sg is the standard deviation of slope of the
calibration graph [41].

2.8. Analysis of Real Samples
The phen-films were used to determine the amounts of acid soluble

ferrous in 5 soil samples and 6 paddy field water samples. Acidic-films
were used to extract the water soluble ferrous from soil samples and

180
(a)
160 - 2 3
. ¢
140 gQ
3
120 © &
El 0 ORel | o
£ 100 4 OGreen _g
£ 0 ABlue S
g i 2
=3 o
£ 804 ]
= g 3
=
60 - g
i 0 °
40
20
3 &
0 T T T T
0 5 10 15 20 2!
Concentration of Fe (II) (mgL!)
180
(©) .
160
2
140 4 ¢
ve=-(8.920.2)x + (134.5+0.6)
2=
120 | R?2=10.9963
3 3
£ 100 ] i
z 100 =
H] 2
3" 80 g
<
£
60 -
2
=
40 3
-}
OGreen &}
20 4 vg=-(18.0£0.4)x + (134x1)
ABlue R2=10.9963
0 T T T T T
0 1 2 3 4 5 6

Concentration of Fe (II) (mgL)

43

to acidify the water samples. All soil samples were air-dried and ground
(<2 mm particle size). Soil samples (5.0 g) were extracted in plastic bot-
tles (60 mL; containing acidic-film on the lid) filled with ultrapure
water before sonication for 30 min. The supernatant was filtered using
0.45 pm cellulose acetate membrane before completely filling 1.5 mL
plastic tubes containing the phen-film. The amount of ferrous in the
sample was then quantified using the developed DIC method and com-
pared with atomic absorption spectrophotometric method (AAS; Pinna-
cle 900F Series, Perkin Elmer, USA).

3. Results and Discussion
3.1. Preparation and Characterization of the Phen-film

The phen-films were successfully prepared to cover the bottoms of
1.5 mL plastic tubes (Fig. 1a). The sample solution could be directly
added into the tube for in-tube detection. To fabricate the starch film,
the polymer mixture was prepared first. This mixture consisted of
starch solution, plasticizer, and phen as the colorimetric reagent. This
mixture was then cast on the substrate, namely the inner wall of a
small plastic tube, by temperature casting. Due to the preliminary
study showed that tapioca starch provided a clear thin film, while the
glutinous, rice flour, and their composites with various proportions pro-
vided brownish films. The tapioca starch was then selected as a natural
substrate. Parameters affecting on the properties of the phen-film were
systematically optimized. Concentrations of starch (aqueous) solutions
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Fig. 4. (a) Iy, I, and Ig vs. ferrous concentration, (b) Ag, Ag, and Ag vs. ferrous concentration, and linear portions of (c) RGB intensity, and (d) calculated absorbance.
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in the range of 2.5 to 10% w/v were investigated. It was found that the
higher concentration, the longer casting time. The films from 7.5 and
10% tapioca starch solutions showed a brownish thicker film after incu-
bation at 100 °C for 120 min, 5% starch solution was thus chosen. The
optimum amount of plasticizer was studied by varying amount of glyc-
erol from O to 0.5 mL. Although the film was completely casted within
60 min by no addition of glycerol (0 mL), it was very fragile. Glycerol
was then added for 0.1 mL to prevent the film brittleness [42]. The
amounts of phen in polymer mixture (10 mL) were varied from 0.05
to 0.20 g. The colorimetric products by testing ferrous solution with
the film of 0.10, 0.15, and 0.20 g phen were darker than 0.05 g, 0.1 g
phen was thus selected. The use of 10 mL 5% w/v tapioca starch solution
with 0.1 mL glycerol and 0.1 g phen was an appropriate polymer mix-
ture. Casting temperature (80 to 120 °C) and time (30 to 150 min)
were also investigated. It was found that when the mixture (100 pL)
was cured at 100 °C for 90 min, a clear thin film was obtained. Using
these appropriate conditions, phen-films were reproducibly prepared
with 1.4-3.5%RSD from three lots of preparation.

SEM images of the phen-films showed very smooth surfaces indicat-
ing homogenously distributed phen particles within the starch film
(Fig. 1b). The entrapment of phen within the thin film could also be con-
firmed from the absorption peaks at 1562, 1510, and 845 cm ™! in the
FTIR spectrum (Fig. 1c), which are assigned to the vibrations of phen.
The large absorption peaks at 3284 and 2928 cm ™! are assigned to
0—H and CH, symmetrical stretching vibrations in tapioca starch [43].
The C—O vibrations in amylopectin from tapioca were also observed
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from 1150 to 926 cm™!, while the skeletal stretching of starch appeared
at 849 and 761 cm ™! [44,45].

3.2. Colorimetric Test of Ferrous by the Phen-film and its Selectivity

When ferrous solution was added into a small plastic tube contain-
ing phen-film, phen moieties were dissolved out of the tapioca starch
into solution, so a red product was produced within the solution
(Fig. 2). The red complex, [(C12HgN,)sFe >, could be observed with
bare eyes at 1 mg L~ ! of ferrous ion, so this fabricated film had good sen-
sitivity for ferrous ion. When the concentration of ferrous ion was
increased, the darkness of the red complex increased. In contrast,
when the films were tested with various other cations and anions
(~10,000 mg L), namely ferric nitrate, sodium nitrate, calcium
chloride, potassium chloride, chromium (III) chloride, sodium chloride,
sodium fluoride, sodium sulfate, cadmium disulfate, zinc acetate, man-
ganese sulfate, and cobalt (II) nitrate, clear products (no color change)
were observed (Fig. 3). These results indicate that the phen-films pro-
vided excellent selectivity for ferrous solution.

