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Abstract

The purpose of this study was to investigate the interaction of a model anionic azo dye Congo red (CR) with
gold ions and gold nanoparticles in aqueous solution at 23 < using UV-Vis absorption spectroscopy. The gold
nanoparticles were synthesized by a green method using an aqueous extract of cinnamon (Cinnamomom
cassia). The cocktail of chemicals (cinnamaldehyde and linalool) in the extract chemically reduced the gold
ions to gold nanoparticles and imparted stability to the formed nanoparticles against agglomeration. The
synthesized AuNPs were characterized using UV-Vis spectroscopy and Transmission Electron Microscopy
(TEM). UV-Vis spectrum shows the Surface Plasmon Resonance (SPR) peak around 536nm. TEM shows the
spherical shape of AuUNPs and the particle size distribution at around 35 nm with a polydispersity of 15 %.For a
fixed concentration of CR (8.78 x 10 M) in water containing various concentrations of gold ions, the
absorbance peak of CR decreased by 56% + 6%. This significant decrease in absorbance peak along with the
appearance of a broad shoulder at a wavelength of 1 = 627 nm indicated the formation of a soluble complex
between CR and gold ions. The kinetics of the complex formation between gold ions and CR was found to be a
gradual process. Gold nanoparticles at low and high concentrations formed a stable complex with CR. The
stability of the complex is attributed to strong electrostatic interactions between CR and gold nanopatrticles in
solution through the sulfonic groups (SOs ) of the dye and the positively charged surface of the nanoparticles.
The gold ions and gold nanoparticles under the experimental conditions did not lead to the degradation of dye
instead to the formation of stable and unstable complexes, respectively.
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Article Highlights

o Green synthesis of stable gold nanoparticles using the extract of cinnamon barks.

e Demonstrating the formation of soluble complexes between Congo red and gold ions.
e Highlighting the role of chemical reducing agents in catalysis.

Date of Submission: 03-05-2021 Date of Acceptance: 17-05-2021

. Introduction

Toxic organic dyes are widely used in textile, leather-tanning, metal-plating, and paper industries. The
waste discharge from these industries contains a wide variety of toxic substances such as dyes, heavy metals,
and organic solvents. These materials when present above the tolerance level has detrimental effects on living
organisms and the ecosystem [1]. Even at low concentrations, the organic dyes cause coloration of water and
changes in pH, thus affecting water quality. In human health, the organic dyes cause severe dysfunctions of the
reproductive system, kidneys, brain, and the central nervous system [2-6].

In many countries, very strict laws are in place for the removal of organic dyes from industrial effluent
before being discharged on land and in water bodies. It must be pointed out, that it is nearly impossible to
remove all the dyes present in the effluent, and the discharge contains a very small concentration of the dyes.
This has led to a continuous search for new materials and the development of various technologies for the
satisfactory removal of dyes from industrial wastewater before the safe discharge [7-10]. A wide range of

DOI: 10.9790/5736-1405010514 www.iosrjournals.org 5 |Page



Complex formation and aggregation behavior of Congo red in aqueous solution in the ..

methods such as biological treatments, flocculation and coagulation, advanced oxidation and adsorption
processes have been widely studied for the removal of a variety of toxic organic dyes from wastewater [11-15].

In recent years, nanoparticles of noble metals such as gold, silver, platinum, and palladium have been
widely used for the removal of toxic organic dyes from solution through catalytic processes [16-19]. Among
these, gold nanoparticles (AuNPs) have attracted immense biomedical and technological attention due to their
catalytic, magnetic, optical, electrical, and anti-microbial properties [20-21]. Gold nanoparticles synthesized by
various chemical routes and green methods have been studied for the catalytic reduction of Congo red (CR) dye
in aqueous solution [22-25].

Although the catalytic degradation of CR in the presence of metal nanoparticles and a reducing agent
has been widely studied, to the best of our knowledge the study of CR interaction with gold ions and gold
nanoparticles in the absence of a chemical reducing agent such as sodium borohydride is not widely reported
[16-26]. The gold nanoparticles in this study were synthesized by a green method using cinnamon
(Cinnamomom cassia). Cinnamon extract contains a combination of reducing and stabilizing agents that can be
utilized for the synthesis of biocompatible gold nanoparticles from precursor gold salts [27].

