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Abstract

Abstract

Removing pollutants using adsorbents made from natural ingredients is an exciting proposition
from the standpoint of their cost-effectiveness and safety. In this respect, materials from plant
polyphenols and iron salts attracted our interest. Polyphenols are class of chemicals widely
distributed in leaves, seeds, and other parts of plants. They are known for their health benefits
and antioxidant properties. Iron is one of the common elements in earth crust and
metalloenzymes. Iron(l11) is known to bind strongly with catechol, which is part of polyphenols
as well. Thus, understanding the chemical nature of material synthesized from plant

polyphenols and iron would also be relevant to chemical science.

Chapter 1. Introduction and Literature Review

This chapter includes the literature on the green synthesis of nanoparticles and their
environmental applications. Literature survey revealed that the chemistry of polyphenols with
iron is multifaceted. Depending upon the pH, oxidation state of iron, metal-ligand ratio, and
presence of oxygen, polyphenols can react in a number of different ways with metals, and the
type of possible product also changes. Based on literature studies, the research gap, objectives

of the thesis were defined.

Chapter 2. Synthesis and Characterization of Iron-Plant Polyphenol Complexes

Two iron(l11) based new materials were synthesized from tannic acid (Mat-1) and guava leaf
extract (Mat-2) in ~10 g scale under identical conditions (Scheme 1). The iron-polyphenol ratio
would play a role in determining the type of complexation; the ratio was fixed at 1:1. To pursue
this, the polyphenol content of guava leave extract was determined as the gallic acid equivalent
using the Folin Ciocalteu reagents and calculated the iron salt necessary to maintain 1:1 ratio.
On the other hand, tannic acid sourced from gall nut is an ester of 10 units of gallic acid with
a central sugar unit. The iron: tannic acid was fixed at 10:1, which is equivalent to iron: gallic

vii
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acid unit of 1:1. With tannic acid, we have synthesized another material (Mat-3) with Fe(l1l)
salt as starting material. This was used as a control. All the syntheses were performed at room
temperature, and the final pH of the solutions 7, maintained using dilute NaOH. Materials were
isolated after centrifugation for 5 min at 8000 rpm and stored over silica gel at 0-5° C. At these

conditions, the materials do not change any of the properties for over a year.

Fe (I1) (Mat-2) ~10g Fe(lll) MeOH
— " | "B
—D
pH 7, centrifuged Dispersion
Fe(ll)
(Mat-1)
or Fe(lll)
(Mat-3) e N :
1.Tannic acid+ Fe,SO, (Fe : gallic acid unit, 1:1) ———p Mat-1
RO, 0 OR — 2. Guava leaf extact+ Fe,SO, (Fe : gallic acid unit, 1:1) ———p Mat-2
RO or R=C.H,0s 3.Tannic acid+ Fes(NOs); (Fe : gallic acid unit, 1:1) —————» Mat-3
Tannic acid

Scheme 1. The scheme of synthesis of Mat-1, Mat-2, and Mat-3.

The physical properties, surface properties, chemical properties of all three materials were
analyzed using FESEM, FETEM, DLS, BET, pHzy, CHNS analysis, Magnetic susceptibilities,
EPR, XPS, Mass analysis, TGA, PXRD, FTIR. The results of FESEM and TEM confirm the
irregular-shaped particles of Mat-1 and Mat-2 within 20-100nm size range, present in an
agglomerated form. The ESI mass spectra of tannic acid showed a sequential fragmentation
pattern with successive loss of all 10 gallic acid units. MALDI mass spectra of tannic-iron
complex (Mat-1) showed the loss of 205.5 mass units could be assigned to iron(l11) bound to
gallic acid. From the ESI mass spectra of guava extract, we identified multiple polyphenols
(Figure 1a). Using isotopic abundance fitting, some of the peaks could be identified in MALDI

mass spectra of oxo iron complexes (Figure 1b-f). Similar evidence of iron complex and oxo-

viii
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iron complex was found in corresponding tannic acid material (Mat-1) as well. Mat-3,

synthesized from iron(l11) and tannic acid, fragmented less under our experimental condition.
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Figure 1. (a) ESI mass of guava leaf extract (b) MALDI mass analysis of Mat-2 in HCCA
matrix, Observed and calculated isotopic distribution of Guavinoside b-lron complex (c) and
(d) and Pedunculagin/Casuarinin Iron complex (e) and (f) respectively.

(* Peak of matrix used in measurement)

The EPR spectra of all three materials at room temperature showed a characteristic peak for Fe
(III). However, at lower temperatures, the signal for Mat-1 and Mat-2 reduced significantly.
One plausible explanation for this is that Mat-1 and Mat-2 have antiferromagnetically coupled

oxo-bridged iron(III) while Mat-3 has non-coupled iron(Ill) center. Magnetic susceptibility of
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Mat-3 (6.8 x 10> cm? g™!) is significantly higher than the other two (1.6 —2.1x 107> cm? g™!).
This also supports the presence of oxo-bridged iron(III) in Mat-1 and Mat-2 but not in Mat-3.
The XPS spectra of both Mat-1 and Mat-2 showed the presence of Fe(l11) as a major component
with some iron(ll). In Mat-3, Fe(l11) form was present only.

Chapter 3. Methylene Blue Removal Using Materials Synthesized in Chapter 2

In this chapter, the dye removal property of Mat-1 and Mat-2 were investigated. Both the
materials were tested on six different dyes, and a detailed study with methylene blue (MB) was
carried out. Batch processes were carried out with different pH (2, 3, 4, 5, 7, 8); concentration
of dye (1, 5, 10, 20, 40, 80, 150 mg/L); dose of adsorbent (0.5, 1, 2, 4 g/L) and time (5, 15, 30,
60, 120 min). Mat-1 and Mat-2 showed maximum adsorption capacities of 187 and 255 mg/g,
respectively, at 150 mg/L of dye concentration (Figure 2a, 2b). Mat-2 reached equilibrium
within 30 min with ~100% removal. The removal capacity of materials was also compared
with commercially available activated charcoal. Mat-2 can match performance with activated
charcoal even though these materials have 1/6 times surface area than activated carbon.
Isotherm models (Figure 2c, 2d) and kinetic models are also applied to a better understanding
of the mechanism. The desorption study was carried out using solvents and salts. Desorption
is most effective with H-bond donor solvents methanol, and MB can act as H-bond acceptor at
the imine N or charged S. In the presence of Na*, K*, Ca*2, Ba*? and Al* salts, with the higher
charge, larger cations are increasingly more effective to displace dye from the adsorbent. The
desorption study revealed that dye binding on adsorbents has a significant contribution from
ionic interaction. The H-bonding, along with aromatic =—= interaction, as well contributed to

adsorption.
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Figure 2. (a), (b) Effect of initial concentration on removal percentage and adsorption capacity
of MB by Mat-1 and 2, respectively. (Conditions: C0=5-150 mg/L, pH= 7, Adsorbent
dose=0.5¢g/L, rpm=250, t=60min). (c), (d) Isotherm plot of MB removal by Mat-1 and Mat-2,
respectively.

Chapter 4. Bismarck brown dye removal capacity and cytotoxic effect

In this chapter, the removal capacity of Mat-1 and Mat-2 was investigated against another
cationic dye, Bismarck brown (BB). It was reported that azo dyes were capable of showing
carcinogenic nature and inducing genetic abnormalities. Since post-treated water will be used
for different purposes, it is important to check the toxicity of the post-treated water due to the
possibility of residual toxicity. This also aimed to investigate the toxic effect of BB dye on
chromosomal level, using A. cepa, and also checked the reduction of toxicological impact post-
treated dye solution with Mat-1 and Mat-2. Batch processes were executed with different
concentration of dye (10, 20, 40, 80, 100, 200, 400 mg/L) (Figure 3a, 3b); dose of adsorbent
(05,1, 1.5, 2,3 g/L) and time (5, 10, 15, 30, 60, 120 minutes). Both materials showed > 80%

Xi
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removal of BB in a wide range of dye concentrations, from 20-400 mg/L with very high
adsorption capacities of 652 mg/g and 680 mg/g of Mat-1 and Mat-2, respectively( Figure 3a,
3b). Isotherm and kinetic studies were also carried out for a better understanding of dye
removal. The desorption of BB was carried out using methanol, followed by the adsorption
process. With increasing cycle, the desorption percentage was also increased from 75% to 99%

for Mat-1 and 71% to 86% for Mat-2 at 0.5g/L of material dose (Figure 3d).
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Figure 3. (a) Scheme of BB adsorption by Mat-1 and Mat-2 (b) BB removal by Mat-1 and (c)
Mat-2 at different concentrations with the dose of 0.5 g/L,(d)Isotherm study of Mat-1, and (e)
Adsorption-desorption study of Mat-1 and Mat-2.
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To check the cytotoxic effect of BB dye, A. cepa was treated for five different treatments: one
with distilled water, two with residual dye solution after removal by Mat-1 and Mat-2, and two
with direct BB stock solution of 200 and 400 mg/L concentration. Mitotic index (MI) and
chromosomal aberration were studied, and it was observed that the BB dye could cause cell
and chromosomal deformations (Figure 4). However, BB solution after treatment of Mat-1 and
Mat-2 did not show such negative effects in terms of Ml or cell deformation (Figure 4a-d).
With the increase of dye concentration, the change in cell structure, as well as elongated cells,
was observed (Figure 4h). The direct application of BB dye at 200 and 400 mg/L of

concentration, decreased mitotic stages, and cellular deformation were observed. (Figure 4h).

Figure 4. Chromosomal observation of A. cepa cell. (@) normal prophase; (b) normal
metaphase; (c) normal anaphase; (d) normal telophase; (e) anaphase with chromosomal
aberration in exposure of BB; (f) chromosomal deformation chromosomal aberration, (g)
cellular agglomeration with cell wall degradation; and (h) cell elongation.

Chapter 5. Fluoride removal using Mat-1 and Mat-2

In the previous chapter, it was observed that both adsorbents were capable of removing cationic
dyes from an aqueous solution at pH 7. Below pHzpc values, materials can remove negatively
charged ions like fluoride as the material’s surfaces are positively charged. We choose fluoride

xiii

TH-2840_156152011



Abstract

as adsorbate in this chapter to check the removal capability of Mat-1 and Mt-2. The fluoride

concentration in the solution was measured using lon-Selective Electrode (ISE). Batch

processes were carried out at different pH, concentrations, dose, and contact times. Adsorption

isotherm, kinetics, and desorption studies were also investigated. Both materials showed ~70%

removal of 10 mg/L of fluoride concentration at pH 2 and 1h of contact time. With increasing

dose, the removal increased, and decrease of uptake was observed (Figure 5a, 5b). The

maximum fluoride uptake capacities of Mat-1 and Mat-2 were 12.3 and 7.5 mg/g at 40 mg/L

of fluoride concentration. (Figure 5a, 5b). For authentication of the Mat-1 and Mat-2 on

fluoride removal capacity, all of the materials were applied to real fluoride contaminated water

from 15 sites in Guwahati, Assam.
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Figure 5. Effect of (a) Mat-1 and (b) Mat-2 dose on fluoride removal at pH 2, 1h contact time,
(c) Kinetics of Mat-1, and (d) XPS spectra (F1s) of Mat-1 before and after adsorption.

Among them, six sites were identified as fluoride contaminated sites. Samples of 4 contained

fluoride site were reached below the WHO recommended permissible limit (1.5 mg/L) with 2

TH-2840_156152011

Xiv



Abstract

g/L dose of Mat-1 and Mat-2 with a contact time of 1 h. After increasing the dose to 4 g/L, the
rest two samples also reached within the permissible limit. After the removal process, the
fluoride adsorbed samples were further analyzed, and the presence of fluoride was confirmed

by XPS (Figure 5d) and EDS spectra.

Chapter 6. In Vitro Investigation of Mat-1 and Mat-2 on Physio-Chemical Responses in

Vigna radiata and Antimicrobial Activity Against Pathogenic Bacteria

In this chapter, the biosafety of Mat-1 and Mat-2 was checked on mung beans (Vigna radiata)
and bacteria. The seed germination, seedling morphology, microscopic study, membrane
stability, biochemical parameters (chlorophyll, carotenoid, proline, polyphenol) were analyzed
to investigate the phytotoxicity of Mat-1, Mat-2, and tannic acid on mung bean (Vigna radiata).
This chapter also highlights the antibacterial characteristics of materials in terms of minimum
inhibitory concentrations (REMA method) and zone of inhibition (disc diffusion) on eight
disease-causing bacteria. This study contributed to the utilization of iron polyphenol complexes

in agriculture and the assessment of environmental safety.