3.3. Quantification of Ferrous Using the Phen-films and DIC

Quantification of ferrous ions using the phen-film was achieved by
coupling with DIC. The red complexes obtained from testing ferrous so-
lutions with the thin film were photographed using iPhone 7.0, and the
images were then analyzed by custom-built RGB analysis program to
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Fig. 5. Zero-calibrated (a) RGB intensities, (b) corresponding absorbances, and linear portion of (c) zero-calibrated RGB intensities, and (d) corresponding absorbances.
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Table 1

Analytical performance of the phenanthroline-based starch film and DIC for the detection of ferrous ions.
Feature from image analysis Sensitivity (a.u. Lmg™") Linear range (mg L™') Linearity LOD? (mg L™1)
Ig 8.9 +0.20 0-5 0.9963 0.35 £ 0.02
Ig 18 4 0.40 0-5 0.9963 0.31 £ 0.02
Ag 0.03 + 0.01 0-10 0.9935 0.25 + 0.01
Ap 0.11 £ 0.01 0-10 0.9934 0.09 + 0.01
[lg-IgBrank! 8.90 + 0.30 0.1-5 0.9976 0.37 £ 0.01
[Ig-IgBlank| 17.9 + 0.60 0.1-5 0.9967 0.40 + 0.01
|A-Acgiank| 0.03 £+ 0.01 0.1-10 0.9937 0.38 + 0.02
|Ap-AgBiank| 0.11 £ 0.01 0.1-10 0.9938 0.16 £ 0.01

¢ yiop =y + 35z [41].

obtain the RGB intensities (I, Ig, Ig). The relationships between RGB
values, which relate to light reflected from the red complexes, and fer-
rous concentrations is shown in Fig. 4a. The digital images had highest
Ir as expected for the red complexes. I seemed to be slightly increased
until 5 mg L™ ferrous ion and to stay constant after that, while I and Ig
decreased. So the red layer response became saturated as more red
complexes were produced, while the green and blue layers still showed
changes.

When the molecular absorbance of the red complexes was calcu-
lated (Ag, Ag, Ag) [35-37], Ag (400-500 nm) and Ag (500-580 nm)
had higher absorbance than Ay (Fig. 4b). These results indicate that
the red complexes absorbed light in the blue and green ranges, while
they reflected red light. This is in good agreement with spectrophoto-
metric results having the maximum absorbance at 510 nm, while
490-510 nm [46], 518 [47] and 525 nm [22] are reported in the litera-
ture. When the concentration of ferrous ion increased, the calculated
absorbance increased. These responses from DIC had linear portions in
their dependences on concentration of ferrous ion, for I and I in the
range from 0 to 5 mg L™!, while the wider linear range from 0 to
10 mg L' was obtained for Ag and Ag (Fig. 4c-d).

The relationships of blank subtracted intensities (|lx-Ixpjank|) and ab-
sorbances (|Ax-Axpiank|) Were also investigated as the color of the
sample may affect the RGB values of the red complex. Both |Ix-Ixpjank|
and |Ax-Axgiank| increased with ferrous concentration (Fig. 5a-b). The |
Ix-Ixgiank] had linear portions from 0.1 to 5.0 mg L™ ! of ferrous ion
(Fig. 5¢), and from 0.1 to 10 mg L™ from |Ax-Axgiank| (Fig. 5d) with
good linearity (R? > 0.9937).

3.4. System Performance and Method Validation

The analytical performance of the phen-film and DIC for quantifica-
tion of ferrous is summarized in Table 1. The I from digital images of red
complex provided the highest 18 4 0.40 a.u. L mg ™" sensitivity. A and
Ag provided the widest linear range (0-10 mg L™!). Ag also provided the
lowest detection limit (0.09 + 0.01 mg L™'), while the other
relationships provided detection limits in the range from 0.16 4 0.01
to 040 + 0.01 mg L. Both A¢ and Ag provided detection limit below
the maximum allowed ferrous concentration in drinking water
(0.3 mg L™!) recommended by WHO [48] and EPA [49]. The intra-day
precision (%RSD) was in the range from 0.28 to 1.75%RSD, while from
1.75 to 3.97%RSD was obtained for 15 films over five days (inter-day
precision). %RE in control samples (2.5 mg L™ ferrous solution) was
+2.35% and + 4.57% for the green and the blue intensities, respectively.

3.5. Analysis of Real Samples

High concentrations of ferrous in the soil may be toxic to plants (iron
toxicity) [1], so the phen-films and DIC were applied to determining fer-
rous in agricultural soil and water samples. Five soil samples were ran-
domly collected around the base of palm oil plants, while 6 water
samples were randomly collected from a paddy field. The acidic-film
was used in sample preparation before colorimetric testing with the
phen-film. The hydrochloric acid entrapped within tapioca starch thin

film could acidify the samples to pH 3.0, which facilitated ferrous ion ex-
traction to solution from soil samples. The extraction was done with hy-
drochloric acid at room temperature [50] using sonication.

Due to the lack of iron-zero soil standard, the sample soil and water
extracts were diluted 100-fold before spiking with a ferrous standard
solution (2.5 mg L™!) to investigate matrix effects. Recoveries in the
range 98.7-99.7% were obtained for the soil samples and 96.2-97.3%
for the water samples, indicating no interference from the sample ma-
trices. The water soluble ferrous was quantified using the phen-film
and DIC (Ig) in the range from 0.68 + 0.19 to 5.10 + 0.60 mg kg ™! for
the soil samples, and from 0.35 + 0.03 to 0.83 & 0.01 mg L™ for
water samples (Table 2). When AAS was applied to the samples, soluble
iron was found in the range from 0.13 & 0.03 t0 5.86 4+ 0.06 mg kg~ ' for
the soil samples and from 0.04 + 0.01 to 0.83 + 0.01 mg L™ for the
water samples. The results from the developed method were not
significantly different with the AAS at 95% confidence level (calculated
t-value = 1.12, critical t-value = 3.18, degrees of freedom = 3). This in-
dicates excellent performance of the phen-film combined with DIC for
the analysis of ferrous in complex samples.

