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ABSTRACT: A robust solid sensing platform for an on-site operational and accurate detection of heavy metal is still a challenge.
We introduce chitosan based carbon dots rooted agarose hydrogel film as a hybrid solid sensing platform for detection of heavy
metal ions. The fabrication of the solid sensing platform is centered on simple electrostatic interaction between the NH;" group
present in the carbon dots and the OH™ groups present in agarose. Simply on dipping the hydrogel film strip into the heavy
metal ion solution, in particular Cr®*, Cu®*, Fe**, Pb**, Mn*, the strip displays a color change, viz., Cr** — yellow, Cu?* — blue,
Fe*" — brown, Pb** — white, Mn>* — tan brown. The optical detection limit of the respective metal ion is found to be 1 pM for
Cr®, 0.5 uM for Cu**, and 0.5 nM for Fe**, Pb*, and Mn?* by studying the changes in UV—visible reflectance spectrum of the
hydrogel film. Moreover, the hydrogel film finds applicability as an efficient filtration membrane for separation of these quintet
heavy metal ions. The strategic fundamental feature of this sensing platform is the successful capability of chitosan to form
colored chelates with transition metals. This proficient hybrid hydrogel solid sensing platform is thus the most suitable to employ
as an on-site operational, portable, cheap colorimetric-optical detector of heavy metal ion with potential skill in their separation.
Details of the possible mechanistic insight into the colorimetric detection and ion separation are also discussed.
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B INTRODUCTION

Heavy metals and their critical detection have become one of
the most popularized research domains owing to fastly growing
urbanization and industrialization which has resulted in
rampant pollution of the environment. Researchers are trying
subtle approaches to dig out methods for selective and sensitive
on-site detection of toxic heavy metals. There is evidence from
studies that heavy metal ions pose serious threats to the
environment and human health with a multitude of toxicities
causing severe ailments and even death. To conquer these
problems researchers are employing many techniques like
fluorescence,’ colorimetric,” ¢ optical,ﬁ/‘8 atomic absorption
spectroscopy,”'® and many more. Development of sensing
material as per the requirement of these techniques is yet
another issue for scientists. The employment of nanomaterials
has been practiced in the past for detection of heavy metal
ions."" To mention a few reports including modification of gold
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nanoparticle surfaces using dyes or cysteine,">"> lead(II)

induced allosteric G-Quadruplex DNAzyme for Pb** detec-
tion,"* sulfide ion detection of lead in the presence of stabilizing
nonprecious nanoparticles,"> functionalized ruthenium sensi-
tizers for mercury ions detections,” a dual DNAzyme allosteric
unimolecular Cu*" ion detecting system,16 and cyclic N,0O,S-
donor crown ether based Ag* chemosensors.'” These sensing
materials have permitted selective and sensitive detection of
heavy metals.

However, designing a robust solid sensing platform for an
operational, on-site, quick, and accurate sensing of these heavy
metals is still a challenge. Various studies as revealed in
literature showed few design strategies for a solid heavy metal
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Scheme 1. Pictorial Representation of Fabrication of Agarose/CD (Agr/CD) Hydrogel Film and Its Applicability as Optical
Sensor and Filtration Membrane for Separation of Quintet Heavy Metal Ions Cr®, Cu®*, Fe**, Pb*, and Mn?*
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sensing platform based on a three-dimensional nanoscale
structure. These involve multiple heavy metal ions detection
by immobilization of diphenylcarbazide (DPC), dithizone
(DZ), tetraphenylporphine, tetrasulfonic acid (TPPS), and
pyrogallol red (PR) molecular receptors with intrinsic mobility
onto 3D nanoscale structures'® and monolithic cage cubic
Fm3m mesostructures of a F108 (EO141PO44E0141)
copolymer' for Cd** detection. In this regard, a hydrogel
based sensing platform has also gained attention for effective
detection of heavy metal ions.””*' The art of hydrogel based
sensing depends on the diffusion process of the analyte in a
predictive concentration and time scale taking into account the
chemical conversion of the analytical species. Agarose is a well-
known candidate to form thermo reversible hydrogels by
hydrogen bond linking.* It is a linear polymer made up of the
repeating unit of agarobiose, which is a disaccharide of p-
galactose and 3 6 anhydro-L-galactopyranose, and are extracted
from seaweeds.”® There are reports of a voltammetric sensor for
in situ detection of heavy metals by diffusion through the
agarose hydrogel.***