Results showed the increase in root-shoot length, biomass, productivity in Mat-1 and Mat-2
treated plants signified the positive impact of iron-polyphenol complexes on plants. In addition,
the microscopic view showed no deformation in the epidermis, cortex, peri circle, xylem, and
phloem in Mat-1 and Mat-2 treated plants (Figure 6). However, tannic acid-treated plants
showed increased stress, decreased growth, and changes in physiological and biological
parameters, which eventually affect plant health. The microscopic view of the root section
showed deformation of the xylem and phloem, and aggregated form of xylem-phloem was

observed (Figure 6).

XV
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Mat-1- Shoot Mat-2- Shoot Tannic acid-Shoot

Figure 6. Transverse section of shoots and roots of (a), (b)control, (c), (d) Mat-1, (e),(f) Mat-
2 and (g), (h) TA treated plants.

On the other side, after the complexation with iron, i.e., iron-tannic acid complex (Mat-1)
changes the whole behavioral pattern with Vigna radiata, it reduces the stress level and

increases the productivity of plants.

The antimicrobial property was checked against four Gram-positive and four Gram-negative
bacteria (Table 1). In REMA method, all materials (Mat-1, Mat-2, tannic acid) showed
antimicrobial activity against all eight disease-causing bacteria. In contrast, tannic acid showed
better results in some bacteria (Table 1). The disc diffusion method did not fit well in our case

as the materials were partially dispersible in nature.

XVi
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Table 1. The minimum inhibitory concentration and zone of inhibition of materials against eight

bacteria.

Bacteria MIC (mg/mL) ZOl (mm)
Tannic Mat-1 Mat-2 Tannic Mat-1 Mat-2

Gram-negative bacteria
Escherichia coli 0.39 6.25 3.13 20 14 13
Klebsiella pneumoniae 3.13 6.25 6.25 19 - -
Enterococcus aerogenes  3.13 6.25 6.25 23 9 9
Pseudomonas aeruginosa 0.39 6.25 6.25 17 - -
Gram-positive bacteria
Micrococcus luteus 0.39 6.25 6.25 19 - -
Staphylococcus aureus 6.25 312 3.13 22 9 9
Staphylococcus 6.25 6.25 6.25 22 12 9
epidermidis
Bacillus subtilis 0.39 6.25 3.13 17 - -

Results suggested that Mat-1 showed inhibition against Staphylococcus aureus at the dose of

3.13 mg/mL with 9 mm of ZOlI, while with the higher dose of 6.25 mg/mL, it showed the ZOI

of 14 mm against E. coli. Mat-2 showed inhibition against E. coli, Staphylococcus aureus, and

Bacillus subtilis with the dose of 3.13 mg/mL and exhibited the ZOIl of 13, 9, 9 mm,

respectively.
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° Degree

A Lambda

% Percent
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L Litre
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c Concentration

mg Milligram

g Gram
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1.1. Overview

In the twenty-first century, the world’s population is confronted with serious water quality
challenges. Despite the fact that water is the most vital natural resource, just 1% of it is suitable
for human use [1]. Approximately 1.1 billion people do not have access to safe drinking water,
according to the World Health Organization (WHO, 2015). The water issue is exacerbated by
poor water management, the generation of a massive volume of hazardous waste, and its
improper disposal [2]. The inevitability of wastewater treatment reinforces the need to develop
sustainable treatment options. Pollutants released in wastewaters can be hazardous to aquatic
life and able to change the condition of the aquatic ecosystem [3]. Various approaches for
purifying wastewater have been developed, such as sedimentation, membrane filtration,
flotation, precipitation, adsorption, ion exchange coagulation, oxidation, etc. [4-6]. Among
them, adsorption is a much simpler and attractive procedure in comparison to other methods
due to its high efficiency and ease of handling. Besides, it shows good efficiency in low
concentrations of pollutants. Traditional methods for removing contaminants from wastewater
are not cost-effective, particularly at low pollutant concentrations [7]. Moreover, adsorption
has also been in practice for decades in the treatment of wastewater from distinct sources [8—
10]. Additional benefits include the recovery of pure metal for recycling and the reuse of the
adsorbent [11]. However, conventional adsorbents are chemically modified, susceptible to
secondary effects, and expensive. Therefore, in the current scenario, there is an obvious need
for sustainable, cost-effective, energy-efficient, and green adsorbent. My research is an attempt

towards contributing to the water treatment process using eco-friendly efficient bioadsorbant.
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Adsorption by biomaterials, commonly known as biosorption, is a popular approach where
different parts of plants, dry leaves, shoot powder, barks, agricultural wastes, fruit shells, and
a variety of other biological materials have all been investigated over the years (Table 1.1).
Bioadsorbents have been the subject of a recent flurry of research articles due to their simple
process, biodegradability, low cost, nontoxic, ecofriendly, and year-round availability. Some
of the selected bioabsorbents used for the removal of different kinds of pollutants from

wastewater are enlisted in the following table.

Table 1.1. Selected list of different bio-adsorbent used in pollutant removal.

Adsorbent Pollutant References
Rice hull ash Lead (1) [12]
NaOH treated rice husk Malachite green [13]
Wheat bran Chromium (V1) [8]
Ocimum americanum L. seed pods Chromium (V1) [14]
Aegle marmelos correa (Bael fruit) Chromium (V1) [15]
Okra, pumpkin, grape, and squash Copper ions [16]
Sugarcane bagasse Cu?*, Cd?" and Pb?* [9]
Sugarcane bagasse Rhodamine B (RhB) and [17]
Basic Blue 9

Iron oxyhydroxide NP coated rice husk Fluoride [18]
Azadirachta indica (Neem) Lead (I1) [19]
Rambutan peel based activated carbon Remazol Brilliant Blue R [20]
Phoenix tree leaf powder Methylene blue [21]
Pea peels Bismarck brown [22]
Coconut husk Mercury (Hg°) [23]
Activated carbon from coconut coil Methylene blue [24]
Eichhornia crassipes (Water hyacinth) Phosphorus [25]
Water hyacinth was modified by citric acid  Ni (1), Cu (II), and Cr (VI) [26]
Bamboo dust carbon Methylene blue [27]
Tea extract mediated nanoparticles Malachite green, rhodamine B [28]
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It can be concluded from the above table that different parts of plants, different agro-waste,
water hyacinth, etc., in dry or powder form, in some modified form, after converting in charcoal
were used for adsorption of different heavy metals, dyes, and other pollutants present in
wastewater. However, in many literature activated charcoal from different biomaterials were
used for water treatment purposes but, energy consumption and air pollution is an adverse side

of it.

The use of biomaterial’s extract and different precursor salts for the synthesis of different
metal-ligand complexes is another well-known area of study regarding environmental

application and environmental chemistry.

The presence of polyphenol in different parts of plants like root [29], shoot, leaves, seed [30],
bulk, etc., acts as a ligand and makes complexation in the presence of different precursor metal
salts. The specific components that cause plant-mediated metal complex synthesis and the
mechanism of action are still unknown. Different secondary metabolites such as flavonoids,
polyphenols, terpenoids, and heterocyclic compounds have been suggested to react with metal
salts and produce plant mediated-metal complex [31,32]. Different polyphenols like moin,
hyprine, flavonone, naringenin, gallic acid, ellagic acid, etc., present in plant extracts are
soluble in water, and some organic solvents react with precursor iron salt solutions (Figure

1.1).

Polyphenols are chemically interesting due to their redox activity, which is the origin of their
function as an antioxidant. Polyphenols are structurally diverse, and their reactivity depends on
pH. The size distribution of these synthesized materials usually belongs within nano ranges
[28,33,34]. Due to their high surface-to-volume ratio, nanoparticles are well known for their

application in water treatment.
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Figure 1.1. Structure of selected plant polyphenols.

Hence, these materials are also well known as green synthesized nanoparticles. The small size
ranges of the materials possess increased surface area, which helps in the adsorption of
pollutants due to increments of active sites. Moreover, the use of plant materials for the green
synthesis of nanoparticles is useful for its cost-effectiveness, bulk production, and effective
reproducibility process. Table 1.2 represents various plant parts utilized in different literature

for synthesizing metal-based nanomaterials.

The production of green nanoparticles provides numerous advantages over traditional methods

that include no energy requirement, significant affordability, and eco-friendliness as no toxic
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byproducts are produced [35]. The benefit of green produced nanoparticles synthesis is that
they do not require synthetic reducing agents, which are detrimental to the environment.
Additional benefits of green synthesis over traditional ones include the possibility of bulk scale

production, no requirement of external conditions such as high pressure and energy [36].

Table 1.2. Literature of plant-mediated synthesis of the nanoparticles.

Plant name Plant Metal Application References
part salt

Benjamina Leaf Silver Cadmium [33]

Trigonella foenum- Leaf Silver Reactive blue 19 and Reactive [37]

graecum yellow 186

Terminalia bellerica Fruit Silver Methyl orange, Eosin yellow [38]

kernel

Palm tree (Phoenix Leaf Copper—  Methylene blue [39]

dactylifera) silver

Mussaenda glabrata Leaf Gold and Rhodamine B, methyl orange [40]
silver

Stemona tuberosa Gold 4-nitrophenol, methylene blue, [41]

Lour methyl orange and methyl red

Lagerstroemia Leaf Gold methyl orange, bromophenol [42]

speciosa blue and bromocresol green,

and 4-nitropheno

Hibiscus sabdariffa Flower  Copper Nitrate [43]
Citrofortunella Leaf Copper Rhodamin B [44]
microcarpa

Moringa oleifera Leaf Iron Nitrate removal, [45]
Dodonaea viscosa Leaf Iron Antimicrobial [46]
Laurus nobilis L Leaf Iron Antimicrobial against Listeria [47]

monocytogenes bacterium.

Carica papaya Leaf Iron Remazol yellow RR dye [48]
degradation

Tea Leaf Iron Malachite green, rhodamine B [28]
and methylene blue dye
removal

Simmondsia seed Iron Fluoride removal [49]
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chinensis

Nettle and Thyme Leaf Iron Cephalexin (CEX) antibiotic [50]
removal

Azadirachta indica Leaf Iron ammonia nitrogen, COD [51]

Eucalyptus Leaf Iron Dye removal [52]

teretiornis,

Eucalyptus globules Leaf Iron Chromium [53]

oolong tea Leaf Iron Malachite green [54]

Green tea Iron Methylene blue and methyl [55]
orange

Lantana camara Leaf Iron Ni (11) [34]

Oak, mulberry and Leaf Iron Arsenic (1), Chromium [56]

cherry

Eichhornia crassipes, Leaf Iron Nitrate and phosphate [57]

Lantana

camara and Mimosa

pudica

Vaccinium Shoot Iron Arsenic [58]

corymbosum and leaf

Tea extract Leaf Iron Bromothymol blue [59]

Table 1.2 summarizes the utilization of several plant species for the synthesis of plant-mediated
metal nano complexes. Different precursor metal salts like silver, gold, copper, nickel, iron
were used for complexation purposes. Among them, some metal salts are quite costly, which
makes the synthesized materials expensive, and some have some toxic effects on the
environment. However, the use of iron salt for synthesis makes the material cost-effective and
environmentally friendly. Apart from it, iron is a common earth element also very essential for
the growth of the living body. Iron forms strong bonds with the phenolic —-OH group of the
polyphenols to form a complex. Iron after complexation generally prefers the Fe(l11) oxidation

state, but in a mixture, some amount of Fe(ll) could also be present.
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1.2. Iron-Polyphenol Interaction

Polyphenols can react in various ways depending on pH, iron oxidation state, metal-ligand
ratio, and oxygen present. Depending upon pH, polyphenols and polyphenolic-metal
complexes can be varied structurally, show different coordination modes. The speciation of
iron-catechol changes with the change in the pH. In the complexation of catechol : iron, in the
ratio of 2: 1 at the pH of 6-7, the formation of bis species is observed with a Amax 0f 570nm.
Additionally, the tris species is formed in solutions with a pH > 9.5 and a UV-vis maximum
of 490 nm. At low pH (<4.5), the occurrence of a sea-green Fe(cat) species with a Amax 0f 714
nm was observed (Figure 1.2) [60-62]. The pKa value of most of the polyphenol was 9-10,
bellow that pH, in the presence of iron, catechol deprotonates and forms a stable iron-

polyphenol complex [63].

a - -
@ ‘\Fe:" A max ~ 714 nm

f
pH <4 ¢

/ o 0

o . pH 5-7 ‘*Fe_‘w- A _
+ Fe3 1 —_— AN A max — 570 nm
o ko)

Catechol

A max — 490 nm

Figure 1.2. Iron catechol complexation at different pH.

Iron binds to polyphenol due to the antioxidant actions of polyphenols [64]. After the
displacement of the proton, polyphenols act as hard Lewis bases, and after the interaction with

Fe(Ill) (hard Lewis acid), they show higher stability constant of 40-49 [65]. However, in
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interaction, polyphenols with Fe (11) (borderline Lewis acid) exhibit lower stability constant in

comparison to Fe (I11) complex.