The phytochemical composition of cinnamon includes essential oil (1-4%), polyphenols (5-10%),
carbohydrates (80-90%), and others such as calcium monoterpene oxalate, resin, mucilage, and gum [27,28].
The essential oil primarily contains primary aldehydes (60-80%) including cinnamaldehyde.  The
phytochemicals of cinnamon contain functional groups such as aldehyde (—CHO), and hydroxyl units (—OH) in
combination with carbohydrates. These functional groups provide synergistic chemical reduction capacity for
the reduction of gold salt to gold nanoparticles and their stabilization in a single-step reaction. Further, the
nanoparticles produced by this method are non-toxic and have potential applications in pharmacy and
nanomedicine [29].

The present study reports on the one-step synthesis of biocompatible gold nanoparticles using the
Cinnamon barks as a reducing and a capping agent. The UV-visible absorption spectroscopy and TEM were
used to characterize the gold nanoparticles. The synthesised gold nanoparticles exhibit a SPR at 535 nm, with an
average size of 35nm.The interaction of gold ions (Au®*) and Au nanoparticles with CR were studied in detail
using UV-Vis absorption spectroscopy. The absorption peak of CR reduced in intensity as the concentration of
gold salt (HAuCI,) and gold nanoparticles increased. It was demonstrated that the reduction in absorption peak
of CR dye by gold ions (Au**) and gold nanoparticles was mainly the result of formation of a dye-gold ions and
dye-gold nanoparticles complexes, respectively.  According to our knowledge, the interaction of gold ions
(Au®") and gold nanoparticles (AuNPs) with the anionic dye Cong red in the absence of NaBH, has not been
reported previously.

Il.  Materials and Methods
2.1 Materials
Cinnamon barks (purchased from the local grocery store), Congo red (Aldrich), and Tetrachloroauric
acid (HAuCl,, Aldrich) were used as received. Milli-Q water collected from Milli-Q system (Elix Technology)
with a conductivity of 18.2 MQ cm™ was used for all sample preparations.

2.2 Synthesis of gold nanoparticles

Gold nanoparticles were synthesized using a green method in which an extract of cinnamon from
cinnamon barks (Cinnamomom cassia) was used as the chemical reducing agent.

Cinnamon barks obtained from a local grocer were washed and rinsed with water (Milli-Q water) and
air-dried. The dried barks were ground to a fine powder using a high-duty blender. The cinnamon extract was
prepared by adding about 2.50 g of the freshly prepared powder to 100 ml of water in a 250 ml glass beaker.
The content was boiled for 5 min under vigorous magnetic stirring and filtered twice using Whatman filter paper
(No. 1).

A 1.00 mM aqueous solution of Tetrachloroauric acid (HAuCl,) was prepared by dissolving 0.023 g of
the salt in 60 ml of double-distilled water. About 4 ml of 1.00 mM tetrachloroauric acid aqueous solution was
taken in a centrifuge tube of 10 ml capacity. To this, 0.4 ml of the freshly prepared cinnamon extract was added
using a glass pipette, and the content mixed using a glass rod. The tube was placed in a microwave oven and
heated for 15 min in the microwave oven of 1000 W. The solution turned from light yellow to a purple-red
color indicating the formation of colloidal gold nanoparticles.

2.3 Transmission electron microscopy (TEM)

The gold nanoparticle was characterized using FEI Morgagni 268 transmission electron microscope
operating at an accelerating voltage of 80 kV. The sample was prepared by depositing a drop of the colloidal
nanoparticles on a carbon support grid. The grid was air-dried, and images of the gold nanoparticles were
obtained in the bright-field mode.
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2.4 UV-Vis spectroscopy

The absorption spectrum of the samples was measured using a double-beam Shimadzu UV-1800
spectrophotometer. The colloidal Au nanoparticle (~2.5 ml) was placed in a cuvette of path length of 1 cm, and
the absorption spectrum was recorded in the wavelength range 350-700 nm with 1mm resolution.

2.5 Fourier Transfer Infra-red (FTIR)spectroscopy

The infra-red spectrum of the colloidal gold nanoparticles, Congo red, and the complexes of Congo red with
gold ions was collected using a Bruker Alpha spectrophotometer in the scanning range of 500-4000 cm™. The
samples were prepared as solid and transparent pellets with dry potassium bromide (KBr).

I11.  Results and Discussion
3.1 Formation and characterization of gold nanoparticles

The formation of colloidal gold nanoparticles was confirmed by the change in the color of the solution.
The color of the solution changed from light yellow to purple-red color after microwave heating. This along
with a characteristic peak surface plasmon resonance (SPR) confirmed the formation of gold nanoparticles from
gold salt in aqueous solution. Fig. 1 shows the UV-Vis spectrum of the synthesized gold nanoparticles. The
spectrum shows a strong SPR peak at around 536 nm.