We report herein the fabrication of an agarose hydrogel
rooted with carbon dots (CD) as a thin film solid sensing
platform for optical detection and successful ion separation of
quintet heavy metal ions (Cr®, Cu?*, Fe¥, Pb**, Mn*"). The
carbon dots in our study are prepared from chitosan hydrogel
in keeping with our previous report.”® These chitosan carbon
dots of size less than 10 nm showed beautiful blue fluorescence
under UV light and were positively charged with zeta potential
value of { = +27.8 mV. These positively charged chitosan
carbon dots when rooted into the negatively charged agarose
matrix ({ = —104 mV, prepared in 0.1 N sodium hydroxide)
resulted in a solid sensing platform via successful electrostatic
interaction between the OH™ of agarose and NH;" groups
present in carbon dots. Although there are reports of
immobilization of quantum dots (QDs)>” and carbon nanotube
(CNTs)*® into agarose hydrogel, to date there is no report of
such carbon dots rooted agarose hydrogel film for heavy metal
sensing as per our knowledge. The agarose/carbon dots (Agr/
CD) hydrogel film offered selective and sensitive optical
detection of the quintet heavy metal ions down to a
concentration limit of 1 pM for Cr*, 0.5 uM for Cu**, and
0.5 nM for Fe*', Pb**, and Mn**. The Agr/CD hydrogel films
when treated with any of these quintet heavy metal ions
showed signaling changes in their reflectance spectra when
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subjected under UV—visible analysis. Also, these metal treated
Agr/CD hydrogel films showed an instant color change
characteristic of that metal ion salt within a time of 5—10 s.

In this study, we endeavored to design a smart, green, cost-
effective, and easy way to prepare a solid sensing platform for
colorimetric-optical sensing of heavy metals. This carbon dots
rooted agarose hydrogel film (Agr/CD) also offers convenient
on-site handling and use in comparison to other sensing
platforms as already mentioned. The Agr/CD hydrogel film has
showed its capability not only in optical sensing of the quintet
heavy metal ions (Cr®, Cu®*, Fe**, Pb?*, Mn**) but also its
applicability as an efficient filtration membrane for these quintet
metal ions (Scheme 1). The principle of membrane filtration
lies in the ability of chitosan to form chelates with heavy
metals.””*® Thus, there is likely to be scope for utilization of
these Agr/CD hydrogel films in industrial scale and also as a
preliminary investigation of metal cations in salts with quick
response.

B EXPERIMENTAL SECTION

Materials. Agarose low gelling temperature (SRL, India), low
molecular weight chitosan (Sigma-Aldrich, degree of deacetyla-
tion=77.7%), glycerol (about 98% purified, Sigma-Aldrich), sodium
hydroxide (NaOH) pellets (purified) (Merck), glacial acetic acid
CH;COOH (Merck), sodium chloride (NaCl) (Merck), potassium
iodide (KI) (Merck), ferric nitrate (Fe(NO;);) (Merck), manganese-
(1) chloride tetrahydrate (MnCl,-4H,0) (Merck), copper sulfate
pentahydrate (CuSO,SH,0) (Merck), lead nitrate (Pb(NO;),)
(Merck), zinc chloride (ZnCl,) (Merck), mercuric chloride (HgCl,)
(Merck), cadmium chloride monohydrate (CdCl,-H,0) (Merck),
cobalt(II) chloride hexahydrate (CoCl,:6H,0) (Merck), nickel(II)
chloride hexahydrate (NiCl,-6H,0) (Merck), and chromium(VI)
oxide (CrO;) (Merck) were used as received. All other reagents used
were of analytical grade.

Preparation of Agarose (Agr) Hydrogel Film. In a typical
procedure, agarose hydrogels of 2.5% (w/v) were prepared by
dissolving 0.25 g of agarose in 10 mL of 0.1 N NaOH solution
followed by boiling in microwave condition for 30 s. The film casting
was done by pouring the above solution in a petri dish and cooling to
room temperature which upon keeping overnight (preferably 12—15
h) took the shape of a thin hydrogel film of thickness ~ 0.3 mm.

Preparation of Carbon Dots (CD) from Chitosan Hydrogel.
The precursor used for the preparation of carbon dots was chitosan
hydrogel. The chitosan hydrogel was synthesized using a simple
approach. 1% glacial acetic acid solution and glycerol was mixed in a
ratio of 1 part of acetic acid solution to 3 parts of glycerol to form a
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solvent. 0.1 g of low molecular weight chitosan (dried in oven at 65 °C
for about 2 h) was taken in 10 mL of the aforesaid solvent and stirred
for 2 h in magnetic stirrer to form a clear pale yellow solution.
Thereafter, 300 uL of 5 N NaOH solution was added for
neutralization (to form a cross-link), and immediately a clear slightly
tacky three-dimensional gel network was formed. No free water or
glycerol was apparent.