Oxygen also plays an important role in iron-polyphenol complexation. In previous literature, it
is also observed that due to the autooxidation process, in the presence of oxygen, the catechol
and gallic acid complexes of Fe(ll) are oxidized to Fe (I11) complexes (Figure 1.3 a) [66,67].
In aerobic conditions, the oxidation of Fe (1) is a slow process. However, in the interaction of

polyphenol-iron, the rate of the oxidation of iron is increased [68].

Previous literature shows that Fe (I11) reduces to Fe (Il) after binding with a polyphenolic
compound, forming a semiquinone as an intermediate to finally give a quinone form. This

happens due to the oxidation of polyphenol (Figure 1.3b).

(a) R

R R i
OH (0) 0) (0]
O ree O e 2 | O

0]

(b) R R R R
OH O\ ) OH Fe3+ (0]

4 Fe3+—> /Fe3+—> ':; + Fe2Jr —— + Fez+
OH (0) (o) (0]

Figure 1.3. (a) Iron (Il)-polyphenol reaction in the presence of oxygen, (b) reduction of iron
(11N in iron polyphenol interaction.

1.3. Structure of Iron Polyphenol Complexes

In literature, very few reports are available explaining the structure of the iron-polyphenol
complexes. Among them, most are proposed structures of iron polyphenols. Feller and
Cheetham (2006) conducted the reaction with gallic : iron in 1:1 ratio [69]. Synthesis was
performed in an autoclave at 100°C for 72 h, which yielded a blue-black rod-shaped single

crystal, which was found to be similar to the previously reported work by Wunderlich [70].
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The valency of the Fe(111) was confirmed by Mdssbauer and XANES spectroscopies. Similarly,
Ponce et al. (2016) reported the study in hydrothermal reaction conditions at 125°C under
autogenous pressure for 48h (Figure 1.4.a) [71]. The crystalline iron-gallate was formed with
trigonal Fe(C70sHz3). xH20 structure. Single crystal X-ray was used to analyze the structure,
and Mdossbauer spectra of the crystals supported the presence of Fe(lll) ions with the absence
of Fe(I1) component. Krekel (1999) reported the synthesis of historic ink using gallic acid: iron
in 1:1 ratio. This study also proposed a structure of Fe(l1l) octahedral gallic acid complex. In
literature, the quercetin-iron complex was synthesized in 1:2 ratio in the presence of methanol
(Figure 1.4.c) [73]. Another proposed structure of iron polyphenol nanoparticles was given by
Wang et al. (2013) [52]. This study experimented with eucalyptus leaves to synthesize iron
nanoparticles and applied them for Acid Black 194 removal. The polyphenol-iron ratio in the

synthesis of the material was adopted as 3: 1 (Figure 1.4.d).
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Figure 1.4. Structure of iron-polyphenol complexes (a) structure of gallic-iron complex (b)
proposed structure of the iron complex (c) proposed structure of iron-eucalyptus

nanoparticles.

1.4. Application of Iron-Plant Polyphenol Complexes

1.4.1. Wastewater Treatment

Zhu et al. (2018) used green tea extract was utilized for the synthesis of zero-valent iron/Cu

nanoparticle synthesis at N, atmosphere and employed for the removal of Cr (V1) from aqueous

solutions [74]. At pH 5, zero-valent iron/Cu nanoparticles were capable of 94.7 % removal of

5 mg/L of Cr (V1) solution. The material was characterized by FESEM, FTIR, and PXRD (peak

is unclear, polyphenol not measured, no iron-polyphenol ratio). Pan et al. (2019) used peanut

TH-2840_156152011

10



Chapter | Introduction and Literature Review

skin for iron-based nanoparticles synthesis purposes [75]. This study described the core-shell
structure of nano complex with Fe (0) in the core, surrounded by the biomolecule layer. The
material was characterized using PXRD, FTIR, XPS, and UV-spectroscopy. Moreover, SEM
images showed agglomeration of the particle. Materials showed 100% removal of 10 mg/L of
Cr (V1) at pH 4.7 and 2 g/L of dose. Similarly, Jin et al. (2018) synthesized zero-valent iron
nanoparticles using eucalyptus leaf extract and applied them for chromium removal [76]. The
experiment was executed with 10 mg/L of chromium solution, at pH 4, nanoparticle dose of

1.4 g/L, 30°C. Results showed 86% removal of total chromium.

Ehrampoush et al. (2015) utilized tangerine peel extract, which acted as a stabilizing agent for
the synthesis of iron oxide nanoparticles by co-precipitation method and utilized for cadmium
adsorption [77]. The average size of the particles in DLS was 200 nm. Moreover, the removal

experiment showed 88% removal of 20 mg/L of Cd at 4 pH, with a material dose of 4 g/L.

Machado et al. (2017) utilized the oak leaves to synthesize nanoscale zero-valent iron and
analyzed the degradation of a popular antibiotic and amoxicillin in wastewater [78]. They
studied the degradation of 100% of amoxicillin occurred at 95 min of contact time in an
aqueous solution with amoxicillin and nanoparticle in the ratio of 1:15. Apart from these,
Lantana camara fruit extract was used by Nithya et al. (2018) for the synthesis of iron oxide
nanoparticles and applied for the removal of Ni(ll) [34]. With the dose of the nanoparticle of
1.2 g/L, 99% removal of 100 mg/L of the solution was observed at pH 7. Manquian-Cerda et
al. (2017) employed the plant leaves and shoots extract of Vaccinium corymbosum to
synthesize iron nanoparticles and apply them for arsenate removal [58]. Nanoparticles were
characterized using TEM, SEM (52 nm), BET, PXRD. They reported that the maximum
removal of 76% of 200 mg/L arsenates was observed at pH 4, and 120 min of reaction time.
Furthermore, Sajadi et al. (2016) utilized the plant seeds of Silypbum marianum L. for the

synthesis of copper-supported iron nanoparticles and applied them against nitrobenzene

11
TH-2840_156152011



Chapter | Introduction and Literature Review

reduction [79]. Materials were characterized by XRD, TEM, EDS, and UV-vis spectroscopy.
Maximum removal of 96% was observed for 1 mmol of concentration at 90 min of reaction
time. The following tables show the summary of plant-mediated iron-nano complexes
synthesized by using different plants, characterized, and applied to remove pollutants from

wastewater.

Table 1.3. Use of plant-mediated nanoparticles in wastewater treatment.

Plant name  Application Condition Removal Comment References
or uptake

Green tea, Nitrate 20mg/L, 50and Total phenol not measured. [80]

Eucalyptus 1g dose 35% EDS only. PXRD peak not

leaf clear

Nephrolepis  Chromium 50mg/L  90% XPS, EDS, Fe*®, Fe*?, Fe° [81]

auriculata (V1) of Nitrogen atmosphere for

synthesis. The dose is not

Clear.
Citrus Chromium 100 mg/L, 99% TEM, EDS, XPS, IR, DLS. [82]
maxima ) 90 min, Nanoparticles in solution
peels phase. The dose of material

is not clear. Removal was

not checked with varying

conditions.

Oak, Arsenic (1), 300 mg/g  Polyphenol not measured, no [56]
mulberry 200 mg/g  characterization for the state
and cherry and of iron. Claim Zero valent
NPs 250 mg/g  NPs
Tangerine Cadmium 4pH, 4 88% No polyphenol estimation. [77]
peel extract g/L of SEM, DLS only. In removal,

dose, 20 no triplicates

mg/L of

Cd
Nettle and Cephalexin 25 mg/L, 80% Powder XRD, peaks of [50]
Thyme leaf  antibiotic 0.1g dose different state of Fe were

there. Claim Zero valent NPs

12
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Cupressus Methyl 25mg/L,  95% Polyphenol not measured. [31]
sempervirens orange dye with H20, PXRD
leaf 1 g/L dose
Hibiscus Rodamine B 20 mg/g Synthesis and [83]
flower petals characterization not cleared,

EDS done. Claim Zero
valent NPs
Eucalyptus Acid black 71% and [84]
leaf 194 84% Iron-Polyphenol complex
COD, N removal
Oolong tea Malachite 50 mg/L 73% EDS, PXRD. [85]
green conc, NP in solution phase
0.01g
dose, in
40min.
Iron- Acidred 94 2000 Uptake is IR, TEM only. NPs in [86]
polyphenol and MB mg/L 463 mg/g  solution used. Not in powder
with initial for acid form. Dose and other
Eucalyptus conc. 24hr red and 64 parameters not clear
and 2 other contact mg/g for
plants time. MB
Iron- Acid black 1300 > 80% uv, IR [52]
polyphenol 194 mg/L of removal. NPs in solution used. Not in
with 2000 powder form. Dose and
Eucalyptus mg/L other parameters not clear
leaf initial
conc. 24h
contact
time.
pH 3-9
Tea leaf Malachite 0.01gof  Uptake of IR, XPS, zeta potential. [28]
green (MG), dose, 50 190.3 Only kinetics study
methylene mg/L mo/g,
blue (MB), initial 186.93
and conc. mg/g and

TH-2840_156152011
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rhodamine B 182.4
(RB) mg/g,
respective

Fe-zero with MB 50 mg/L > 94% UV-TEM-IR. [87]
Guava leaf conc, removal Claim Zero valent NPs

2.4¢9/L

dose.
Tea leaf- Real textile Initial- 2% XRD, SEM, EDX, different [88]
Iron, water 350 mg/L  removal modeling.
NZVI conc. dose for AC, UV peak not mentioned.
activated 0.79.pH5 85%
carbon for NZVI, removal
comparison 8 for AC, for green

and 7 for  nano. And

green 71% for

nano. nZVI
Fes04 MB removal 3.5mg/L  Uptake ESI mass, PXRD, raman, [89]
coated-tea conc, dose  5mg/g VSM, BET surface area 126
polyphenol 1g/L, pH

>7.

It was observed that no confined protocol was followed for synthesis purposes. In different

reports, various kinds of synthesis processes were used. Thus, there exists a scarcity of

knowledge regarding detailed analysis of zero-valent iron, irrespective of results reported in

various literature. In some literature, the formation of zero-valent iron was claimed without

proper characterization of the materials. However, in some literature, iron complexes were

separated using centrifugation and applied as a powder form. Whereas, according to some other

experimental results, materials were present in the suspension phase. So to say, basically, in all

the studies, the efficiency of iron-polyphenol complexes in pollutant removal was studied.
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Iron is an important element for plant growth, photosynthesis capacities, as well as different

biochemical processes. It is also crucial for the structure of chloroplasts, as well as Fe-S group

is essential to ensure electron flow in the thylakoid membrane [90]. Iron also has an important

role in synthesizing chl-b from chl-a [91]. In different literature, iron-based nanomaterials

improved plant growth in terms of biomass, root-shoot growth, photosynthesis capacity,

productivity, etc. [92,93]. However, some literature reported the negative impact on the plants,

like the accumulation of iron nanoparticles in the root surface and cause the suppression of

water uptake, suppression on growth,

different studies on the effect of iron-based nanoparticles on plant species.

Table 1.4. Positive and negative effects of different metal complexes on different plant

induce stress, etc. [94-96]. Table 1.4. summarises

species.

Materials Species Analysis Comment References
Iron  oxide Lemna No. of leaves, dry At high  concentration, [97]
NPs minor weight, Fe chlorophyll content decrease,

accumulation in the MDA production increased.

root, chlorophyll, Showed toxicity on plant and

Lipid  peroxidation Kkill plants within 7 days in all

were measured. concentration range.
Iron (1 Vigna Dry biomass, root- The effect of Seedlings [98]
oxide NPs radiata shoot growth, Fe and raised in AsO, > and Fe;Os-

As analysis, proline NPs, and in combined

test, H.O, content, conditions were evaluated in

total antioxidant this study. AsO; * reduces

capacity, SEM, etc., the seedling growth. Fe,Os-

were measured. NPs showed resistance to

arsenic toxicity.
Micro  and Lepidium Germination index, No significant phytotoxicity [92]
nano-sized sativum, elongation, biomass, effects could be detected.
iron Sinapis alba, microscopic Increased seedling length
15
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and Sorghum observation was and biomass production were
saccharatum checked. observed.
Fes04 Cucumber Root elongation, Decrease in root growth and [99]
nanoparticle  and lettuce germination  index, germination index.
relative seed
germination was
checked.
Zero-valent Cattail and Root-shoot weight, The result showed the toxic [100]
iron hybrid length were effect on cattail species at
poplars plant measured. FESEM, >200mg/L of concentration.
species EDX, TEM were also While at a lower
checked. concentration, it enhances
plants growth.
FeOx NPs Lactuca Germination test, root 1mg/L dose helped in [101]
sativa shoot length germination and growth.
However, 20mg/L  dose
suppressed the germination
of seeds.
Zero-valent Oryza sativa Germination test, Increased root-shoot length, [102]
iron cv growth,  hydrolytic biomass, and chlorophyll.
nanoparticle enzyme activities, absence  of  membrane
antioxidant, proline, damage, decrease in proline
chlorophyll. content.
Zero-valent Peanut Germination test, 40 and 80 umol/L of dose [103]
iron growth, TEM better of growth of plants.

nanoparticle

In the above table, it could be seen that iron complexes were able to show positive effects by
increasing the plants’ productivity, growth, and biomass. On the other hand, some literature
showed the negative influence of iron complexes on plants, such as the deposition of iron
nanoparticles in the root surface, which reduces the water intake, affects growth rate, and

induces stress.