The SPR arises from the collective oscillation of electrons on the surface of the gold nanoparticle
causes this phenomenon resulting in strong excitation of light (absorption and scattering) [30]. The presence of
a single SPR peak indicates that the colloidal gold nanoparticles are poly disperse and are mainly spherical in
shape. The peaks wavelength at which this phenomenon occurs is strongly dependent on the physical state of the
gold nanoparticle such as size, shape, agglomeration, and aggregation state [30,31].
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Fig. 1. UV-Vis absorption spectrum of colloidal gold nanoparticles in water.

The size and morphology of the gold nanoparticles were further studied using TEM, and the
micrograph is shown in Fig. 2. The gold nanoparticles are spherical and polydisperse (15 %) with an average
diameter of 35 nm. Based on the SPR peak (L™ at 535nm, the size of the gold nanoparticles in solution was
estimated to be around 40 nm using a calibration curve of gold nanoparticle size versus optical density [30-34].
This value is quite close the reported value by TEM. The TEM image shown were taken after 1 month, thus
these results indicate the successful synthesis of stable gold nanoparticles in aqueous solution by the chemical
reduction of HAuCI,with cinnamon extract, and almost with no aggregations.
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Fig. 2. TEM imageand size histogram of the gold nanoparticles.
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The phytochemicals present in cinnamon are 1-4 wt % of essential oils (trans-cinnamaldehyde, trans-
cinnamic acid, eugenol, linalool, terpenes, and others), 5-10wt% of polyphenols (catechin, epicatechin,
anthocyanidin, catechin/epicatechin oligomers, kaempferitrin, and 18 others) and 80—-90 wt % of carbohydrates
(starch, polysaccharides, and ash). These chemical components contain active functional groups such as
hydroxyl, aldehyde, and carboxyl that are believed to play a vital role in the chemical reduction of HAuCI, to
gold nanoparticles [27-29]. The chemical structures of the most important phytochemicals of cinnamon that are
responsible for chemical reduction of HAuCl, to gold nanoparticles are shown in Fig. 3.

HsC OH
] i i |
CH,
OCH; OH |
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Linalool

Fig. 3. Chemical structures of some important phytochemicals present in cinnamon.

Among these, the cinnamaldehyde and linalool present in the cocktail of chemicals in thecinnamon
extract are the primary reducing agents that reduce Au(lll) ions to gold nanoparticles in solution [29,35]. The
carbohydrates present in the extract act as stabilizers for the gold nanoparticles against agglomeration. Overall,
the cocktail effect of various phytochemicals present in cinnamon provides simultaneous chemical reduction of
HAuUCI, and stabilization of gold nanoparticles against agglomeration in aqueous solution. The formation and
stabilization of gold nanoparticles from the precursor gold salt using cinnamon extract is illustrated in Fig. 4.

HAuCly; + Cinnamon extract —— >

Polysaccharide stabilized
gold nanoparticles
Fig. 4. Illustration of formation of gold nanoparticles from gold salt using cinnamon extract.

3.2 General characteristics of Congo red (CR)

The azo dyes are the largest class of organic dyes that contains azo group (—N=N-) as the
chromophore. Congo red with chemical formula Cs;H,,NegNa,OgS; is a bisazo dye which is readily soluble in
water and gives intense red color. The chemical structure of Congo red is given in Fig.5, and the chromophores
in the dye are the naphthalene, azo, and phenyl groups [36].
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Fig.5. Chemical structure of the dye, Congo red.

3.3 Absorption spectrum of Congo red
The absorption spectrum of the samples at 23 °C is shown in Fig.6.
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Fig.6. UV-Vis spectra of Congo red aqueous solution at 23 °C (spectra truncated to show only the peak of
interest 497 nm).

The spectra of CR showed three distinct absorption peaks at 497 nm (n—r* transition of azo group),
340 nm (n—n* transition of NH group), and 235 nm. However, the peak at 497 nm (Ama) is the peak of interest
as this is present in the visible region of the spectrum and is responsible for the n-electron transition of the azo
groups. With increase in theconcentration of CR, the absorption peak becomes sharp and shows no spectral
perturbations. This change in shape (broad to narrow) of the absorption peak is due to the self-aggregation
characteristic of CR. During self-aggregation in water, the CR molecules aggregate through r-stacking of the
benzene rings leading to the formation of cylindrical or rod-like micelles [37, 38].