For CD preparation, a 20 mL of 0.1 M solution of acetic acid was
added to the prepared chitosan hydrogel and stirred to dissolution.
The solution was then microwaved for 10—1S5 min, resulting in
formation of beautiful blue fluorescent chitosan carbon dots when
viewed under UV light.*®

Preparation of Agarose Carbon Dots (Agr/CD) Hydrogel
Film. This involved preparation of 2.5% (w/v) solution of agarose in
CD solution. Accurately weighed 0.25 g of agarose was added to a 10
mL of 1:1 ratio mixture of CD solution and 0.1 N NaOH. The
solution was then microwaved for 30 s to complete solubility of
agarose, and film casting was done following the same protocol as
done in the preparation of the agarose (Agr) hydrogel film.

Colorimetric Signature of Quintet Heavy Metal lons. The
presence of heavy metal ions was detected by the colorimetric
signature of the respective metal ions. The detection was done by
placing the Agr and Agr/CD hydrogel films (size ~ 1 X 1 cm and
thickness 0.3 ~ mm) in the respective metal ions solutions, viz., CrO;,
CuSO,, Fe(NO);, MnCl,, Pb(NO,),, HgCl,, CdCl,, ZnCl,, CoCl,
NiCl,, NaCl, and KI of concentration 1 mM. The hydrogel films were
then removed from the metal ion solutions after 12 h and dried in
vacuum. The photographs of each hydrogel film were also taken.

Optical Sensing of Agr/CD Hydrogel Film in the Presence of
the Quintet Heavy Metal lons. Optical sensing of the heavy metal
ions for their selective and sensitive detection monitored by UV—vis
spectrophotometer was studied in detail. Significant changes in the
reflectance spectra of the hydrogel film in the presence of the metal
ion were observed. For the analysis, the reflectance spectrum ofa 1 X 1
cm hydrogel film piece of thickness ~ 0.3 mm was recorded in a UV—
visible spectrophotometer from 800 to 190 nm wavelength and then
kept immersed in 2 mL of 1 mM solution of each metal ion, Ccr,
Cu?*, Fe**, Pb*, and Mn?, for 12 h. After this the film was recovered
from the metal ion solution and the reflectance spectrum of the film
was again recorded to study any signaling change in the hydrogel film.
The net change in the absorbance (% reflectance converted to
Kubelka—Munk (KM) absorbance, instrumentally) at the specific
wavelengths of metal ions (Cr®, 1 = 380 nm, Cu*', A = 290 nm, Fe*",
A =360 nm, Pb*", 1 = 215 nm, Mn*", 1 = 250 nm) was then calculated.
For the sensitivity study, a set of seven different concentration
solutions of each metal ion, viz.,, 1 mM, 0.5 mM, 1 uM, 0.5 uM, 1 nM,
0.5 nM, and 1pM, was prepared, and the complete study mentioned
above was repeated for each set of concentrations. The net change in
absorbance was then plotted against each concentration of the metal
ion solution.

Successful Filtration Capability of the Hydrogel Films. Agr/
CD and Agr hydrogel films were investigated as filtration membrane in
particular for heavy metal ions, viz., Cr®*, Cu?*, Fe**, Pb**, and Mn*",
through flame atomic absorption spectroscopy (AAS). A 10 ppm
solution of the metal ions was prepared, and the hydrogel films of size
~ 1 X 1 cm and thickness ~ 0.3 mm were kept immersed in 10 mL of
each of these metal ion solutions for 12 h. The hydrogel films were
then removed from the solutions, and then the concentration of the
metal ions in the solutions was analyzed by AAS.