16
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1.4.3. Antimicrobial Activity

The application of iron complexes on nanomaterials has significant potential in the inhibition
of various diseases causing bacteria and fungi. Although the mechanism of these metal nano
compounds, antimicrobial properties are yet to be known. A number of the proposed
mechanisms of antimicrobial activities have been suggested, including breakage of the cell
membrane, damage of DNA, etc. Lee et al. (2008) studied the effect of zero-valent iron on E.
Coli and studied the severe physical disruption of membranes which could have induced the
oxidative stress and showed the high antimicrobial effects of dissolved iron [104]. However,
the absence of a harmful effect of nZV1 on the species was observed by Stefaniuk et al. (2016),
and further growth of Gram-positive bacteria was found [105]. The following table shows the

summary of the inhibition effect of iron polyphenol complexes on different microbes.

Table 1.5. Antimicrobial activity of iron nanoparticles.

Materials Species Comments References

Iron oxide NPs E. coliandS. epidermidis  Kirby-Bauer diffusion assay with 70 [106]

with Cynometra pL of material. (dose is not clearly

ramiflora  leaf mentioned). The exact area of ZOl is

extract not mentioned.

Gallic- E. coli Only iron-gallic acid complex is [107]
Aluminium and effective in showing inhibition. ZOI
gallic-iron of the iron-gallic complex is 12.00 +

complex 0.25 mm with 50uL of genotoxic

dose.
Iron oxide NPs Trichothecium roseum, With 0.5 mg/ml dose of iron nano, [108]

with tannic acid  Cladosporium herbarum, the ZOI of the different fungi are as
Penicillium chrysogenum, follows:
Alternaria alternata, and T. roseum, (22 mm)
Aspergillus niger. C. herbarum, (18 mm)
P. chrysogenum,(28 mm)
A. alternate (21 mm) and A. niger
(26 mm).

17
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Iron oxide E. coli, P. mirabilis and B. 8 mm ZOI with 12.5 pg/disc of dose. [109]

magnetic ~ NPs subtilis

with  Argemone

mexicana L. leaf

extract

Iron oxide NPs  Staphylococcus  aureus, W.ith a dose of 0.15 mg/mL of NPs, [110]
Escherichia coli, and the ZOlagainstS. aureus, E. coli, and
Pseudomonas P. aeruginosa is 29,26,28 mm.
aeruginosa

Iron oxide NPs  Bacillus subtilis and E. coli  Showed antimicrobial activity at > 50 [111]

MM. relatively at high concentrations
Fe304-NPs Bacillus  cereus and With 5 pg/mL of MIC, against K. [112]

Klebsiella pneumoniae

pneumoniae and B. cereus showed
26 mm and 22 mm zone of
inhibitions, respectively.

MBC for these strains was observed
at 40 ug/mL of Fe304-NPs, showing
40-50% loss in viable bacterial cells
and 80 pg/mL of concentration
exhibiting 90-99% loss.

This table summarizes the capabilities of different types of iron nano-complexed against

various microorganisms to check their inhibition. Different kinds of methods were used for the

estimation of the antimicrobial activity of iron-based materials. The phytochemicals are

capable of showing antimicrobial activity and fight against several pathogenic diseases [113].

Literature showed the formation of reactive oxygen species (ROS) that breaks the DNA stand

and also causes the death of the cells [111]. The mechanism of inhibition varies from species

to species. Considering the small size of the iron complex, it can easily penetrate the bacterial

membrane due to the adhesion and deposition of the materials, as a result of which cytolysis

occurs [114].
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1.5. Summary of Literature Survey
I.  Multiple reports on nanomaterial from iron and plant extract are available for
investigating pollutant removal.

Il. Reported materials employed different conditions and different sets of
spectroscopic tools, which limit the understanding of the identity of active
ingredients responsible for the synthesis of the material.

I1l.  Multiple literatures report the formation of Fe(0) using plant extract as a reducing
agent. However, considering the metal-ligand ratio, pH of solutions, state of iron,
the type of possible products also changed.

IV. In multiple reports, it is seen that the synthesized materials are generated in the

dispersion phase without isolation of materials.

1.6. Research Gap

e Inplant extract, multiple numbers of components are present. With the change of season
and geographical location, the type and quantity of the active biological components of
the same plant species also vary. Therefore, the identification of active components
responsible for nanomaterial synthesis is important.

e Different bioactive substances react differently with metal solutions. Therefore,
identification of the state of the metal and possible structure of the metal-polyphenol
complex is important, but the insufficiency of literature focusing on this issue is noticed.

e Comparative studies between iron polyphenol complex synthesized with different
types of polyphenols have not been reported before.

e The toxicological study, fate, and transit of iron-polyphenol complexes in the
environment have not yet been explored enough. There are many more aspects that

need detailed research for better comprehension of the topic.
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1.7. Objectives

Optimization and standardization for the synthesis of iron-polyphenol materials using
two different types of polyphenols under identical conditions.

Reproducibility and bulk synthesis of the materials.

Materials were synthesized using plant extract (mixture of polyphenols) and a single
component polyphenol (tannic acid) with known formula and analysis of the
similarities and differences of synthesized materials using multiple spectroscopic

techniques.

Comparative assessment of materials efficacy as adsorbent with both cationic and
anionic pollutants.

Toxicity test of the synthesized materials to investigate the safety with respect to

individual interaction with plant and bacterial life forms.
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Chapter-I1

Synthesis and Characterization of Iron-Plant Polyphenol Metal Complexes
2.1. Introduction

Materials from plant polyphenols and iron salts attracted our interest. The chemistry of
polyphenols with iron is multifaceted. Several types of polyphenols were used in the materials
synthesis [1,2]. Depending upon the pH, oxidation state of iron, metal-ligand ratio, and
presence of oxygen, gallic acid or tannic acid and iron salts can react in a number of ways, for
instance: (a) iron(Il) binds with gallic acid forming an iron(Il) complex, which gets oxidized
to iron(I1Il) complex in air, usually at pH > 4 or (b) iron(I1lI) binds with gallic acid forming a
transient iron(IIl) complex that undergoes a redox reaction to yield iron(Il) and quinone as
products [3—5]. The second path at acidic pH has been observed for tannic acid [6,7]. On the
other hand, the first path may lead to oxo-bridged iron(IIl) complex [8]. Considering the metal-

ligand ratio as an additional factor, the number of possible products further increases [3,9].

The presence of multiple components in the starting plant extract creates difficulty in the
process of identification of active components. The insoluble form of the product limits the
understanding of the identity of active ingredients and their mechanism of action. In many of
the observations related to the reaction of iron(Il) alone with plant extracted polyphenols, the
reported active species varied from zero-valent iron [10,11] to iron(Ill)oxide [12,13] with
various degrees of certainty. Products of iron salt and tannic acid, which are available in a
purer form, have been studied before [6,14,15]. However, different conditions employed in the
synthesis and different set of characterization tools makes it difficult to unify the chemical
factors responsible for the observed function. It is rational to keep all except one reaction

condition constant and study the effect.
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The Fe (II) complexes of two different types of polyphenols under quite identical conditions
were synthesized. The iron-polyphenol ratio would play a role in determining the type of
complexation; the ratio was fixed at 1:1. In Mat-1, the iron: tannic acid was fixed at 10:1, which
is equivalent to iron: gallic acid unit of 1:1. In Mat-2, guava leaf extract was used, which is
rich in catechol-containing polyphenols, mainly 3-O-glycosides (example: quercetin) and

flavan-3-ol (example: catechin) [16,17] (Scheme 2.1).

2.2. Experimental Section

2.2.1. Materials and Methods

Tannic acid and FeSO4.7H20 were purchased from Alfa Aesar and RankemTM, respectively.
Besides, Fe (NO3)3.9H,0O, sodium hydroxide, potassium nitrate, activated charcoal,
acetonitrile, and methanol were purchased from Merck, India. Gallic acid, a-Cyano-4-
hydroxycinnamic acid (HCCA), and trifluoroacetic acid (TFA) were bought from Sigma
Aldrich company. Folin-Ciocalteu reagent was bought from SRL Pvt. Ltd and HiMedia, India,
respectively. Purified water collected from the Amtrol reverse osmosis system.

UV and visible spectra were recorded using a Perkin Elmer Lambda 25 spectrophotometer.
The Perkin-Elmer Spectrum one spectrophotometer with KBr discs was used for FTIR spectra.
Solid-state magnetic susceptibilities were measured using Sherwood Scientific magnetic
balance MSB-1 [18]. The Elemental analyses were measured on FLASHEA 1112 series CHNS
analyzer at SAIF, IIT Bombay, India. Thermo-gravimetric analyses (TGA) were performed
using Netzsch STA449F3A00 thermogravimetric analyzer under N2 atmosphere. The Lindberg
Blue M Muffle furnace manufactured by Thermo Scientific was used to convert materials to
ferric oxide at 800° C. The Powder X-ray diffraction pattern of materials was recorded using
Rigaku SmartLab X-ray diffractometer (CuKa radiation A=1.5405 A). The surface morphology
of the materials was studied using Zeiss Sigma 300 and Zeiss Gemini field emission scanning

electron microscope (FESEM). The size of the materials was analyzed using Jeol 2100F field
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emission transmission electron microscopy (FETEM). Particle size distribution was measured
using Malvern Panalytical Mastersizer 2000 dynamic light scattering (DLS) analyzer. BET
surface area analysis was performed with Quantachrome Autosorb-1Q MP surface area and a
pore size analyzer. Solid-state X-band EPR spectra were recorded on Jeol JES-FA200
spectrometer. XPS spectra were acquired using Thermo Fisher Scientific ESCALAB Xi+
photoelectron spectrometer. Electrospray Ionization mass (ESI-MS) spectra for tannic acid and
extract were recorded using Agilent Q-TOF 6520 high-resolution mass spectrometer. The
MALDI mass spectra of the insoluble materials were obtained using Brukner autoflex speed
MALDI-TOF spectrometer. The pH of the solutions was measured using a Thermo Scientific

Orion 3 Star pH meter.

2.2.2. Sample Preparation

For ESI-MS measurement, tannic acid (3 mg) was dissolved in 2 mL of distilled water and
sonicated for 1 minute. This solution was filtered through a 0.2 p membrane filter before
measurement. The pH of the solution was 3.2. Further, 2 mL of the guava leaf extract was
filtered through a 0.2 p membrane before recording the mass spectra.

For MALDI-mass measurement, 3 mg of sample was added in 2 mL of HCCA matrix and
sonicated for 2 minutes. The matrix was prepared by dissolving 1.4 mg/mL of HCCA in a
solvent mixture containing 85% acetonitrile, 15% water, and 0.1% TFA.

The gravimetric method was used to estimate the amount of iron in the samples. 100 mg of the
material were taken in covered crucibles and placed inside the muffle furnace at 800°C for 2
h. The process converted materials to iron (IlI)oxide. After cooling, the crucibles were kept in

a desiccator for 10-15 minutes, followed by final weight measurement.
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2.2.3. Material Synthesis
2.2.3.1. Synthesis of Mat-1
A tannic acid solution (7.00 g, 4.11 mmol) in 100 mL water was added to another solution

of FeSO4-7H>0 (11.44 g, 41.14 mmol) in 100 mL water. The pH of the mixture was adjusted
to 7 using a dilute solution of NaOH and stirred continuously for 2 h. A blue-black colored
precipitate was formed, which was isolated by centrifugation at 8000 rpm for 5 minutes. The
precipitate was washed sequentially with water and methanol and kept in a desiccator over
anhydrous calcium chloride for four days. Dried Mat-1 (12.2 g) was stored over silica gel in

the refrigerator to retain the activity for at least a year.

2.2.3.2. Synthesis of Mat-2

For the preparation of Mat-2, freshly collected young guava leaves (Psidium guajava) were
washed with plenty of water and dried with water-absorbing tissue paper. Pulping was done by
grinding these leaves using a kitchen mixer with 400 mL of water. The paste obtained was
heated at 50°C for 15 minutes and filtered using a Biichner funnel. The residue was further
extracted with another 400mL of distilled water. A total of 750 mL solution was collected, and
the pH was found to be 4.4.