3.4 The interaction of Congo red with gold salt (Au** ions)
To investigate the effect of gold ions on the interaction with Congo red, the concentration of the dye

was fixed at 61.2 mg L™ (8.78 x 107> M), and the concentration of the gold salt was variedsystematically (9.90
x 10° M, 1.96 x 10* M, 2.91 x 10* M, 3.85 x 10 M, 5.86 x 10* M and 7.41 x 10™* M). The change in
absorbance of CR aqueous solution with anincreasing concentration of gold salt is shown in Fig.7.
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Fig.7. Effect of gold salt on the absorbance of CR aqueous solution, measured at 23 °C.

Upon adding the gold ions in the form of HAuCI,solutions of various concentrations to CR solution,
the absorbance of CR decreases significantly. The decrease in absorbance for all the concentrations of gold salt
is about 56% + 6%. In addition to this significant decrease in absorbance, two other major effects are observed
viz. (i) theprogressive shift in L. to longer wavelength (shown as an inset in Figure 8) and (ii) additional broad
tail peak at A =627 nm. These spectral changes are attributed to coordinate complex formation between CR and
Au*" ions through electrostatic interactions. The stoichiometry of the complexation reaction was estimated from
a plot of Ama versus the molar ratio of HAuCI,/CR [39]. From the inflection point in the plot, the stoichiometry
of the reaction was estimated to be 3 mol of HAuCI, for 1 mol of CR. Further, the intensity of the new broad
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peak at A = 627 nm increased withanincrease in theconcentration of gold salt, which further confirms the
stoichiometry of the complexation reaction.

3.5 Kinetics of interaction of Congo red with gold salt (Au®")

The kinetics of interaction of CR with Au®* ions was also studied by following the time-dependent
absorbance for 10 min in intervals of 1 min for a fixed concentration of CR (8.78 x 10~ M) and HAuUClI, (2.91 x
10° M). The change in absorbance as function of time is shown in Fig.8.

15

T
'
'
1
I
'
'
—

1.0

0.5

Absorbance (a.u)

e J

0.0

T T
400 500 600 700
Wavelength (nm)

Fig.8. Time-dependent absorbance for acomplex forming reaction between CR and Au** ions.

The absorbance shows a significant decrease in intensity (~ 55 %) during the first 1 min followed by a
gradual decrease for the first 10 min. A new broad peak with asignificant tail is observed at A = 627 nm. These
observations indicate the complex formation reaction between CR and Au®" ions to be slow but gradual during
the first 10 min. Interestingly, after 24 h, the absorbance of the solution decreased very significantly to about
0.028, which corresponds to abouta99% decrease in intensity. A pale pink residue was observed at the bottom
of the cuvette and the solution was colorless further confirming the formation of the insoluble and aggregated
form of CR-Au complexes. The complexes formed self-aggregate in aqueous solutions through various physical
interactions such as hydrophobic interactions, m-electron interactions, H-bonding, and dispersion forces [40].
The size of the aggregates depends on the concentration and type of dye. These observations agree with the
formation of CR complexes with various proteins [41,42]. The formation of the CR-Au complex and its
precipitation from the solution due to aggregation is illustrated in Fig.9.

CR-Au complexes

CR-Au complexes (aggregated form)

(unaggregated form)
Fig.9. lllustration of unaggregated and aggregated CR-Au** complexes in aqueous solution.

3.6 Infra-red spectroscopy of CR-Au complex
The formation of CR-Au complex was confirmed using infra-red spectroscopy. The FTIR spectrum of Congo
red and the CR-Au complex are shown in Fig.10.

DOI: 10.9790/5736-1405010514 www.iosrjournals.org 10 |Page



Complex formation and aggregation behavior of Congo red in aqueous solution in the ..

Congo red-Gold complex

Congo red

Transmittance (a.u)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.11. FTIR spectrum of CR and CR-Au complexes as KBr pellet.

For CR, the following characteristic absorption peaks are identified: 1607 cm™ and 1495 cm™
(aromatic rings), 1589 cm™ (-N=N-), 3460 cm™ (-NH,), and 1196 cm™ (S-0O). The IR spectrum of CR-Au
complex appears like the pure CR, however distinct peak shifts can be observed. The weak peak of (-N=N-) is
shifted from 1589 cm™ to 1641 cm™ and this peak shift indicates that the nitrogen atomis involved in the
formation of acomplex with gold ion. Similar peak shifts have been observed for CR complexes with divalent
metal ions such as copper, nickel, zinc, and lead [43].