Characterization. The Agr and Agr/CD hydrogel films were
characterized by Fourier transform infrared spectrometer (NICOLET
6700 FT-IR) to investigate the chemical changes in the film structure
before and after treatment with carbon dots. Spectra were obtained in
transmission mode from samples in KBr pellets in the range of 400—
4000 cm™" over 32 scans. Size distribution and zeta potential of the
CDs and the hydrogel films were done using Malvern Zetasizer
NanoZ$ 90 to investigate the particle size of CD and zeta potential of
the hydrogel film. Thermogravimetric analysis (TGA) was done using
PerkinElmer TGA 4000 from 35 to 800 °C at a heating rate of 10 °C
per minute with a nitrogen flow rate of 20 mL per minute. Surface
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morphology of the chitosan carbon dots were investigated using
scanning electron microscope (SEM) from Carl Zeiss (Zigma VP).
UV—visible study was done using Shimadzu UV spectrophotometer-
UV 2600 to study the absorbance of the hydrogel film (1 X 1 cm). For
PL intensity analysis, measurements were done in Varian Carl Eclipse
fluorescence spectrophotometer. The chitosan carbon dot solution and
hydrogel films (1 X 1 cm) were excited at 340, 360, 380, 400, 420, and
440 nm excitation. The filtration capability of the hydrogel films was
analyzed using an atomic absorption spectrometer in a AA-7000
Shimadzu model. XRD analysis was done in Bruker D8 Advanced
Diffractomter.

B RESULTS AND DISCUSSIONS

Fabrication of the Hybrid Agarose/CD Hydrogel Film.
A green hybrid hydrogel film of chitosan carbon dots rooted
into agarose as a proficient on-site operational solid sensing
platform for heavy metal ions was fabricated in a simple one
step protocol. Agarose in 2.5% (w/v) was immersed in a 1:1
ratio mixture of chitosan carbon dots:sodium hydroxide
followed by microwave heating until dissolution of agarose in
the mixture and then poured into a petri dish for film casting.
Owing to the “low temperature gelling” characteristic of agarose
a beautiful thin hydrogel film of thickness ~ 0.3 mm was
formed upon keeping the petri dish at room temperature. The
chitosan carbon dots used in the fabrication were prepared as
per a previous report.’® The chitosan CD was well-
characterized by studying its photoluminescence, particle size,
and zeta potential properties (Figure S1, in Supporting
Information). The chitosan CD showed excellent photo-
luminescence properties with well-known excitation based
emission spectrum.”’ The characteristic red shift in the
emission wavelength was observed upon excitation of CDs to
wavelengths 340, 360, 380, 400, 420, and 440 nm. Also, the
dynamic light scattering (DLS) analysis showed that the
particle size of CDs was less than 10 nm (size ~ 2.7 nm) and
the CDs were positively charged with zeta potential value { =
+27.8 mV. The positive nature of the chitosan CD is due to the
protonation of NH, groups to NH;*, which is also well
explained in our previous report.

This positive zeta potential value of chitosan carbon dots
encouraged the fabrication of a hybrid hydrogel from chitosan
CD and agarose. For the successful electrostatic interaction of
agarose with the positively charged CD the agarose was made
negatively charged, hence explaining its dissolution in sodium
hydroxide (NaOH). To study and compare the role of chitosan
carbon dots in the hybrid agarose/CD (Agr/CD) hydrogel film,
a simple agarose (Agr) hydrogel film was prepared by
dissolution of 2.5% (w/v) agarose in sodium hydroxide only.
The Agr/CD hydrogel film showed significant strength,
flexibility, and stability (in terms of degradation) in comparison
to Agr hydrogel film, making it a sustainable and easy-to-use
soft hydrogel film. A zeta potential DLS analysis was done to
study the net surface charge on the hydrogel films. A high
negative zeta potential value of { = —104.2 mV was observed in
case of the Agr hydrogel film whereas on incorporation of
carbon dots the { value shifted towards more positive reporting
a zeta potential of { = +51.4 mV for Agr/CD hydrogel film.
This suggested that owing to dissolution of agarose in NaOH
initially the Agr hydrogel film showed such a high negative zeta
potential but with incorporation of CD in Agr/CD there was
successful electrostatic interaction between the agarose and the
chitosan moieties which resulted in predominance of net
positive zeta potential. Next, scanning electron microscopy
analysis to study any perceivable morphological change on
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incorporation of carbon dots into agarose was performed
(Figure 1). The distribution of carbon dots all over the agarose

Figure 1. Scanning electron microscope (SEM) image of (A) Agr/CD
and (B) Agr hydrogel film.

hydrogel film was vivid from the SEM image of Agr/CD.
However, such distribution was absent in Agr hydrogel film and
in fact the film surface was found to be smooth in comparison
to that of Agr/CD.