The phenolic content of the extract was determined using the Folin-Coicalteu test (ISO 14502)
[19] and measured in mg of gallic acid equivalent per mL. The value varied from 4.3 to 5.48
mg/mL, depending on the batch. Further, 633 mL of this extract (phenolic content 4.3 mg/mL,
0.016 mol gallic acid) was stirred with a solution of FeSO4-7H20 (4.90 g, 0.018 mol in 5 mL
water). For batches with different phenolic content, the quantity of iron (II) salt was adjusted
to keep the mole ratio constant. The pH of the solution was adjusted to 7 by adding a dilute
solution of NaOH. A blue-black precipitate was formed because of continuous agitation of the
above solution for 2 h. The precipitate was isolated by centrifugation (8000 rpm for 5 min) and

washed with deionized water followed by methanol. Afterward, the solid was kept inside a
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vacuum desiccator, having anhydrous CaCl; for four days. The final yield of Mat-2 was 9 g as

a black powder. Drying and storage conditions are as described for Mat-1.

2.2.3.3. Synthesis of Mat-3

For Mat-3, a solution of tannic acid (2.00 g, 1.17 mmol in 50 mL of water) was mixed with
Fe(NO3)3-9H20 (4.75 g, 11.75 mmol in 50 mL water). The pH of the solution was adjusted to
7.0 using a dilute solution of NaOH. After 2 h of continuous stirring, a blue-black precipitate
was formed, which was isolated by centrifugation. The residue was washed with water and
methanol, subsequently. The solid was dried in a vacuum desiccator over anhydrous calcium
chloride for four days. The final yield of Mat-3 was 3 g. Drying and storage conditions were

kept identical as that for Mat-1.
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OH o) OH
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R, = OH, R, = H, Gallocatechol
Catechol Gallic Acid R1=H, Rp= H, Catechin
Synthesis
1. Tannic Acid + Fe!'SO, (Fe: gallic acid unit, 1:1) Mat-1

2. Guava Leaves extract + Fe!'SO, (Fe: gallic acid equivalent, 1:1) ———— Mat-2

3. Tannic Acid + Fe''(NO3); (Fe: gallic acid unit, 1:1) Mat-3

All three materials were isolated as black power at pH 7

Scheme 2.1. Structure of polyphenols related to this chapter and the synthesis protocol of the
materials.
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2.3. Results and Discussion
2.3.1. Synthesis and Characterization

2.3.1.1. Synthesis and Imaging

Materials were synthesized by mixing the polyphenols and either ferrous sulfate (Mat-1 and
Mat-2) or ferric nitrate (Mat-3) in water with an iron:gallic equivalent ratio kept constant at ~
1:1. The tannic acid (TA) contains 10 gallic acid units, hence iron:TA used for Mat-1 and Mat-
Jare 10:1. In guava leaf extract, a mixture of polyphenols are present, we determined the gallic
acid equivalent was determined using the Folin Ciocalteu reagents [19] and the amount of iron
salt to be added was calculated so as to maintain a 1:1 ratio (gallic acid:iron). This ratio
compensates for the variation of polyphenol content in the extract from batch to batch. This
particular ratio was chosen to be used based on a preliminary spectrophotometric titration of
TA with ferrous sulfate, which showed the maximum absorbance at TA:Fe ratio of 1:10-12
i.e., iron and gallic unit ratio of ~1:1(Figure 2.1). Incidentally, all the known structurally

characterized iron gallate complexes had an iron: gallate ratio of 1:1 [3,4,9].

Absorbance
Absorbance

0 - — T —

400 500 600 700 800 0 2 4 6 8 10 12 14 16
Equivalent of lron

wavelength

Figure 2.1. (a) UV spectra of tannic acid titrated with increasing amount of iron (ll) salt, and
(b) absorbance vs. iron equivalent plot of the titration monitored at 567nm.

Mixing polyphenol with iron salt instantly changes the color to dark blue. The pH of the

solution is ~3.5. Dynamic light scattering (DLS) measurement of the solution showed the
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solution contains colloid particles with an average particle size of 339 nm and 187 nm for Mat-
1 (from TA) and Mat-2 (from leaf extract), respectively (Figure 2.2).

The pH of the solution was adjusted to 7 using dilute sodium hydroxide. The materials started
precipitating at pH 5. The complete precipitation was observed at pH 7. Materials were isolated
in black-blue solid forms after centrifugation for 5 minutes at 8000 rpm. Further studies were

performed on these solids.
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Figure 2.2. Particle size distribution plot from DLS experiment of (a) Mat-1 before centrifuge,
(b) Mat-2 before centrifuge.

FESEM images of Mat-1 and Mat-2 before redispersion showed particles of less than 50 nm
size agglomerated to clusters of ~Imicron size (Figure 2.3a, 2.3b). Mat-3 was isolated as
chunky clumps but, after dispersion, it has the same morphology as Mat -1 and Mat-2 (Figure
2.3f). FESEM images of synthesized Mat-2, before and after dispersion are not very different
(Figure 2.3b and Figure 2.3d).

Nanoparticle from Fe(Il) and tannic acid (1:5 ratio) for coating mouse hair have been observed
by Cui and co-workers, but re-dispersibility has not been reported [20]. Moustafa and co-
workers reported Fe3sOs nanoparticle formation from ferrous sulfate and dried guava leaf
extract without isolation of the material in the solid-state [21]. FESEM images and DLS
experiments confirmed that the present iron-phenol materials formed nanoparticles similar
other reports. The FETEM images illustrate the size and shape of Mat-1 and Mat-2. Figure 2.4

shows the agglomerated form of materials with the size of < 50nm.
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Figure 2.3. FESEM images of isolated solids of (a) Mat-1, (b) Mat-2 and (c) Mat-3;
FETEM images of (d) Mat-1 and (e) Mat-2.

2.3.2. Chemical Characterizations
2.3.2.1. Elemental Analysis

Elemental analyses of the materials are presented in Table 2.1. These values are the average of
three-sets from three different batches. As the synthesis did not involve any carbon source other
than polyphenols, the Fe:C ratio for Mat-1 is found to be 1:8.6, close to the value 1:8.4 expected
for 9 iron per tannic acid (Molecular formula C76Hs2046). Mat-2 shows Fe:C ratio of 1:11 as

guava extract has mainly 3-O-glycosides (for example, quercetin) and flavan-3-ol (for instance,
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catechin), most of which has a larger carbon framework than gallic acid units in Mat-1
[16,17,22]. The extra carbon would increase molecular weight and thus increase the carbon
ratio to 1:11 even when iron:polyphenol ratio was 1:1. Mat-3 could not be analyzed due to the

presence of nitrate counter ions, which undergo exploitation above 80°C.

Table 2.1. Characterization data of the synthesized materials.?

Analysis Fe:C TGA? Susceptibility, X-Band EPR
C%, H%, Fe% % cm3 g-1

g, 298K g, 77K

Mat-1  29.66 (= 1.2), 3.78 1:8.6 18 214 x 10-5 (£0.11) 2.091  4.99°
(£0.21), 15.98

Mat-2  29.66 (£0.74),4.17 1:11.2 22 1.67 x 10-5 (£ 0.17) 2.099  5.05¢
(£0.15), 12.4

Mat-3 - - - 68x10-5(+03) 2127 226

“ elemental analyses are an average of three measurements, while iron % is an average of two
measurements. Weight loss was monitored up to 450 °C. Magnetic susceptibilities are the
average of three measurements. Standard deviations are in parenthesis. Mat-3 explodes at ~80
°C as it contains nitrate counter ion. Elemental analysis and thermogravimetric analysis were
not performed for Mat-3. ” weight loss up to 200 °C. ¢ Very weak signal.

2.3.2.2. FTIR Analysis

The three prominent FTIR peaks of tannic acid at 1717 (vC=0, ester), 1609, and 1535 cm™!
were shifted to approximately 1690, 1630, and 1580 cm™ respectively after binding with iron
in Mat-1 and Mat-3 (Figure 2.4). Tannic acid, Mat-1, and Mat-3 had a prominent peak at ~758
cm’!, usually because of in-plane aromatic ring vibration. The same was also observed in the
FTIR of gallic acid, which is a constituent of tannic acid [23]. The FTIR spectrum of the
polyphenols in the extract could not be obtained as the solution was dilute and the medium was
water. The FTIR of the material synthesized from it (Mat-2) was recorded (Figure 2.4). The

absence of peak ~1700 cm™ or higher shows the absence of the carboxylic or ester group in it
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[24]. If the sulfate anion (from FeSOj) is present in Mat-1 and Mat-2, it should show a vibration
peak at 1100 cm™'. However, it is fairly obscured by the 1100 cm™ peak present in starting
polyphenol itself. Although, XPS spectra confirmed the presence of sulfur in Mat-1 and Mat-
2(2.3.2.5). A sharp and intense peak at 1380 cm™ in FTIR of Mat-3 confirmed the presence of

nitrate (Figure 2.4) [24]. We concluded that all the materials contain counter anions.

— Tannic Acid

1380

— Mat-2

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)
Figure 2.4. FTIR spectra of Mat-1, Mat-2, Mat-3, and tannic acid.
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2.3.2.3. Mass spectral Analysis

Mass spectra of starting polyphenols in aqueous solutions were recorded using the electrospray
ionization technique (ESI-Mass). Polyphenols easily lose acidic protons forming anions; hence
negative ion mode was used. Corresponding iron-polyphenol materials, which are insoluble,
were recorded using the matrix-assisted laser desorption (MALDI) technique. In this case,
positive ion mode was used as the presence of counter ions confirmed their overall positive
charge.

The ESI-Mass spectrum of tannic acid (Figure 2.5, Table 2.2) shows molecular ion peak for
monoanionic form at 1699.49 (calculated for [M-H']", 1699.16) and dianionic form at 849.24
(calculated for [M-2H']*, 849.08). Monoanionic and dianionic mass ions could be easily
distinguished as they have different line separations. Due to charge difference, the line
separation for monoanionic is 1 a.m.u. while for the dianionic it is 0.5 a.m.u. unit. Apart from
molecular ion peaks, it showed a sequential fragmentation pattern with successive loss of
152.03 mass units (calculated for C7H404, 152.01), which corresponds to the loss of one gallic
acid unit. A similar loss of 76 mass units between the dianionic forms (76 x 2 = 152) was
observed as well (Figure 2.5, Table 2.2). It corresponds well with the tannic acid used, having

esters of 10 gallic acid units with a central sugar unit (Scheme 2.1).
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Figure 2.5. ESI mass of tannic acid in negative mode.
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Table 2.2 Molecular ion and other fragments observed in ESI-Mass spectra of Tannic acid.

Calc. for Calc. for
Formula [M]-H* Found [M]-2H®  Found

Tannic acid Cr6Hs52046 1700.17 1699.16  1699.49 849.08 849.24
Fragments

Sugar+9 gallic acid CeoHa3042 1548.16 1547.15 1547.46 773.07  773.22
Sugar+8 gallic acid C62H44033 1396.15 1395.14 1395.42 697.07  697.20
Sugar+7 gallic acid Cs5Ha0O34 1244.14 1243.13  1243.37 621.06  621.18
Sugar+6 gallic acid CasH36030 1092.13 1091.12  1091.33 545.06  545.16
Sugar+5 gallic acid C41H32026 940.12 939.11 n.o. 469.05 469.14
Sugar+3 gallic acid C27H24015 636.1 635.09  635.21 317.04 n.o.
Gallic acid C7H6Os 170.12 169.11 169.04 84.05 n.o.

Tannic acid is an ester of one sugar unit and 10 gallic acid unit. n. 0. = not observed.

MALDI for Mat-1 was scanned up to 2000 mass units. However, mass peaks with significant
intensity were observed only up to 1200 mass units. MALDI is a harsh technique compared to
ESI-mass. The peaks were assigned based on the fragmentation patterns and distinctive isotopic
patterns caused by naturally occurring iron isotopes 3*Fe (5.8%),°Fe (91.7%), ’Fe (2.2%), and
38Fe (0.3%). Therefore, extensive fragmentation was observed (Figure 2.6). The highest mass
peak observed at 1114.8 could be assigned having oxidized sugar unit, five gallic acid unit
complexed with three iron (calculated for [C4iH23Fe3027]", 1114.84, Figure 2.6b). The reason
being, oxidation of sugar is justified under the oxidizing condition in the positive ion mode.
Less intense peaks were observed due to the fragmentation of the highest peak. Two types of
fragmentation were observed. Each prominent peak was fragmented stepwise by 16 units (mass
of oxygen, 15.9997), presumably due to loss of phenolic oxygen. The other type of
fragmentation is the loss of 205.5 units between sets of peaks. The loss of 205.5 mass units

could be assigned to iron (IIT) bound to gallic acid (Figure 2.6a).
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distribution.