3.6. Stability of the Phen-film and Acidic-film

The stability of the phen-film and acidic-film was investigated by
storing the prepared films in zip-lock plastic bags, both in a refrigerator
and in the ambient laboratory conditions. After storage of the phen-film
in a refrigerator for three months, I, I, and Iz on testing ferrous solution
(10 mg L™ ") had shifted by +3.5%, +3.2%, and —0.8%, respectively
(Fig. 6a). For the phen-film stored at the ambient laboratory tempera-
ture, Iy, Ig, and I had shifted by —2.1%, —0.3%, and +4.8% in three
months.

The stability of the acidic-film was also tested by conditioning
freshly prepared ferrous solutions (10 mg L™}, 10 mL) with these acidic
films after storage. The conditioned ferrous solution was then tested
using freshly prepared phen-film. Iy, I, and I had shifted by +0.05%,
—1.7%, and —4.0% using the films stored in refrigerator for three
months (Fig. 6b), and by —1.3%, —2.6%, and —0.1% with ambient condi-
tion storage.

Table 2

Concentration of water soluble ferrous ions in real samples.
Sample Developed method AAS
S1 0.91 + 0.08 0.94 + 0.06 mg kg™!
S2 nd? nd
S3 nd 0.13 +0.03 mg kg !
sS4 5.10 £+ 0.60 5.86 4+ 0.06 mg kg~ !
S5 0.68 + 0.19 0.66 + 0.05 mg kg™!
Wi nd nd
W2 nd 0.04 + 0.01 mglL~!
w3 nd nd
W4 0.35 4+ 0.03 0.39 4 0.01 mgL™!
W5 0.83 4 0.01 0.83 £ 0.01 mgL~!
W6 nd nd

¢ nd = not detectable.
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Fig. 6. Stability of (a) the phen-film stored in a refrigerator, and (b) the acidic-film stored in the refrigerator.

These results indicate good stability of both developed films that
retained good performance for three months of storage.

4. Conclusions

Tapioca starch thin films with entrapped phenanthroline colorimet-
ric indicator were successfully developed for the colorimetric detection
of ferrous ions in aqueous solution. The phen-film was in-situ fabricated
to the bottoms of small plastic tubes, so the sample solutions could be
directly added into such tubes. The phen in the starch films selectively
reacted with ferrous ions producing red complexes. The colorimetric
thin film was tested in combination with DIC for rapid quantitative anal-
ysis of ferrous with a portable low-cost kit. A wide linear range with
good linearity in the calibration graph was obtained, along with low de-
tection limit. Good accuracy and good precision were also obtained on
testing control samples with the developed method. When the method
was applied to soil and water samples, the results did not significantly
differ from a standard laboratory method (AAS), which is impractical
for portable field use. The developed phen-films were stable over
3 months of storage either in a refrigerator or in ambient conditions.
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Highlights (for review)

Highlights:

e  Curcumin nanoparticle doped starch film was developed for boron detection.
e A cost effective probe was highly sensitive and selective to boron at pH 9.

¢ Rapid quantitation of boron was achieved within 15 min.

e The detection limit of 0.052 mgL™ boron was obtained.

e Amount of boron in wastewater was not significantly different from ICP.



*Manuscript
Click here to download Manuscript: Curcumin_AC_Spectrochim.doc Click here to view linked References

Curcumin nanoparticle doped starch thin film as a green colorimetric sensor for detection of boron

Chanita Boonkanon? Kharittha Phatthanawiwat® Worawit Wongniramaikul® and Aree Choodum?®

®Integrated Science and Technology Research Center, Faculty of Technology and Environment, Prince of Songkla
University, Phuket Campus, Kathu, Phuket 83120 Thailand

Abstract

A tapioca starch film doped with curcumin nanoparticles was successfully fabricated and applied as
a novel green colorimetric sensor for detection of boron in wastewater. Curcumin nanoparticles (curn, 30-90
nm) extracted from turmeric powder were used as a green probe, while tapioca starch was used as a natural
support substrate. A yellow thin film (51 um thick) fabricated on a used plastic spoon turned red-brown after
immersion in boron solution (pH 9) for 15 min with excellent selectivity. The film costs only 0.0007 USD,
while the cost of the sensor (curn-film on new plastic spoon) was 0.004 USD. After use the film could be
completely washed from the plastic, it being biodegradable, while the used plastic spoon could be re-used to
fabricate a new sensor at least 5 times. The good 1.52%RSD precision was obtained across three lots
fabricated. When the curn-film was used in conjunction with digital image colorimetry (DIC), a simple and
rapid quantification of boron was achieved. The green color layer in reflected light image of the red-brown
product (lg) provided the highest sensitivity (641 a.u.Lmg™) and the lowest detection limit of 0.052+0.001
mgL™. The intra-day testing (9 films) had 2.41 to 4.34%RSD, while the inter-day testing had 2.37 to
7.46%RSD (27 films, 6 days). Accuracy in terms of relative error for control samples (0.25 mgL™) was
+3.21%. Wastewater samples from Para-rubber wood processing plant were quantified by curn-film and
DIC, giving 5397+606 mgL™ boron concentration with no significant difference to ICP determination at
95% confidence level. The sensors after storage in a desiccator for three months gave readings changed by

only +2.1 to -6.2% relative to freshly prepared sensors.
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1. Introduction

Boron (B) is one of the most important elements for plants, animals and humans [1, 2]. Its deficiency
affects plant growth and yield and limits crop productivity, while over-doses (>2 mgL™) may be toxic to
some plants and reduce plant yield [3-5]. For humans and animals, boron can maintain the normal functions
of bones, prevent osteoporosis efficiently, and improve brain function or reaction capability [4, 6, 7].