Systematic Characterization of Arg and Agr/CD
Hydrogel Films. Any change in the optical property of Agr
hydrogel film on incorporation of chitosan CD was investigated
through UV—visible and photoluminescence spectrophotom-
etry. Initially, the UV—visible analysis (Figure 2) was done in
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Figure 2. UV—visible spectrum of agarose (Arg) and agarose-carbon
dots (Agr/CD) hydrogel films. (KM= % reflectance converted into
absorbance by the Kubelka—Munk method (arbitrary units)).

reflectance mode from 800 to 190 nm wavelength range to
study the behavioral change in Agr and Agr/CD hydrogel films.
In the Agr/CD UV—visible spectrum a sharp peak at 206 nm
(characteristic of chitosan) was evident which was found to be
absent in Agr, thus supporting the presence of chitosan moiety
in the Agr/CD hydrogel network. Following this a photo-
luminescence (PL) analysis was carried out, and the hydrogel
films were subjected to excitation wavelengths of 340, 360, 380,
400, 420, and 440 nm. Both the hydrogel films were found to
show maximum PL intensity at 360 nm excitation wavelength.
Supporting Information Figure S2 shows the comparative PL
emission spectra of Agr and Agr/CD at excitation wavelength,
Aexcitation = 360 nm. It was evident from the figure that Agr/CD
showed an increase in PL intensity of about ~25% from that of
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Agr, hence justifying the presence and role of chitosan carbon
dots in the hydrogel films.

FTIR analysis was done to systematically investigate the
electrostatic interaction between agarose and chitosan CD.
Figure S3A in Supporting Information shows the FTIR
spectrum of the hydrogel films. The broadening and shift of
the peak around 3500 cm™" in Agr/CD compared to that in Agr
indicated extensive hydrogen bonding between —NH;" and
—OH" groups of chitosan and agarose. The peak at 2896 cm™"
due to —CH, stretching vibration in Agr was shifted to 2882
cm™!, and the 2941 cm™' peak was much more pronounced in
Agr/CD indicating the presence of a chitosan moiety. The peak
around 1647 cm™! in Agr and Agr/CD was due to H-O—H,
the stretching vibration of bound water. The peaks at 1154 and
1067 cm™ in Agr were shifted to 1110 and 1036 cm™),
respectively, in Agr/CD specifying extensive C—O—C bending
vibration of glycosidic linkage. The 3,6-anhydro galactose peak
at 930 cm ™' shifted to 924 cm™ with considerable decrease in
intensity also confirmed the successful interaction between
chitosan and agarose moieties. These extensive electrostatic
interactions between agarose and chitosan CD also effected the
thermal behavior of hydrogel films investigated by thermogravi-
metric analysis (TGA) under nitrogen flow (Figure S3B,
Supporting Information). The Agr hydrogel films showed about
45.4% degradation at 100 °C. On the other hand, the Agr/CD
hydrogel film was extremely stable under high temperature with
only 7% degradation at 100 °C and maximum degradation was
achieved at as high as 263 °C. This extremely high temperature
stability in the Agr/CD hydrogel film was thus attributed due to
added interaction of agarose with chitosan carbon dots. In Agr
hydrogel films, the maximum degradation occurred at 136 °C.

Colorimetric Signature of Quintet Heavy Metal lons
(Cr®*, Cu®*, Fe**, Pb?*, Mn?*). The Agr and Agr/CD were
studied for their capability in successful detection of heavy
metal ions. At the onset, Agr and Agr/CD (size ~ 1 X 1 cm,
thickness ~ 0.3 mm) were placed in 2 mL of 1 mM solutions of
different metal ions, Cr®, Cu®*, Fe**, Pb*, Mn?*, Co**, Cd%,
Zn*, Ni**, Hg*, Na*, and K', for 12 h. Within 5—10 s of
loading of metal ions into the Agr/CD hydrogel film (Figure 3),
there was distinct color change observed particularly in the case
of Cr®, Cu*, Fe*, Pb*, and Mn*". The color change of the
Agr/CD hydrogel film was corresponding to the color of the
respective metal ion solution, viz., cr* - yellow, Cu*" — blue,
Fe’* — brown, Pb** — white, and Mn®>* — tan brown.
Interestingly, such color change was not observed in the case of
any other metal jons. This color change could be distinguished
up to a concentration limit of 1 yM through naked eyes. In
contrast, in the Agr hydrogel film (Figure 3) such a color
change was not at all observed for any of the metal ions. Even
upon keeping the hydrogel films in the metal ion solutions for
12 h to ensure maximum absorption and coloration, the Agr
hydrogel films did not show any sign of color change. A
colorimetric analysis examining the behavior of the Agr/CD
film toward a mixture of metal ion solutions was also conducted
(Figure S4, Supporting Information). For the analysis, three
target solutions, viz.,, {Fe(NO;); + Pb(NO,),}; {FeCl; + CuCl,
+ MnCl,}, and {CuCl, + MnCl,}, were prepared. A dominance
of the Fe*" hydrogel film was shown, thereby changing color of
the film to dark brown. On the other hand, when the target
solution containing {CuCl, + MnCl,} as the components was
treated with Agr/CD, the film changed color to blue. Figure 4A
shows the photographs of the test tube containing the Agr film
in different metal ion solutions. Interestingly, Agr film that was
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Colorimetric Sensing of quintet heavy tmetal rons