This supports the binding of iron to gallic acid units of tannic acid. The other notable feature
is the presence of oxygen bound to Fe (I1I). Compared to tannic acid, extract from guava leaves
is a multi-component mixture. Diaz-de-Cerio and other literature identified many polyphenols
in the cold alcoholic extract of leaves of a different guava species [17,22]. They found that
flavonols (alcohol) and flavan-3-ols (ketone) type of polyphenols together constitute over 70%
of the extract with gallic acid derivatives are ~20% [17]. In the present work, some of these
polyphenols in the hot aqueous extract used in the present work, using ESI-Mass spectrometry,
were being identified (Figure 2.7, and Table 2.3). Some of the peaks that were identified and

tentatively assigned are as listed below in Table 2.3.
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Figure 2.7. ESI mass of guava extract in negative mode.

Table 2.3. Chemicals identified in Guava leaf extract from the ESI-Mass spectrum.

Formula Mass
Found [M-HJ unit Tentative Assignment
933.26 C41H25026 933.07  Stenophyllanin A / Vescalagin/castalagin Isomer
783.22 C34H2302 783.07  Pedunculagin/casuarinin isomer
571. C2sH27013 571.15  Guavinoside B
557.2  Cy7H25013 557.13  2,6-dihydroxy-3-methyl-4- O-(6"-O-galloyl-B-D-

glucopyranosyl)- benzophenone
533.28 Cz6H29012 533.17  Phellatin
463.18 C21H19012 463.08  Isoquercitrin, hyperin
433.16 Cz0H17011 433.07  Reynoutrin, Guajaverin, Avicularin

317.10 CisHoOs 317.03  Myricetin
305.19 CisHi307 305.07  Gallocatechol
301.09 Ci5HoOy 301.03  Quercetin/Morin
289.13 Ci5H1406 289.07  Catechin
271.1  CisH110s 271.06  Naringenin
191.10 C7H1106/ 191.05/ Quinic Acid / citric acid
CeH707 191.02
181.06 C¢H1306 181.07  Galactitol, by reduction of galactose
169.06 C7Hs0:s 169.11  Gallic acid

¢ Assignments were in conjunction with other reports of guava leaves under different extraction
conditions. The polyphenols with the same mass value are clubbed together in the assignment.
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The identifying peaks in the MALDI mass spectra of the corresponding Mat-2 were assigned
in Figure 2.8. We were able to assign two iron (III) Fe;O and Fe;O> (presumably oxo-bridged
complexes) units with Pedunculagin or casuarinin isomer ([Fe™>02(C34H21022)]" at 925.14,
which is much closer to the calculated value ie. 924.91) and Guavinoside B
([Fe>O(CasH25013)]" at 697.5, calculated = 696.99). These complexes showed multiple loss
of 16 mass units (O, 15.9997) due to the loss of uncoordinated phenols, just like Mat-1 (Figure
2.8). Unlike tannic acid, the guava leaf extract has mainly low molecular weight (< 1000 mass
unit) polyphenols (Table 2.3). However, compared to tannic acid, these polyphenols have a
higher carbon content. The C:O ratio of tannic acid is 1.5, whereas most of the polyphenols in
the extract are close to 2 and above. Considering approximately one polyphenol bound to one
iron supports the higher C ratio observed in the elemental analysis of Mat-2 (Table 2.1).

Combining results of elemental analysis and mass spectrometry, it can be confirmed that the
Mat-1 is an iron complex of tannic acid having ~1 gallic acid unit per iron. At the same time,
Mat-2 is a mixture of iron complexes of low molecular weight (low compared to tannic acid
but higher than gallic acid units) polyphenols. The presence of Fe''O fragments in Mat-1 and
Fe>O and Fe;O: in Mat-2 is indicative of oxo bridged binuclear iron (III) formed during
oxidation of Fe (II) in the presence of aerial oxygen [8]. Oxo iron bridges are known to form
during aerial oxidation of Fe (II) [8] but confirming its presence here needs additional support.
MALDI spectrum of Mat-3 was recorded multiple times, which showed peaks of only up to

400 mass units (Figure 2.9). It did not fragment enough to analyze.
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2.3.2.4. EPR Analysis

In principle, X-Band Electron paramagnetic resonance (EPR) spectroscopy can distinguish
magnetically uncoupled iron (III) which is EPR active, and oxo-bridged anti-ferromagnetically
coupled Fe (III). The later is usually EPR active at room temperature (depends on extent of
coupling), but EPR inactive at low temperature [25]. Iron (II) is not EPR active in the X-band
range. EPR spectra of the solid powder of Mat-1, Mat-2, and Mat-3 were recorded at room
temperature and 77K (Figure 2.10). We compared their intensity using an identical setting and
a fixed sample size. Diphenyl picryl hydrazide (DPPH) served as a reference. At room
temperature, all show broad signal at g =2, symptomatic of iron (III). Mat-3 showed a
significantly intense signal as compared to the other two materials. At 77K, the signal for Mat-
1 and Mat-2 almost disappeared, barring a very weak signal at g =4.2, symptomatic of rhombic
high spin iron (III) [25]. This disappearance of signal supports the presence of magnetically
coupled iron (III) (ground state S=0) as the majority of iron (III) is present in Mat-1 and Mat-
2. The EPR signal of Mat-3 at 77K was intense (Figure 2.10b). This confirms the presence of
a significant amount of uncoupled mononuclear high-spin iron (III) in Mat-3. The broad
curvature in spectra at low temperature is due to dissolved oxygen in liquid nitrogen used to
lower temperature. As the Fe (II) is not EPR active in this range. Its presence can be identified

from X-ray photoelectron spectroscopy (XPS) (Section 2.3.2.5).
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Figure 2.10. EPR plot of Mat-1, Mat-2, and Mat-3 at (a) room temperature and (b) at liquid
nitrogen temperature (77K).

2.3.2.5. XPS Analysis

The composition and valency state of elements present in Mat-1, Mat-2, and Mat-3 were
investigated using XPS. The spectra showed the peaks of Fe, O, C, S in Mat-1, Fe, O, C, S, N
in Mat-2, and Fe, O, C, N in Mat-3 (Figure 2.11, Table 2.4). The oxidation states of the iron
were determined by fitting the profiles at 710 eV (Fe'?) and 711.8 eV (Fe") for Mat-1, 709.8
eV (Fe™) and 711.3eV (Fe'?) for Mat-2 711.29 eV (Fe") for Mat-3 at Fe 2P3/; region (Figure
5)[26,27]. We found that Mat-1 and Mat-2 contain Fe"> and Fe'?, whereas, Mat-3 contains Fe*?
only (Figure 2.11). Measuring area covered under the fitted graph, the Fe*? and Fe** were found
to be 25% and 75% for Mat-1; 38.5% and 61.5% for Mat-2 (Table 2.4).

The peaks for S in Mat-1 and Mat-2 confirmed the presence of sulphate anions (Figure 2.11a,
2.11b, Table 2.4). Additionally, N peaks in XPS were observed in Mat-2 and Mat-3. Further,
the N peak in Mat-3, synthesized from iron (III) nitrate, was from the nitrate anion. The
characteristic sharp peak of nitrate vibration at 1380 cm™ is present in FTIR, supporting
nitrate’s presence (Figure 2.11¢). The N in XPS is not expected in XPS of Mat-2 as it was not
synthesized using nitrate salt, and FTIR did not show a nitrate peak at 1380 cm™'. We tested for
protein [28] in the guava leaf extract to know the nitrogen source, but none was found. The
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source and nature of N in Mat-2 are unknown at this point. The C1s XPS spectra indicated the
presence of C-C at 284 eV and C=0 at 288 eV (Figure 2.12) [29]. The O 1s XPS spectra showed

the presence of C-O at 533 eV and 532 eV for Organic C=0 as well as structural -OH [30].
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Figure 2.11. Elemental analysis of (a) Mat-1, (b) Mat-2 and Mat-3.

53
TH-2840_156152011



Synthesis and Characterization

Chapter Il
100000
i 70000
fa) Falda ” R2=097
80000 600001
Py 2 50000
=iy
] & 40000
£ £

5
g

:

Binding Energy (V)

0 ey T v Y T v v
294 252 290 288 286 284 282 260

300009

100004

10000 8

]

500001

40000+

300009

Intensity

200001

10000

294 292 290 288 286 284 282 280 278

Binding Energy (eV)

Figure 2.12. XPS spectra of carbon (a) Mat-1, (2) Mat-2, and (3) Mat-3.

Table 2.4. XPS data table of Mat-1, Mat-2, and Mat-3.

294 292 290 288 286 284 282 280
Binding Energy (eV)

Material Name Ref Peak Found peak Atomic % Area % Confirm
Mat-1 O 531.5-  531.74 38.1 Organic
532 C=0
C 284.8 284.67 58.26 C-C
S 167.27 1.1
Fe2pl 725.1(724.3,727.3) 0.24
Fe2P 711.8 |6 75.8%  Fe'?
Fe2P3 710. 0.6 24.2% Fe"
Mat-2 Ols 531.78 36.33 Organic
C=0
Cls 284.89 60.72 C-C
Nls 400.2 0.81
S 167.79 0.8
Fe2pl 724.5(724.2,727.2) 0.03
Fe2P 711.3 0.92 61.5% Fe®
Fe2P3 709.6 709.9 0.4 38.5%  Fe'?
Mat-3 Ols 531.69 42.55
Cls 284.79 46.47
Nls 406.65 248
Fe2P1 725.2 5.38
Fe2p 711.29 100%  Fe®
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2.3.2.6. Magnetic Susceptibility and Powder X-Ray Diffraction

The magnetic susceptibilities of the materials were measured (Table 1.1). The significantly
higher magnetic susceptibility of Mat-3, compared to Mat-1 and Mat-2, supports the
observation (EPR section) that it contains uncoupled high-spin iron(IIl) while the other two
most likely have magnetically coupled iron(IIl) (Table 2.1) [31]. Powder X-ray results were
noisy and hardly showed any peak (Figure 2.13). The materials are amorphous and do not
contain any Fe(0) or iron oxides [10][32]. Furthermore, we pyrolyzed Mat-1 and Mat-2 at 800
°C to convert to oxide and recorded FESEM and powder X-ray (Figure 2.14, 2.13d). FESEM
images of oxides look very clean and evenly sized (Figure 2.14). Comparison of powder X-ray
pattern before and after pyrolysis (Figure 2.13) showed that Mat-1 did not have any significant
amount of oxide before pyrolysis. Similar conclusions can be drawn for the other two materials

(Figure 2.13) [33][34].
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Figure 2.13. Powder XRD of (a) Mat-1, (b) Mat-2, (c) Mat-3 and (d) oxide of Mat-1.
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Figure 2.14. FESEM images of oxide of (a) Mat-1 and (b) Mat-2.

2.3.3. Thermal Stability

The thermal stability of the materials was analyzed by thermogravimetric analysis (TGA). The
TGA of both Mat-1 and Mat-2 were recorded between 20°C to 450 °C (Figure 2.15). The first
weight loss started at ~60°C and continued up to ~160°C. The weight losses were ~18% for
Mat-1 and 22% for Mat-2, likely due to water evaporation (Table 2.1). With the increase in
temperature, further weight losses of 43% and 38% occurred for Mat-1 and Mat-2, respectively,
above 250°C, mainly due to the material’s decomposition. Mat-1 and Mat-2 are thermally

stable at <160°C. Mat-3 explodes beyond 60°C due to nitrate counter ion.
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Figure 2.15. TGA of Mat-1 and Mat-2.
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2.3.4. Surface Area Measurement

The surface area of the materials was estimated using nitrogen adsorption-desorption studies
at 77 K temperature (Figure 2.16). The surface area determined from multipoint BET analysis
of Mat-1 and Mat-2 were 99.6 and 100.9 m*/g, respectively, which are very close to each other
(Table 2.5). The present materials have a surface area within the range found for other related
nanomaterials. The (BET) surface area of Fe2O3 NPs of Plantain extract showed a surface area
of 11.31 m?/g [35]. Singh et al. (2017) showed the surface area of Fe;04 coated-tea polyphenol
is 126.8 m?/g [36]. The surface area of Mat-3 is low at 3.0 m?/g. The adsorption—desorption
isotherm of Mat-1 and Mat-2 were very similar (Figure 2.16). Both showed an H3-type of the
hysteresis loop that demonstrated the presence of non-rigid aggregates of plate-like particles or
assemblages of slit-shaped pores (Figure 2.16) [37,38]. Mat-3 showed H4 type of hysteresis,
which signifies particles with internal voids of irregular shape and broad size distribution or
hollow spheres with walls. The pore diameter and pore volume of Mat-3 were also the highest
among the three materials (Table 2.5). Overall, Mat-1 and Mat-2 have very similar adsorption
surfaces consisting of rigid aggregates. The surface area of both is much lower than activated
charcoal.

Table 2.5. BET isotherm parameters of all synthesized materials.