Boron in natural water is in the form of free boric acid (HsBO3) [4]. Its concentrations in surface water
vary widely (e.g. 10-1,000 ugL™ in Europe [8]) because of both natural factors (e.g. weathering of rocks and
leaching of salt deposits) and anthropogenic factors. Boron is widely used in the forms of boric acid and salt
of borate in many industries [1, 3] (e.g. chemical, nuclear, glass, ceramic, and food industries, metal
welding, and rubber wood processing), wastewater discharges of these industries could release boron to the
environment. High levels of pollution are possible due to the highly solubility of boron in water [9, 10].
Environmental regulations regarding boron vary from country to country. Parks and Edward [11] reported
that boron in drinking water has come to attention of the U.S. Environmental Protection Agency (EPA) as a
contaminant potentially needing regulation. The World Health Organization (WHO) suggests boron
concentration bound of 2.4 mgL™ in drinking water [12] and 1.0 mgL™ limit has been set for the European
Union (EU) [13].

The removal of boron is costly with varied efficiency, so early measurement of boron concentration is
preferable as this could help identify potential pollution sources, reduce the stress on remedial treatments, or
determine whether the treatment has been sufficient [14]. A number of analytical methods have been
reported for the determination of boron, including inductively couple plasma (ICP) spectrometry [7, 15-17],
atomic absorption spectrometry (AAS) [18, 19], and spectrophotometry with various chromogenic reagents
[4, 6, 14]. The ICP and AAS methods suffer from spectral interferences and memory effects [11, 17, 18],
while some chromogenic reagents required for spectrophotometry are difficult to synthesize, unstable,
sensitive to temperature or pH or reagent concentrations [6]. These instrumental methods also rely on
expensive and bulky instruments with high running costs and complicated steps. Therefore, it is difficult to

be used these analytical methods for on-site rapid detection of boron.



Colorimetric sensors are an attractive choice for rapid on-site detection of a pollutant. A number of
such sensors are known to recent reviews [20-23], but no boron sensor among them. Most of them involved
the use of the liquid colorimetric/fluorometric reagents as the signaling unit. This could limit the use in on-
site detection due to the hazards on carrying liquid chemicals. To overcome this drawback, some
colorimetric sensors have been developed with the colorimetric reagent trapped within a polymer matrix, for
the detection of various analytes like nitrite ion [24], iron [25], explosives [26-29], and methamphetamine
[30]. However, synthetic polymers were used in these prior studies, namely poly vinyl alcohol [27, 28], poly
vinyl chloride [26], or acrylamide [25], which cause their own environmental concerns. Some polymer
substrates involve the use of toxic solvents, e.g. tetrahydrofuran for poly vinyl chloride [28, 29]. Recently,
tapioca starch has been used as the substrate to develop sensors for the detection of formalin in food [31] or
of iron [32]. Although a natural polymer was used in this work, synthetic chemical reagents were used as the
colorimetric reagents.

In this work, a green colorimetric sensor based on entrapped curcumin nanoparticles (curn) within a
tapioca starch film was developed for boron detection, for the first time. Curcumin is a chromogenic reagent
commonly used for boron determination in spectrophotometry [11, 33-35]. This method (the curcumin
method) has been widely used as a standard method for measuring boron concentrations in water and
wastewater [34] due to being more sensitive and reliable than other spectrophotometric methods [35, 36]. In
this work, curn was entrapped within thin tapioca starch films as the green colorimetric reagent to react with
boron producing the rosocyanin complex [35, 36]. Tapioca starch was selected as the natural polymer
substrate due to its film-forming properties [37], complete biodegradability [38], low cost, and renewability
[39]. It can be hydrolyzed by microorganisms or enzymes into glucose, which is then metabolized into
carbon dioxide and water [40] that are converted to starch again by the photosynthesis in plants. The
quantification of boron was achieved by digital image colorimetry (DIC) instead of spectrophotometry. The
colorimetric product from the reaction of developed sensor (rosocyanin complex) was photographed using a

smart phone digital camera before analyzing its red, green, and blue intensities (color layers) by a custom-



built color analysis program. This made the quantitative analysis possible without the need of an expensive

and bulky spectrophotometer. This scheme has been used to quantify various analytes [26-28, 30, 31, 41].

2. Materials and Methods
2.1. Materials

Tapioca starch (Erawan Brand, Cho Heng, Nakhon Pathom, Thailand) and turmeric powder were
purchased from a local supermarket in Kathu, Phuket, Thailand. Curcumin (>80%) was purchased from
Sigma-Aldrich (Darmstadt, Germany), while sodium tetraborate and glycerol were produced by Ajax
(Sydney, Australia). Ethanol, hydrochloric acid, and sodium hydroxide were supplied by Merck (Darmstadt,
Germany). Stock solution of standard boron (100 mgL™) was prepared by dissolving sodium tetraborate in
ultrapure water purified by a Water Purification System (Merck, Darmstadt, Germany). All standard
solutions were freshly prepared by diluting the stock solution with ultrapure water to appropriate

concentrations.