Colorimetric behaviour Co 2+
of Agr/CD or Agr for
others metal ions

Zn 2+ Ni 2* Na*/K*

= A A A A A

Figure 3. Photographs of colorimetric sensing test of heavy metal ions, exclusively Cr®, Cu**, Fe**, Pb**, and Mn?*, when loaded into the hydrogel

films Agr/CD and Agr.

Precipitation of metal ion solution on treatment
with “Agr”

NO precipitation of metal ion solution on treatment
with “Agr/cD”

Figure 4. Fate of the quintet heavy metal ion solutions after loading
into (A) Agr and (B) Agr/CD.

incapable of showing any coloration resulted in colored
precipitation from the respective metal ion solution when
subjected to same treatment (placing in metal ion solution).
This occurrence of precipitation can be explained due to the
formation of respective metal hydroxide when Agr was placed
in the metal ion solution. The Agr hydrogel film was prepared
by dissolution of agarose in NaOH; thus. when free OH™ ions
happened to come in close proximity with the metal ions, this
eventually resulted in formation of metal hydroxides which
were finally precipitated out in the metal ion solution. However,
in the case of Agr/CD (Figure 4B), no precipitation was
apparent, which was obviously due to the well reported affinity
of chitosan for transition metal ions forming chitosan—metal
chelates 22303233

To further explain and provide experimental proof of the
precipitation of metal hydroxides and formation of chitosan—
metal chelates, the Agr and Agr/CD hydrogel films were
investigated by X-ray diffractometer (XRD), Figures SS and S6
(Supporting Information). The presence of the quintet metal
ions in the Agr/CD hydrogel film was found to be very
prominent, showing the characteristic diffraction peaks of the
metal ions. But such representative diffraction peaks of the
quintet metal ions were not evident in the Agr hydrogel film.
For Agr/CD treated with Cr (Agr/CD-Cr), the chromium
experimental diffraction peaks were found to be at 26 values of
25.1°,26.6°, 30.8°, and 32.6° corresponding to d spacing values
of 3.54 A, 3.34 A, 2.89 A, and 2.74 A, respectively (JCPDS file
no. 01-072-9167, 00-012-0241, 00-006-0139, 00-059-0308).
Similarly, for Agr/CD-Cu, the d spacing values 2.07 A 1.80 A,
and 1.27 A corresponding to copper diffraction peak 26 values
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0.5 uM, 1 nM, 0.5 nM, and 1pM) in Agr/CD hydrogel film. (Cr®*, A = 380 nm, Cu?', A = 290 nm, Fe**, A = 360 nm, Pb**, 1 = 215 nm, Mn?*, A = 250
nm). Inset: The enlarged view of the graph from 0.5 M to 1 pM concentration range of metal ions and the photograph of the Agr/CD hydrogel film
after binding with the respective metal ions.

43.48°, 50.62°, and 74.38°, respectively (JCPDS file no. 00-003-
0307, 00-004-0836), for Agr/CD-Fe the d spacing values 6.90
A 3194334 A and 324 A corresponding to iron diffraction
peak 20 values 12.81°, 27.89°, 26.58°, and 27.4°, respectively
GCPDS file no. 00-013-0458, 00-008-0097, 00-005-0499), for
Agr/CD-Mn the diffraction peak at 20 value 31.35° with d
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spacing 2.85 A (JCPDS file no. 00-008-0171), and for Agr/CD-
Pb, the d spacing values 3.59 A, 3.06 A, 2.63 A, 3.26 A, and 1.58
A corresponding to lead diffraction peak of 20 values 24.77°,
29.08°, 34.01°, 27.26° and 58.2°, respectively (JCPDS file no.
00-018-0701, 01-076-1796, 00-041-1493), were reported in the
XRD spectrum of Agr/CD hydrogel film treated with quintet