Method Parameter Mat-1 Mat-2  Mat-3
Multi-point ~ Surface Area, m*/g 99.557  100.882 3.045
BET
Average pore diameter, nm  14.64 24.82 41.81
Total pore volume, cc/g 0.364 0.626 0.032
adsorption Surface Area, m?%/g 77.77 74.90 10.14
Pore diameter, nm 3.814 3.601 6.513
Pore volume, cc/g 0.350 0.611 0.029
desorption Surface Area, m?%/g 92.78 81.11 25.05
Pore diameter, nm 3.75 17.18 3.79
Pore volume, cc/g 0.350 0.610 0.036
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Figure 2.16. BET isotherms of (a), (d) Mat-1; (b), (e) Mat-2; (c), (f) Mat-3.

2.3.5. Determination of Point of Zero Charge (pH )

The surface charge is one of the most important parameters controlling the adsorption

process. Therefore, the point of zero charges (pHz.) was determined by two methods, mass

titration and immersion technique [39] . In the mass titration method, materials were varied in

quantity with 5, 10, and 15 g/L in 0.03 M KNO3 solution and kept in a magnetic stirrer for 24

h at 250 rpm. After agitation, the measured pHzp. of solutions for Mat-1, Mat-2, and Mat-3 was

3.9,4.2, and 2.6, respectively (Figure 2.17). In the mass titration method, pH,pc was estimated

by plotting equilibrium pH versus mass of the materials. In the immersion technique, the pHypc

was determined by varying the pH of KNO3 solution from 2-10 with 1 N HCl/ NaOH at a fixed

material dose of 5 g/L and kept in a shaker for 24 h at 250 rpm. (Figure 2.17). In immersion

technique, the change of pH (ApH) versus initial pH plot was analyzed.
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Figure 2.17. (a), (b), (c) represent the pHz. of Mat-1, Mat- 2, and Mat-3 by immersion
technique, and (d), (e), (f) represent the pH.,c determination by mass titration method of
respective materials.

From the immersion method, the pHzpc was found to be 3.9, 4.5, and 2.5 for Mat-1, Mat-2, and
Mat-3, respectively. Values obtained from both techniques were very close. The value
indicated the pH at which the net charge of the total particle surface is zero and above which
the surface has a negative charge. All three values were lower than 7, which means that it would
produce an acidic solution after adding into neutral water. This could be more likely due to
presence of acidic phenols in all the materials. The other possibility is that iron (III) absorbs
the hydroxyl group from water, resulting in an acidic solution (hydrolysis). The value of Mat-

3 confirmed that it is the most acidic out of all the three materials.

2.3.6. Re-dispersibility
Dispersibility of the solids was tested with water: methanol of 1:1 at different pH (4-9) under

sonication for 4 min. Both Mat-1 and Mat-2 dispersed at pH 7 and stayed dispersed for at
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least 24 h. In contrast, a small quantity of Mat-3 was dispersed, which precipitated in less than
an hour. DLS on the dispersed solutions showed particles with an average size of 740-800 nm

(Figure 2.18). It is a useful property in terms of storage. Other reports did not explore this

property.
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Figure 2.18. Particle size distribution plot from DLS experiment, after re-dispersibility in 1:1
MeOH: H20 of (a) Mat-1, (b) Mat-2 and (c) Mat-3 respectively. FESEM of after re-dispersibility
in 1:1 MeOH: H20 of (d) Mat-2 and (e) Mat-3.

2.4. Conclusion

Materials were synthesized by using two different types of plant-based polyphenol and reacting
it with iron (II) salt under similar conditions. One of the polyphenols is tannic acid, common
in many plants, including gall nuts. This is commercially available in pure form, and the
structure contains ten esterified gallic acid (Scheme 2.1). The other one is a raw extract of

guava leaves (Psidium guajava), which is known to have a large quantity 3-O-glycosides and
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flavan-3-ol type of polyphenols (Scheme 2.1) [35-37]. Both Mat-1 and Mat-2 are very similar
in color and morphology (Section 2.3.1). Both materials were identified as clusters of
nanoparticles (Figure 2.1) which re-disperses in nanoparticulate in Methanol (Figure 2.2, 2.3,
2.4). MALDI-mass (Figure 2.7, 2.9) and XPS analysis (Figure 2.12) revealed that these contain
mostly Fe(III) complexes of polyphenols with either one or two oxygen bound to Fe(III).
Moreover, both materials have Fe(Il) as a minor component. Another material, Mat-3,
prepared from Fe(IIl) salt and tannic acid, showed only Fe(III) presence (Figure 2.12). EPR at
low temperature and room temperature susceptibility supported oxo-bridged Fe(IIl) in Mat-1
and Mat-2 but not in Mat-3. The surface area of Mat-1 and Mat-2 were found similar but higher
than Mat-3 (Section 2.3.4, Table 2.5). Thus, Mat-1 and Mat-2, despite being synthesized from
different polyphenols, were found to be very similar in chemical and physical properties but

unlike from Mat-3.
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Chapter III

Methylene Blue Removal Using Materials Synthesized in Chapter 11
3.1. Introduction

In the previous chapter, two materials were synthesized and characterized using two
polyphenols and iron (II) salt, was discussed. From the characterization, it was concluded that
both the materials are complexes of iron-polyphenol, where iron is bound with polyphenol
through oxo bridge. In materials, Fe(III) is present as the major component, and Fe(II) is present
as a minor component. The pHzp values of Mat-1 and Mat-2 was 3.9 and 4.5, respectively.
Above these pHypc values, the surface of materials is expected to be negatively charged.
Therefore, they might be capable of removing positively charged pollutants. Hence, methylene
blue was used as a probe to check the removal capability of both Mat-1 and Mat-2.

Methylene blue (MB) is a heterocyclic cationic dye that is extensively used in textile, wool,
food, paper, printing, and pharmaceutical sectors [1]. It is highly toxic to living organisms
because it can easily bond to oppositely charged cellular membrane surfaces [2]. Additionally,
MB has a high color value and it gives noticeably color in minimal concentration (1 mg/L). It
is nevertheless regarded as a dangerous colorant. Even a minimal concentration of it can pollute
the water. The presence of dyes in water bodies reduces light penetration, and this consequently
thwarts the photosynthesis of aqueous flora [3]. MB is a cationic dye with multiple biogenic

activities and is harmful to humans and the environment [1,4,5].
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3.2. Experimental Section
3.2.1. Adsorption Experiments

Dye removal efficiencies of Mat-1 and Mat-2 were studied using batch processes at room
temperature. Batch processes were carried out with different pH (2, 3, 4, 5, 7, 8);
concentration of dye (1, 5, 10, 20, 40, 80, 150 mg/L); with dose of adsorbent (0.5, 1, 2, 4
g/L) and time (5, 15, 30, 60, 120 min). The pH of the solutions was adjusted with 1N HCl
and 1N NaOH. Methylene blue (MB) is a water-soluble cationic dye (FW, 319.85) with A max
of 664nm [6]. For the stock solution of MB, 1g of MB was dissolved in 1 L of water. Different
concentrations of MB were prepared after appropriate dilutions. A calibration curve was
prepared from 1 to 150 mg/L of dye concentration, and it was observed that the estimation
curve was linear with a correlation coefficient of 0.99 (Figure 3.1). The amount of dye
removal was calculated by initial (Co) and final concentration (C.) of MB dye using equation

(1). All experiments were studied in 3 sets.
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Figure 3.1. Calibration curve of MB dye. A stock solution was prepared by dissolving 1 g of
MB with water in 1000 mL volumetric flask. Different concentration of MB was prepared by
serial dilutions.

The amount of dye removal was calculated by initial (Co) and final concentration (Cc) of

MB dye using equation (1). All experiments were studied in 3 sets.
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(1

CO - Ce

x 100
Co

% Removal of dye =

Where,
Co = Initial concentration (mg/L)
C. = Final concentration (mg/L)
The uptake capacity was calculated considering the concentration of absorbed dye (mg/L),

solution volume and adsorbent dose (g).

i (Co—C)V (2)
m

Where,

ge = Uptake capacity (mg/g)

V = Volume of solution (L)

m = dose of adsorbent (g)

3.2.2. Desorption Studies

Desorption studies were conducted, followed by the adsorption process. At first, adsorption of
MB dye was carried out with 40 mg/L of dye concentration, treated with either Mat-1 or Mat-
2 with two different dose variances of 0.5 g/L and 1 g/L. The adsorption experiment was
carried out after equilibration for 2 h of continuous shaking. The pH of the solution was 7 at
the beginning of the equilibration process. After the shaking, the mixtures were centrifuged at
8000 rpm for 3 min, and the filtrate was spectrophotometrically analyzed to check the dye
adsorption. The residue (dye-containing adsorbent) was further utilized for desorption study.
The desorption study was carried out by adding 10 ml of methanol (desorbent) with methylene
blue-containing Mat-1 and Mat-2 and agitated continuously for 1 h. Further, the mixtures were
centrifuged, and the filtrates were analyzed in UV-spectrophotometer. The percentage of
desorption was calculated using equation (3) [7]. The

adsorption-desorption process was performed for four cycles.
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All experiments were studied in 3 sets.

. Vdes X Cdes (3)
Desorption% = x 100
(CO - Ce) X Vads

Where, Vges 1s the volume of methanol used (10 mL), Cges is the final concentration of
methylene blue dye in solution after desorption (mg/L), and Vags is the volume of dye solution

used for adsorption.

3.3. Results and Discussion

Initially, the adsorption property of Mat-1 and Mat-2 was tested with five cationic and two
anionic dyes (Table 3.1). Among all the dyes tested, methylene blue and bismarck brown R
showed the highest adsorption, in case of both the materials. Both had the near-identical
removal property at higher doses, but the differences cropped up at lower doses. A detailed

batch study was performed with methylene blue only.

Table 3.1. Comparison between different dye removal by Mat-1 and Mat-2."

Name Dose (g/L) % of removal Dose (g/L) % of removal
Mat-1 Mat-2 Mat-1 Mat-2
Cationic dye Anionic dye
Rhodamine B 0.5 12 26 Acid orange 7 0.5 14 27
1 32 59 1 31 46
Methylene blue 0.5 71.5 94.9 Acid blue 9 0.5 19 31
1 94 99 1 33 51
Malachite Green 0.5 13 51
1 23 70
Bismarck Brown R 0.5 90 80
1 98 97
Safranin 0.5 42 59
1 65 85

!'Initial dye concentration 40 mg/L, 1 h of contact time, and at 250 rpm.
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3.3.1. Effect of pH

The effect of solution pH was investigated within the 2-8 pH range, at two different initial
concentrations of 10 and 40 mg/L with the dosage of materials with 0.5 g/L (Figure 3.2a, 3.2b,
Table 3.2). The contact time used was 1 h. Both materials are equally effective at 10 mg/L dye
concentration in the entire range of pH, with the removal of 96-100%. Therefore, indicating
that the adsorption capacity is not exhausted. Rightly so, the differences were observed when
dye concentration was increased fourfold to 40 mg/L. At this condition, the removal dropped
marginally for Mat-2 but significantly for Mat-1. The Mat-1 showed pH dependence with a dip
at ~4.5 pH. It is close to its pHz,c value of 4. Expectedly, the removal rises above this pH as
the surface becomes more and more negative and the dye is positively charged (Figure 3.2a,
3.2b). It's not easy to explain the higher adsorption at pH < pHz. value. However, one
possibility is protonation, as a result of which self-association of MB dye and its depositing on

the material's surface may occur.
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Figure 3.2. (a), (b) Effect of solution pH (2-8) on methylene blue removal by Mat-1 and Mat-
2, respectively (Conditions: Co= 10, 40 mg/L, pH=2-8, Adsorbent dose=0.5¢g/L, rpm=250,
t=60min).

The self-association of MB dye at lower pH is reported in previous literature [8]. The other

possible factor is the aromatic n—m interaction between the aromatic rings of polyphenols and

the dye. As the materials possess a negatively charged surface at pH 7 and show good removal
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capacity at that pH, the rest of the adsorption processes were carried out at pH 7. Considering
the use of the materials in water treatment, results at pH 7 are more useful than alkaline pH.
Interestingly, plant extract-based Mat-2 hardly showed any pH dependence (Figure 3.2b). As
it has many polyphenols and an unknown N-containing substance, we could not identify the

component responsible for the observation.

Table 3.2. Effect of different pH variations, at 10 and 40 mg/L of MB concentration.

pH Concentration Removal % Uptake (mg/g)  Removal % Uptake (mg/g)
(mg/L) Mat-1 Mat-1 Mat-2 Mat-2

2 10 96.7 1+ 0.44 19.3+0.88 97.82 +£0.95 19.56+0.19
3 10 99.4 5+0.12 19.89 +0.024 97.51+0.89 19.5£0.18
4 10 95.9 1+0.3 19.18 £0.055 98.38 £ 0.81 19.6 £0.16
5 10 94.05 +0.07 18.81 +0.07 99.35+ 1.1 19.8 £0.22
7 10 99.55+ 0.64 19.91 £0.13 99.71+ 0.4 19.9 +0.08
8 10 99.89+ 0.18 19.9 £0.036 100 20
2 40 54.9 £0.13 54.324+0.6 80.30+0.07 64.81+0.3
3 40 63.9 +0.2 63.24+0.06 77.84+0.45 57.79+0.1
4 40 55.7 +£0.08 55.14+0.16 78.08+0.4 58.46+0.1
5 40 51.6+0.13 51.08+0.2 79.54+0.6 56.44+0.2
7 40 64.73+0.22 64.05+0.04 80.57+0.1 58.06+0.3
8 40 81.66= 0.1 80.81+0.12 80.91+0.2 58.33+0.2

(With dose 0.5 g/L, 1 h of contact time, and 250 rpm agitation).