2.2. Preparation and extraction of curn

Curn was prepared by modifying previous methods reported [41-44]. Curcumin from turmeric powder
(0.15 g) was extracted in ethanol under sonication (350 W, 40 KHz, Powersonic 405, Korea). Extraction
conditions, i.e. solvent volume (3.0, 3.5, 4.0, 4.5, 5.0, 5.5, or 6.0 mL), temperature (40, 50, 60, or 70°C), and
time (5, 10, 15, or 20 min) were optimized. After extraction the yellow supernatant was collected and stored
at ambient conditions in a brown bottle for further use. The light absorption spectrum of curcumin extract

was determined using a spectrophotometer (Dynamica, United Kingdom).

2.3. Fabrication and characterization of the curn—based colorimetric sensor (curn-film)

The curn-film was developed based on our previous reports [31, 32]. The starch solution (5% wA/) was
prepared by dispersing tapioca starch in ultrapure water. It was heated at 100°C with stirring for 30 min to

gelatinize the starch. After a clear viscous solution was obtained, it was cooled to room temperature before



adding curcumin extract. The curcumin extract (0.5, 1.0, 1.5 or 2.0 mL) was mixed with the starch solution
(2, 3, 4, or 5 mL) under stirring at room temperature. Glycerol (25, 50, 100, 150, or 200 pL) was then added
as plasticizer and stirred further to obtain a homogeneous mixture. The mixture (200 pl) was then dropped
on a used plastic spoon and incubated at 60°C in an oven for 90 min. After the spoon was cooled to room
temperature, it was stored in ziplock plastic bag in a desiccator for further use.

Also films from commercial curcumin (>80%) were fabricated using the same procedure, for
comparison. Curcumin (28 mg) was dissolved in ethanol (3 mL) and sonicated for 15 min at 70°C. The
supernatant was then diluted until its maximum absorption at 425 nm was the same as that of the curn
extract. The curcumin standard solution (~27 mM) was then used to fabricate the film instead of the
curcumin extract.

The functional groups of fabricated colorimetric film were investigated using Fourier transform
infrared spectrometry (FTIR; Bruker, Germany). The morphology of the film was studied using a scanning
electron microscope, Quanta 400 (SEM; FEI, Czech Republic). The simultaneous thermal analyzer 8000

(Perkin Elmer, USA) was used to characterize thermal properties of the fabricated film.

2.4. Colorimetric test and quantification of boron using curn-film and DIC

Standard working solutions of boron were prepared in the range from 0 to 100 mgL™ by diluting a
stock solution (100 mgL™) with ultrapure water. A plastic spoon with the film in it was immersed to each
standard solution (10 mL) for an appropriate time (15 min) at room temperature. Three repeats were done at
each concentration of boron standard. In DIC used for quantification of boron, three films were in sample
holders of a custom-built photography box (Figure 1) and photographed six times using the built-in digital
camera of an iPhone 5S. The average intensities of red, green and blue colors (RGB values) across the 6
images of three sensors (18 values in total) at each boron concentration were investigated using a custom-
built RGB analysis program [26-28, 31] and the average was used as a single data point to establish

calibration curves.



Insert figure 1

A custom-built photography box modified from previous design [26-28, 31] was used throughout the
experiment to eliminate any effects of environmental light. After three sensors were placed in the sample
holders inside the box, they were photographed in top view with the digital camera of iPhone 5S with a fixed
aperture setting. The controlled illumination and fixed photo settings helped achieve reproducible results
from imaging and image analysis.

The colorimetric products were imaged by setting the digital camera of the iPhone 5S to flash off and
automatic white balance with the high dynamic range (HDR) off. JPEG images (24-bits, 0.98 MB,
3264x2448 pixels) were saved to the iPhone’s memory before transfer to a computer for color analysis. RGB
data of each image were analyzed with a custom-built RGB analysis program [26-28, 31]. Briefly, an initial
80x80 pixels image patch from one of the six recorded images of three sensors for each test was manually
selected for color analysis. An equivalent image patch of the remaining 5 digital images was then
automatically selected by the image analysis program. The average RGB values were then reported for

further use.

2.5. Analytical performance and method validation

Analytical performance of the curn-film and DIC combination in quantifying boron was investigated.
The performance indicators included sensitivity, linearity, linear range, limit of detection (LOD), and limit of
guantification (LOQ). LOD, which is the boron concentration providing an RGB intensity equal to the blank
intensity plus three standard deviations of the blank, was calculated using a standard method (Y, op=Ys+3Sg
where Yy, op is y-value at the limit of detection, yg is the y-axis intercept, and Sg is the standard deviation of
slope of the calibration graph [45]). The same method was used to calculate LOQ, whose signal matches the
blank signal plus ten standard deviations. Precision was expressed in terms of relative standard deviation

(%RSD) for each color component of the six images of three sensors (n=18). Both intra-day and inter-day



precision are reported. The accuracy was assessed in terms of relative error (%RE) evaluated by analyzing a

known concentration boron standard (0.25 mgL™) against the established standard curve.
2.6. Analysis of real samples

Five real samples were analyzed by using the curn-films and DIC for quantification of boron. These
consisted of four water samples randomly grab sampled from the abundant tin mines in Phuket, Thailand,
and one wastewater sample from a rubber wood processing plant. All the water samples were preliminarily
tested using the curn-film in order to assess the boron concentrations approximately. They were then diluted
with ultrapure water and adjusted to pH 9. The solution was then detected with the curn-film and DIC.
Absorption spectra of boron-curn products from real samples were also investigated using a
spectrophotometer. Real samples were also analyzed using inductively coupled plasma-optical emission

spectrophotometer (ICP-OES; PerkinElmer, USA) for comparison.
2.7. Stability of the curn-films