DOI: 10.1021/am506558d
ACS Appl. Mater. Interfaces 2015, 7, 3058—3067


http://dx.doi.org/10.1021/am506558d

ACS Applied Materials & Interfaces

Research Article

metal ions. However, such diffraction peaks were not at all
observed in Agr hydrogel film treated with the quintet metal
ions. Along with the XRD analysis, SEM and EDX (energy
dispersive X-ray) analyses (Figure S7, Supporting Information)
were also done to draw conclusions about the formation of
respective metal ion chelates on Agr/CD hydrogel film as a
support to other experimental evidence described earlier. The
SEM images are showing the presence of cluster type structures
on the hydrogel film surface which on inspecting by EDX
shows the signature of the quintet metal ions.

Optical Detection of Quintet Heavy Metal lons (Cr®,
Cu?*, Fe3*, Pb%**, Mn?*). To systematically study the
colorimetric detection of the quintet metal ions, a detailed
UV—visible spectroscopic analysis showing optical detection of
Cr®, Cu®, Fe*, Pb**, and Mn** by Agr/CD was carried out
simply by observing changes in the reflectance spectra on
binding with the metal ion. The Agr and Agr/CD hydrogel films
(size ~ 1 X 1 cm, thickness ~ 0.3 mm) were kept immersed in
2 mL of all five metal jon solutions initially of 1 mM
concentration for 12 h. In the first instance the only occurrence
of new peaks after binding with the metal ion solutions was
witnessed in the reflectance spectrum of the Agr/CD; however,
such new peaks were found to be less prominent or absent in
Agr hydrogel films. The graphs showing change in the UV—
visible spectrum of the hydrogel films before and after binding
with the Cr®*, Cu** Fe?*, Pb**, and Mn?* are shown in Figure S.
It can be seen from the figure that there is change in the
spectral pattern with occurrence of new peaks with respect to
the metal ijon indicating successful binding and formation of
chitosan—metal chelate in Agr/CD. The UV—visible spectral
band is characteristic of the chitosan—metal chelate formation
in the presence of different metal ions. Therefore, a net change
in the absorbance of the hydrogel films before and after binding
with the metal ion solution was calculated with respect to the
respective peak of the chitosan—metal complex in the UV—
visible spectrum (Figure S8, Supporting Information). It was
observed that the net change in absorbance of the Agr/CD
hydrogel film on binding with Cr* was 9.3 times more in
comparison to that in the Agr hydrogel film. Similarly, the net
change in absorbance of Agr/CD for Cu®* = 11.25, Fe*" = 7.09,
Mn*" = 9.72, and Pb*" = 9.64 was higher in comparison to Agr
hydrogel film. Hence it can be stated here that Agr/CD
hydrogel film is an effective candidate of selective detection of
quintet metal ions (Cr®, Cu*, Fe**, Pb**, Mn>").

To further investigate the sensitivity of the optical detection
of these quintet metal ions by Agr/CD, a set of different
concentration solutions (1 mM, 0.5 mM, 1 uM, 0.5 uM, 1 nM,
0.5 nM, and 1 pM) of each metal ion were prepared. The Agr/
CD hydrogel films were kept immersed in these different
concentration solutions for 12 h, and then any signaling change
in the reflectance spectrum of the film was monitored.
Excitingly, the Agr/CD was found capable of optically detecting
the Cr®" metal ion down to a concentration limit of 1 pM, other
quintet metal ions, i.e., Fe**, Pb**, Mn>' to a concentration limit
of 0.5 nM, and Cu®>* to a concentration limit 0.5 uM. A
comparison plot of net change in absorbance of the Agr/CD on
binding with the quintet metal ions of concentrations 1 mM,
0.5 mM, 1 uM, 0.5 uM, 1 nM, 0.5 nM, and 1 pM is plotted in
Figure 6.

As can be witnessed from Figure 6, the net change in
absorbance of Agr/CD on binding with Cr® of 1pM
concentration was almost 6.32 times more than that observed
in the case of Agr binding with 1 mM Cr®". Thus, we can say
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here that the net change in absorbance of Agr/CD is much
higher even for a concentration as low as 1 pM. Similar results
were obtained for other metal ions of the quintet showing 6.62,
4.80, 6.17, and 6.88 times more change in the absorbance value
when subjected to Cu®* (0.5 uM), Fe** (0.5 nM), Pb** (0.5
nM), and Mn®>* (0.5 nM) in comparison to 1 mM
concentration treatment of Agr hydrogel film.