3.7 Interaction of Congo red with gold nanoparticles

The interaction of CR with colloidal gold nanoparticles in aqueous solution is not well documented in
the literature. In general, the degradation of CR by metal nanoparticles in the presence of a strong reducing
agent such as sodium borohydride (NaBH,;) has been well studied. To gain an insight into the nature of
theinteraction of CR with gold nanoparticles in the absence of any reducing agents, the absorbance spectra of
CR as afunction of the concentration of gold particles was recorded and the result is shown in Fig.11. The
absorbance spectrum of the colloidal gold solution is also included in the same figure as reference.

Absorbance (a.u)

. . . .
400 500 600 700
Wavelength (nm)

Fig.11. Influence of gold nanoparticles on the absorption of CR solution.

With an increase in concentration (in number) of gold nanoparticles, the absorbance of CR decreases
systematically up to a particle concentration of 11.1 x 10'°. When the particle number concentrations are 16.6 x
10" and 22.2 x 10%, the absorbance of CR decreases significantly with the shifting of ™ to longer wavelength
(redshift). In addition, a new broad shoulder with asignificant tail is observed at thewavelength A = 627 nm for
higher concentrations of gold nanoparticles. As can be seen from Fig.11 the broad shoulder peak increases in
intensity with an increase in the concentration of gold nanoparticles in CR aqueous solution. The enhancement
in intensity of broader shoulder constituted a proof of interaction between CR and Au nanoparticles. Visual
image of congo red solutions containing various amounts of gold nanoparticles is shown in Fig. 12.
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Congo red in water

Fig. 12. Visual observation of CR solution as a function of the concentration of gold nanoparticles.

These results unambiguously indicate the formation of stable complexes between CR and colloidal
gold nanoparticles in aqueous solution. It is envisaged that the negative sulfonic groups (SO;”) of CR adsorbs
onto the positively charged surface of gold nanoparticles through strong electrostatic interactions leading to the

formation of a stable complex. An illustration of the complex formed between CR and colloidal gold
nanoparticles is shown in Fig. 13.
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Fig. 13. Illustration of the complex formed between CR and gold nanopartlcles |n aqueous solution.

Therefore, in the absence of chemical reducing agents such as NaBH,, CR forms a stable complex with
metal nanoparticles and is not degraded into any other chemical species. The gold nanoparticles both at low and
high concentrations impart stability to the CR-gold nanoparticle complexes through electrostatic interactions. A
3D representation of the complexes at low and high concentrations of gold nanoparticles is illustrated in Fig. 14.
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Fig. 14. Three-dimensional representation of complexes formed between CR and gold nanoparticles at low and
high concentration in aqueous solution.

The results agree with that reported for the formation of complexes between CR and silver
nanoparticles in aqueous solution [44], and with complexes of gold nanoparticles and bovine serum albumin,
cytochrome ¢, and lysozyme [45,46]. In general, CR self-aggregates and forms a stable complex with
surfactants, proteins, and macromolecules [47]. Further, the results indicate that CR has a strong complex
forming ability with metal salts of silver and gold and their nanoparticles. It must be pointed that chemical
degradation of CR takes place only in the presence of metal nanoparticles and a chemical reducing agents viz.
NaBH, and citric acid.

IV.  Conclusions

Stable gold nanoparticles with low polydispersity were successfully synthesized by a green method
using an extract of cinnamon. The active phytochemicals present in the extract maybe responsible in reducing
the Au®* to Au nanoparticles, and the carbohydrates provided stability against agglomeration. The interaction of
gold ions (Au®*) and Au nanoparticles with CR were studied in detail using UV-Vis absorption spectroscopy.
CR formed a complex with gold ions which aggregated over time and the aggregation process was rather
gradual. With gold nanoparticles, CR also formed complex at both low and high concentrations of
nanoparticles. The gold nanoparticles offered stability of the complex due to strong electrostatic interactions.
Degradation of CR in the presence of gold ions and gold nanoparticles was not observed due to the absence of
chemical reducing agents. This study has shown that gold ions and gold nanoparticles are capable of only
forming complexes with CRand do not catalytically degrade the dye. For the catalytic degradation to occur, a
chemical reducing agent is thus required along with gold nanoparticles to enhance the electron transfer reactions
involved during the degradation process.
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