The stability of the green colorimetric sensors was evaluated by preparing 111 sensors using the
optimum conditions, in one batch. Three of them were tested with boron solution (1 mgL™) on the day of
preparation, while the others were kept to evaluate their stability. They were vacuum sealed in packs of three
sensors (36 packs in total). Twelve packs in one ziplock plastic bag were then stored in the refrigerator (-
18°C), and in desiccator (Acrylic D50-A, Northman, Thailand), as well as at ambient conditions. One pack
(three sensors) was taken from each storage condition for boron test every day for one week, and monitoring

then continued on a weekly basis to 3 weeks, and thereafter at 2 and at 3 months of storage.
3. Results and discussion

3.1. Extraction and characterization of curn



Since curcumin is a chromogenic reagent commonly used for boron determination [11, 33-35] and
provides more sensitive and reliable methods than other spectrophotometric methods [35, 36], it was selected
as the green colorimetric probe for developing the green sensor for boron. In this work, curcumin was
extracted from turmeric powder that is commonly sold as a herbal medicine in Thailand, at a much lower
price (1USD/100g) than commercial curcumin (10USD/5g). Solvent extraction under sonication was used to
extract curcumin because this was expected to provide better extraction efficiency than conventional liquid
extraction. From the optimization (see section 2.2.), turmeric powder (0.15 g) was extracted using 4.5 mL
ethanol under ultrasonic power of 350 W, 40 KHz at 70°C for 15 min. This extraction method not only
provided good extraction efficiency, but also reduced the size of curcumin particles. Curcumin particles in
the range of 30-98 nm were prepared and extracted by this method (Fig. 2a), and these are smaller than
curcumin particles dissolved in solvent (500-800 nm) [42], but larger than the particles prepared by wet
milling (2-40 nm) [42]. However, wet-milling would involve the use of toxic dichloromethane with
complicated procedures, so ultrasonic extraction at optimized conditions was preferred to extract the green
colorimetric probe reagent. When five lots of turmeric powder were extracted at these optimum conditions,
the precisions obtained were in the range from 1.12 to 4.17%RSD, indicating good consistency of extraction

and of preparing green probes by this method.

Insert figure 2

The maximum absorption of the extracted curcumin was observed at 420 nm, which matches previous
studies, i.e. 416-421 nm [46], 418-421 nm [2], and 428 nm [47]. When boron standard solution was tested
with the extracted curcumin, the yellow curcumin solution became red-brown with maximum absorption at
510 nm. However, the rosocyanin complex (red-brown product) has been detected at 543 nm [35, 36] and at
545 nm [48]. The appropriate absorption wavelength is known to depend on the solvent used: the absorption

spectra of curcumin and its metal derivatives are solvent dependent [46, 49].



3.2. Fabrication of the curn-film

Fabrication of the curn-film was based on entrapping curcumin extract within a thin film of tapioca
starch. Tapioca starch was chosen as the natural polymer substrate due to its film-forming properties [37],
complete biodegradability [38], low cost, and renewability [39]. A clear homogenous thin film from tapioca
starch also has good tolerance for elevated temperature during casting [31].

Optimal fabrication conditions (see section 2.3) were investigated to obtain a green colorimetric
sensor with good characteristics, including the performance in boron detection. The use of 5% (wA) tapioca
starch solution at 3 mL with 0.5 mL curcumin extract and 50 uL glycerol provided the best homogenous
mixture. When the mixture (200 pl) was dropped on a used plastic spoon and incubated at 60°C in an oven
for 90 min, a yellow thin film was obtained (Fig. 3a). This yellow thin film turned to a dark red-brown film
when dipped in boron standard solution (Fig. 3b) due to the reaction between boron and entrapped curn.
These fabrication conditions were then used as optimal conditions. The good 1.52%RSD precision was
obtained from three fabricated lots, using these conditions. Films from commercial curcumin were also
fabricated using these same conditions for comparison. Although that volume of commercial-curns that
provided the same absorbance as our curn extract (at 425 nm) was used to fabricate the commercial-curn-
films, the curn-film from curn extracted from turmeric powder provided darker films with darker red-brown
products than the commercial curn-film (Fig. 3c). This might be because commercial curcumin contains
~80% curcumin, while the curn extract may be more concentrated.

Insert figure 3

When prepared using these optimum conditions, each film costs only 0.024 THB (~0.0007 USD),
while the cost of the whole sensor (curn-film and a new plastic spoon) was 0.149 THB (~0.004 USD): the
costs are much lower than those of alternative detection methods. Moreover, plastic spoons used as the
sensor holder in this work were re-used as film carrying substrate further lowering the material costs to
below 0.004 USD. It was found that a new and a used plastic spoon provided had a difference in sensors

readings, in the range from +0.06 to -1.61% with no significant difference at 95% confidence level. After use



the film could be completely washed away from the plastic, it being biodegradable, while the used plastic
spoon could be re-used for fabrication of a new sensor at least for 4 recycles. Intensities of red (Iz) and green
(Is) channels on testing boron standard solution (1 mgL™) with the curn-films on 5" time used spoon had

shifted by +1.6% and -7.5%, respectively.
3.3. Characterization of the curn-film

The SEM images of the curn-film show a homogeneous distribution of curcumin particles within the
film (~51 pum thickness: Fig. 2b) and a film fabricated without curcumin was also imaged (Fig. 2c). The size
of entrapped curcumin nanoparticles was in the range 30-79 nm, which matches the size of extracted
particles. Some aggregation of curn was observed within the film.