Applicability of Agr/CD Hydrogel Film as a Filtration
Membrane. We have shown so far the selective colorimetric-
optical detection of quintet heavy metal ions down to a
concentration limit 1 pM for Cr®*, 0.5 M for Cu**, 0.5 nM for
Fe**, Pb**, and Mn**. After detection of any contamination in
the environment, what becomes important is its separation. So,
the next step in our study was to test the applicability of these
hydrogel films as an efficient filtration membrane for separation
of the quintet heavy metal ions. To achieve this both the
hydrogel films Agr and Agr/CD were allowed to remain
immersed in a 10 ppm solution of Cr®, Cu**, Fe**, Pb**, and
Mn** for 12 h followed by subsequent analyses of all the
quintet heavy metal jon solutions from atomic absorption
spectroscopy (AAS). It was evident from the AAS analysis
(Figure 7) done in triplicate that the net removal of respective

g 100 @ Agr/CD @ Agr 9
5 80 54.855
> 60
E, 27.7 38, 341 arss
§ 40 111
s 20 2’9.5 11.54
2 0 22
Cr Cu > )
Mn Pb

Figure 7. Net absorbed value (%) of the quintet metal ions by Agr/CD
and Agr hydrogel film calculated by atomic absorption spectroscopic
(AAS) analysis.

metal ions by Agr was much less in comparison to Agr/CD. For
Cr® the net removal was found to be 27.75% by Agr/CD which
was only 2.95% by Agr. Also, the net ion removal by Agr/CD
for other metal ions was calculated to be 54.85%, 38.48%,
35.41%, and 83.97% for Cu®', Fe*, Mn?*, and Pb*",
respectively, in contrast to very low ion removal of 21.11%,
11.54%, 2.2%, and 47.35% by Agr for Cu**, Fe**, Mn*', and
Pb?*, respectively. We can now easily draw the conclusion from
these experimental studies that Agr/CD shows operative
efficiency to be used as a model filtration membrane for the
separation of these quintet heavy metal ions.

A possible mechanistic explanation speculated for the
detection and separation of these quintet heavy metal ions is
due to the well reported tendency of chitosan to form chelates
with transition metals.***” In the case of Agr/CD hydrogel films
(Scheme 2), the chitosan carbon dots were beautifully
dispersed all over the agarose hydrogel matrix and also the
free NH;* groups of chitosan CD were again deprotonated due
to addition of NaOH. The deprotonated NH, groups of
chitosan form chelates with metal ions as per the already
reported pendent model. This makes Agr/CD to be effective in
detection of metal ions in their solution and also aids in their
separation. However, the selectivity of Agr/CD toward the
quintet metal ions Cr®, Cu®*, Fe**, Pb**, and Mn?* exclusively
has to be answered yet. In Agr hydrogel films, on the other
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Scheme 2. Pictorial Representation Showing the Possible Mechanism of Metal Binding with Agr/CD
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Scheme 3. Pictorial Representation Showing the Possible Mechanism of Metal Binding with Agr
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hand, the absence of any such functional group capable of
forming chelates with metal ions makes Agr inapplicable for
heavy metal ion detection. Instead in Agr hydrogel films
formation of metal hydroxide takes place in the presence of
metal ions due to existence of unbounded OH™ ions in the
hydrogel matrix which in turn explains the occurrence of
precipitates on treatment of Agr with the metal ion solutions

(Scheme 3).

B CONCLUSIONS

In this report we successfully demonstrate the fabrication of
agarose hydrogel rooted with carbon dots (CD) as an exciting
sensing platform for colorimetric-optical detection of quintet
heavy metal ions, viz., Cr®, Cu?*, Fe*, Pb**, and Mn*". The
color changes observed in Agr/CD hydrogel thin film
correspond to the colors of the respective metal ion solution,
viz., Cr** — yellow, Cu®* — blue, Fe>* — brown, Pb** —
white, and Mn** — tan brown. This color change can be
attributed due to strategic formation of colored chitosan-metal
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chelates. The minimum detection limit was found to be 1 pM
for Cr®, 0.5 nM for Fe**, Pb*, and Mn*, and 0.5 M for Cu®*.
In conclusion, this hybrid hydrogel solid sensing platform has
potential applications as a ready, portable, cheap colorimetric
detector of heavy metal ions. The hybrid hydrogel sensing
platform also has an interesting advantage of its implementation

as an eflicient membrane for separation of heavy metal ions.
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