FTIR spectra of the curn-film, the starch film without curn (blank), and extracted curcumin are
presented in Fig.4. A large band assigned to O-H vibrations was observed at 3281 cm™ for the sensor with
curcumin (Fig.4a) and at 3280 cm™ for the blank (Fig. 4b). This peak was also observed in the spectrum of
extracted curcumin at 3424 cm™ (Fig. 4c). It seems that curn in tapioca starch film had a slight shift of the
wave number from 3280 to 3281 cm™. It should be noted that since less curcumin solution (0.5 mL) was
added to the dominant starch solution (3 mL), the peak at 3281 cm™ might relate to the vibrations of O-H
functional groups in tapioca starch rather than curcumin. The entrapped curn also caused a shift of CH,
symmetrical stretching vibrations peak at 2933 cm™ for tapioca starch (Fig. 4b) to 2931 cm™ (Fig. 4a), and it
appeared at 2919 cm™ for the curcumin extract (Fig. 4c). These two peaks have been reported as
characteristic for tapioca starch [50, 51]. Some C-O vibration peaks of amylopectin in the starch appeared at
1151 to 925 cm™ [52, 53] and were slightly shifted by added curn, i.e. 1106 to 1105 cm™, 1079 to 1078 cm’
! and 1018 to 1017 cm™, while the skeletal stretching of starch at 852 cm™ shifted to 859 cm™. The vibration
peak at 1513 cm™ appeared in the spectra of curn-film (Fig.4a) and of extracted curcumin (Fig. 4c), and this

was assigned to C=C bond in curcumin.

Insert figure 4
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Thermal gravimetric analysis (TGA) of the curn-film showed ~10% weight loss from room
temperature to 150°C (Fig. 5), which was attributed to moisture loss. Desorption or decomposition of
curcumin within the starch matrix was expected to show as a weight loss from 250 to 275°C. The initial
temperature of mass loss from turmeric extract has been reported at 193°C [54], and it is more stable when
encapsulated with maltodextrin (228°C) [54], polyvinyl alcohol (270°C) [55], or chitosan (321°C) [56]. The
interaction between curcumin and starch thus contributed to its thermal stability. The major weight loss
appeared from 290 to 340°C and was attributed to decomposition of tapioca starch [57]. A residual ~10%
weight remains at 600°C, indicating incomplete degradation of the composite. DTG peak of the film at ~
270°C was expected for curcumin, which corresponds to previous reports of DTG peak at 277°C for
curcumin, and at 310 °C and 330 °C for curcumin composites [58]. DTG peak at ~ 302-310°C was expected
for the tapioca starch [57]. An endothermic peak at ~75°C was observed in DTA thermogram of the film,

which corresponded to nanosized curcumin as reported previously (72.4°C) [59].

Insert figure 5

3.4. Colorimetric boron determination with the curn-film

Colorimetric determination of boron with the curn-film is based on the reaction of entrapped curn in
the sensor with a boron standard solution. The interaction between boron and curcumin has been recognized
in many studies [35, 36, 46]. A negatively charged tetrahedral complex (rosocyanin complex) is produced by
the reaction. In this work, the red-brown complexes were produced within a thin film (Fig. 3b). When the
concentration of boron increased, more products were produced resulting in darker red-brown film (Fig. 3d).

The reaction time of boron with the film was investigated by dipping the colorimetric sensor in the
boron standard solution for 0 to 60 min (Fig. 3e). It was found that it required 15 min for boron to be
completely reacted with entrapped curcumin inside the starch film. This was faster than the reaction times
reported by Uppstrom (2 h) [60] and Liu and Lee (70 min-24 h) [35] for determination of boron by curcumin
method. This difference might be caused by the small particle size of curcumin extract in the current study.
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The influence of pH on the reaction of entrapped curcumin and boron was also investigated. Test
solutions were adjusted to the desired pH in the range from 1 to 13 by adding dilute HCI or NaOH. The red-
brown complexes were produced with pH from 8 to 13 (Fig. 6a). Within this pH range, curcumin is
predominantly in its enol form and acts as an electron donor to boron. The red to brown complex was also
observed for blanks tested at pH 10 to 13, due to pH dependence of curcumin color [41, 43, 61]. Although
the darkest red-brown products were obtained at pH 10, pH 9 was selected for further investigation as no
red-brown product was observed with the blank solution. When the developed sensor was tested with various
ions (~10,000 mgL™) at pH 9, red-brown products were observed for boron ions only (Fig. 6b). This

indicates excellent selectivity of the developed sensor for boron at pH 9.

Insert figure 6

3.5. System performance and method validation of curn-film and DIC in the quantification of boron

DIC was applied in conjunction with the developed curn-film for rapid quantification of boron. Red-
brown complexes obtained from testing boron with the curn-film were imaged using iPhone 5S. The images
were then analyzed by a custom-built RGB analysis program to obtain the RGB intensities (Ig, lg, Ig). The
relationships of boron concentration and RGB intensities are shown in Fig. 7a. The highest of Iz was
observed as expected for the red-brown complexes. Iz seemed to be constant until 1 mgL™ and decreased
until 100 mgL™ boron, due to the darkening of red-brown coloring. I was dramatically changed when boron
concentration increased from 0 to 10 mgL™ and became constant after 50 mgL™, while Ig showed the lowest
intensity that was nearly constant and independent of boron concentration. At concentrations of boron from 0
to 1 mgL™, 1 was much greater than lg as the complex appeared orange and absorbed blue light (so less
reflection of this). When the concentration of boron was above 10 mgL™, the products became red-brown

and showed slightly more reflected green light than blue light.

Insert figure 7
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When the absorbances of the red-brown complexes were estimated for the ranges of red, blue and
green color (Agr, Ac, ana Ar) [26-28, 30], as expected Ag was higher than Ag and Ag, especially at
concentrations of boron below 10 mgL™ (Fig. 7b). A showed the largest increase with the concentration of
boron, which could indicate that more red-brown complexes produced increased absorption of light in the
green range (500-580 nm). This is in good agreement with spectrophotometric results having the maximum
absorbance at 510 nm, although previously reported at 543 nm [35, 36] and at 545 nm [48].

The responses from DIC had linear portions in their dependencies on concentration of boron for Ig in
the range from 0 to 1.0 mgL™ with good linearity (R* = 0.9971), and for I in the range of 30 to 100 mgL™
(R? = 0.9918) (Fig. 7c-d). The Ag and Ag showed linear portions in the ranges from 0 to 1 mgL™, and from
10 to 100 mgL™, respectively. These linear portions could be applied in the quantification of boron for real
samples.

The analytical performance of the curn-film and DIC for quantification of boron is summarized in
Table 1. The I provided the highest sensitivity (64+1 a.u.Lmg™) and the highest linearity (R* = 0.9971).
Quantification of boron could be achieved in two alternative concentration ranges, i.e. at low concentrations
from 0.1 to 1 mgL™ using I and Ag, and at high concentrations of 10 to 100 mgL™ using Ig. I also provided
the lowest detection limit of 0.052+0.001 mgL™, which was lower than the boron concentration limit in
drinking water suggested by WHO (2.4 mg L™) [12] or the 1.0 mg L™ limit for the EU [13]. The intra-day
precision of 9 films was in the range from 2.41 to 4.34%RSD, while an inter-day precision from 2.37 to
7.46%RSD was obtained for 27 films over six days. %RE in the analysis of 0.25 mgL™ control samples was
+3.21%.

Insert table 1

3.6. Analysis of water samples
Five real samples were analyzed by using the curn-films in conjunction with DIC, and with ICP-OES
for comparison. All the water samples were diluted 100-fold before spiking with a boron standard solution

(0.5 mgL™) to investigate matrix effects. Recoveries in the range 83 — 112% were obtained. Wastewater
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sample from Para-rubber wood processing plant was quantified by curn-film and DIC (lg) to have boron
concentration of 53974606 mgL™ (Table 2), while 4870+13 mgL™ was obtained with the ICP. These
alternative results were not significantly different at 95% confidence level (calculated t-value = 1.50, critical
t-value = 2.78, degrees of freedom = 4). The concentrations of boron in all water samples from tin mines in

Phuket were below the LOD (0.052+0.001 mgL™) also matching the results from ICP.

Insert table 2

3.7. Stability of the curn-film

The stability of the green colorimetric sensors was evaluated for various storage conditions. When the
sensors were kept in the plastic bags (without vacuum seal) and stored in the refrigerator (-18°C) for one
month, the curn-films peeled off the plastic spoons. In contrast, the curn-films of sensors kept in desiccator
or in ambient conditions remained in position on the plastic spoons, but provided paler colored boron
reaction products. The sensors were then vacuum sealed in packs of three before putting in ziplock plastic
bags for storage in alternative conditions. It was found that the curn-films peeled off from the plastic spoons
after storage in ambient conditions for one week, or for one month in the refrigerator. In contrast, the sensors
kept in desiccator remained usable after storage for three months. Ig and I, on testing with boron solution (1

mgL™), of these curn-films had shifted by +2.1% and -6.2%, respectively.

4. Conclusion

A novel curn-film was successfully developed from tapioca starch and extracted curn for
colorimetric determinations of boron. The yellow film turned red-brown after dipping in a boron standard
solution for 15 min, which is faster than in other reports due to the smaller sized curcumin nanoparticles of
the green probe. When the curn-film was used in conjunction with DIC method, quantification of boron was
achieved. The quantification could be done using ls at concentrations up to 1.0 mgL™ with a good

correlation coefficient (R > 0.99) of response to concentration in the calibration data. The use of the novel
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green colorimetric sensor together with DIC enables a simple, portable, and cost effective approach to the

guantification of boron in field conditions.
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Figure caption

Figure 1 A custom-built photography box

Figure 2 SEM images of (a) curn extracted from turmeric powder, (b) curn-film, and (c) starch film

without curn

Figure 3 (a) Curn-film, (b) a red-brown product from curn-film, (¢) commercial-curn-film and its red-
brown product, (d) red brown product for various concentrations of boron, and (e) effect of

reaction time (immersion time) on the darkness of red-brown product

Figure 4 FTIR spectrums of (a) curn-film, (b) starch film without curn, and (c) extracted curcumin
Figure 5 TGA, DTG, and DTA of the curn-film

Figure 6 Influence of (a) pH, and (b) type of ions on the darkness of red-brown product

Figure 7 Relationships of boron concentration with (a) RGB intensities, (b) calculated absorbance, (¢)

linear portion of RGB intensities, and (d) linear portion of calculated absorbance
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Table 1 Analytical performance of the curn-film and DIC for the detection of boron.

Feature from image analysis  Sensitivity(a.u.Lmg™) Linear range (mgL™")  Linearity
Ir 0.89+0.04 0-100 0.9918
Is 64+1 0-1 0.9971
Ag 0.004+0.006 0-100 0.9942
Ag 0.2+0.1 0-1 0.9989
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Table 2 Concentrations of boron in real samples.

Sample  Developed method (mgL™) ICP (mgL™) %Recovery
S1 53971606 4870+13 112

S2 <0.052" 0.013+ 0.001 83

S3 <0.052 <0.010 91

S4 <0.052" 0.021+0.001 109

S5 <0.052" 0.015+0.0013 107

"LOD -0.052+0.001 mgL™
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