3.3.2. Effect of Concentration

Adsorption was studied at initial concentrations from 5 to 150 mg/L, with 0.5 g/L of material
dose, at pH 7 and 1 h contact time (Figure 3.3a, 3.3b). Both the materials showed 99% removal
in lower adsorbate (MB) concentrations of 5 and 10 mg/L. With increasing dye concentration
of 20, 40, 80, 150 mg/L, Mat-1 showed 91, 70, 61, 62% of removal, while Mat-2 showed 99,

95, 91, 85%, respectively. Both the materials are effective; however, Mat-2 is more efficient.
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The dye concentration variance is an important factor for exploring the uptake capacity of Mat-
1 and Mat-2. Results showed that maximum adsorption capacities of 187 and 255 mg/g at 150
mg/L of dye concentration for Mat-1 and Mat-2, respectively (Table 3.3). Due to the saturation
of adsorption sites at high concentrations, the removal percentage was decreased [9].

However, even at a maximum dye concentration of 150 mg/L and a dose of 0.5 g/L, Mat-2

remains very effective (80 % removal). Compared to other reported materials, only two other

materials are more effective than the present two materials as mentioned in Table 3.4.
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Figure 3.3. (a), (b) Effect of initial concentration on removal percentage and adsorption
capacity of MB by Mat-1 and Mat-2, respectively. (Conditions: Co=5-150 mg/L, pH= 7,
Adsorbent dose=0.5g/L, rom=250, t=60min).

Table 3.3. Effect of initial fluoride concentration on MB removal.

Concentration Removal %

Uptake (mg/g) Mat-1 Removal %

Uptake (mg/g) Mat-2

(mg/L) Mat-1 Mat-2

5 100.00+0 10.00+0 100.00 10.00

10 99.01+0.34  19.80+0.34 99.69+0.53  19.38+0.1
20 91.02+4.27  36.41+1.7 99.24+.94 39.70+0.38
40 69.08+5.1 55.26+4.1 94.89+3.2 75.91+2.56
80 61.20+£0.59  97.92+.95 91.27+1.3 146.03+£5.96
150 62.57+8.3 187.71+£8.3 85.09+2.12  255.284+6.3

(At pH 7, with dose of 0.5 g/L, 1 h contact time, and 250 rpm agitation).
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Table 3.4. Comparison of MB removal percentage and uptake with various adsorbents.

Composition pH Initial Dose Time % Exp References

) @) (min) Removal 7 take

s (mg/g)

Activated carbon from 8 80 4 100 83 16.6 [10]
coconut coil
Modified activated carbon § 600 1 60 38 230 [11]
Activated carbon 8 100 1 42 42
Modified multi-walled 7 20 0.75 15 95 25.3 [12]
carbon nanotube
Activated carbon (Merck) 7.2 600 2 35 95 285 [13]
Bamboo dust carbon 200 10 93 18.5
Annona squmosa seed 6 200 4 60 15 7.5 [14]
Poly m-phenylenediamine 8 50 0.06 60 5 42 [15]
grafted dextrin bio
adsorbent
polyaniline hydrogel 6.5 50 2.5 720 71.2 [16]
Hydrogel bead of tannic 9 120 0.5 720 54 130 [17]
acid -PVA/sodium
alginate
CMC-PAA-GO 7 125 0.01 250 90 138 [5]
nanocomposite hydrogels
Magnetic Porous Organic 8 50 1 5 <95 47.5 [18]
Polymers
Polyaniline Nanotubes 7 3.1 0.05 120 7.7 4.8 [9]
Magnetic ferrite 8 50 0.5 60 55 35 [19]
nanoparticle
Iron oxide nanoparticles 7 200 2 - 5 1 [20]
Iron (III) tannate 9 50 0.5 240 50 45 [21]
Tea leaf-Fe nanoparticle 6 50 0.01 100 93 186.9 [22]
Fe;04 coated-tea 7 8.5 1 60 95 5 [23]
polyphenol
Iron nanoparticle with - 2000 - 1440 - 64 [21]
eucalyptus extract
Fe-zero valent with - 50 2.4 >300 94 [24]
Guava leaf
Mat-1 (Tannic-Iron 7 40 0.5 60 71 57 This study
complex) 150 05 60 62 187
Mat-2 (Guava-Iron 7 40 0.5 60 95 76 This study
complex) 150 0.5 60 85 255
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Isotherms are beneficial for explaining the adsorption mechanism and theoretical uptake
capacity of different adsorptive materials. The data have been fitted to all three standard models
of Langmuir, Freundlich, and Temkin equations (Table 3.5 and Figure 3.4). The Langmuir
isotherm is expressed as:

— Amax- kb- Ce (4)
Te =1k, C,

Where g.(mg/g) is the equilibrium amount of MB adsorbed in per gram of adsorbent, C. (mg/L)
is the equilibrium concentration of contaminant in solution. The gma« (mg/g) and ks (1/mg) are
the parameters describing the maximum uptake capacity of the solid surface and the energy
constant, respectively. This Freundlich Adsorption Isotherm equation is denoted by:

de = Kr Ce1 ¥ )
Where Kr is the constant indicative of relative adsorption capacity and 1/n is adsorption

intensity. The Temkin isotherm equation is denoted by:

RT 6
4o = - In(K;C,) Y
Where Kris the equilibrium binding energy constant (1/mol), the R and T are the gas constant
(8.314 J/mol K), and absolute temperature (K), respectively.

By comparing the data obtained from the isotherm models, we conclude that both the Langmuir
and Freundlich models fitted the data due to their R? value being closer to unity, as shown in

Table 3.5. However, the Temkin model did not fit.

Table 3.5. Isotherm parameters of methylene blue in Mat-1 and Mat-2.

Material Langmuir Freundlich Temkin

Qmax Ky R’ n K R’ Kr b R?
Mat-1 296.2 0.03 0.95 1.9 22 0.97 48.4 54.1 0.7
Mat-2 347.6 0.12 095 22 615 0.98 1047 73.6 0.8
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Figure 3.4. Isotherm plot of MB removal by (a) Mat-1 and (b) Mat-2.

3.3.3. Effect of Adsorbent Dose

The effect of different material dosages on MB removal and uptake capacity was studied
(Figure 3.5 and Table 3.6). The removal efficiency was investigated at different dosages of
0.5, 1,2, 4 g/L and different concentrations of MB as 40, 80, and 150 mg/L. The results showed
that with the increment in dosages, the percentage removal also increase from 71.6 to 99.7%
for 40 mg/L MB concentration, 64.9 to 98.6% for 80 mg/L MB and 62.5 to 99.6% for 150
mg/L. MB concentration, in case of Mat-1. For Mat-2, the removal percentage increased from
95.7 to 99.8% for 40 mg/L MB concentration, 82.7 to 99.3% for 80 mg/L MB and 85 to 99.5%
for 150 mg/L of MB concentration. The percentage of dye removal increased with the
increment of adsorbent dose due to an increase in surface area and availability of more
adsorbent sites [19]. In general, the adsorption capacity decreases with the increase in
adsorbent dose due to a reduction in available surface area. In the present study, Mat-1 and
especially Mat-2 showed good removal capacity with significantly high uptake values

compared to other materials listed in Table 3.4.
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Figure 3.5. Effect of dosage of Mat-1 and Mat-2 on different MB concentration variance, (a,
b) removal percentage vs adsorbent dose and (c, d) Uptake vs adsorbent dose plot
respectively. (Conditions: Adsorbent dose=0.5-4 g/L, Co=40, 80, 150 mg/L, pH=7, rpm=250,

t=60 min).

Table 3.6. Effect of dose on MB removal.

Concentration Dose Removal % Uptake (mg/g) Removal % Uptake (mg/g)
(mg/L) (g/L) Mat-1 Mat-1 Mat-2 Mat-2
40 0.5 71.57£7 57.26£9.5 95.754+2.23 76.60+1.79
40 1 91.09+£5.78  36.44+2.3 98.43+0.67 39.37+0.27
40 2 98.00+1.56  19.60+9.99 99.22+0.23 19.84+0.04
40 4 99.75+0.39  9.96+0.03 99.87+0.22 9.99+0.03
80 0.5 64.93+0.47 103.88£8.1 82.72+0.63 132.35+1.01
80 1 67.99+1.3  54.4£3.6 91.36+0.67 77.13£3.03
80 2 94.61+3.5  37.85+1.4 97.98+.35 39.19+0.14
80 4 98.6+0.93 19.56+0.29 99.38+0.31 19.88+0.06
150 0.5 62.57+£2.76  187.71£8.3 85.09+2.12 255.28+6.3
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150 1 70.02+£5.18 105.03+7.77  93.36+4.05 140.04+1.6
150 2 93.91+3.2  70.43+2.4 98.66+0.28 73.99+0.21
150 4 99.61+£0.06 37.35+0.23 99.57+0.31 37.34+0.11

(AtpH 7, 1 h contact time and 250 rpm agitation).

3.3.4. Effect of Time

Effect of contact time on the MB dye removal was examined at different times from 5 to 300
min, at 40 mg/L of dye concentration, with the dosage of 1 g/L, at pH 7 (Figure 3.6, Table 3.7).
With only 5 min of contact time, 60% and 84% MB removal by Mat-1 and Mat-2 were
observed. Moreover, at 30 min of contact time, Mat-1 and Mat-2 showed 80 and 97% of dye
removal, respectively. With the increase in contact time, the available binding sites were
occupied by MB, ultimately reinforcing the slow adsorption rate and saturation of sites [25].
Among the materials, Mat-2 is the fastest to reach equilibrium within 30 min (97% removal),

and the removal stays constant till 120 min (~98).
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Figure 3.6. Effect of contact time for removal of 40 mg/L methylene blue removal by (a) Mat-
1 and (b) Mat-2. (Conditions: t=5-120 min, C¢=40 mg/L, Adsorbent dose=1g/L, pH=7,
rom=250).

Both materials did 100% removal of dye after 300 min of contact time. Compared to this,
adsorption of MB on modified multi-walled carbon nanotube reaches equilibrium within 15
min (dose, 0.75 g/L, removal 95%) [12]. Huang et al. reported adsorption on magnetic porous
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organic polymers reaches equilibrium within 5 min (dose 1g/L, removal <95%) [26]. Except
for these two examples, the equilibrium time for MB removal of Mat-1 is faster than other

reported materials listed in Table 3.4.

Table 3.7. Effect of contact time for MB removal.

Time (min) Removal % Uptake (mg/g) Removal % Uptake (mg/g)
Mat-1 Mat-1 Mat-2 Mat-2

5 59.3+3.4 23.7+ 1.36 84.09+2.07 33.6+ 0.83

10 64.96+ 3 25.9+1.22 85.76+2.3 34.31+0.93
15 66.32 £3.5 26.5£1.4 94.13£2.1 37.69+ 0.85
30 79.0+ 1.12 31.6 £0.45 96.74+1.05 38.69 £0.42
60 87.5+3 35.0£1.2 97.88+0.62 39.15 £0.25
120 89.69+7.9 359+3.2 98.43+0.60 39.37 £0.24
300 100 40 100 40

(At pH 7, with a dose of 1 g/L, 40 mg/L of dye concentration, and 250 rpm agitation).

Data were fitted to both pseudo-first-order (Eq. 7) and pseudo-second-order (Eq. 8).

qr = qo (1 —eFab) (7)
kyqit (8)
Q= ——————
1+ kyqot

Where, k; and k2 are the rates constant of pseudo-first-order and pseudo-second-order kinetics,
q: 1s the adsorption capacity at time ¢, and g. is the equilibrium adsorption capacity. The plots
and parameters of the fit are given in Figure 3.7 and Table 3.8. The data fits better with the
second-order rate plot, which means the adsorption process is chemisorption (Table 3.8). We

noted that MB removal with commercially available activated charcoal also followed second-
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order kinetics [13]. Similar second-order kinetics was observed for MB on tannic

acid—poly(vinyl alcohol)/sodium alginate hydrogel beads (equilibrium time of 12 h) [17].

Table 3.8. Non-linear kinetics data of methylene blue removal by Mat-1 and Mat-2.

Sample Qe exp Pseudo 1% order Pseudo 2" order
Qe cal ki R? Qe cal k> R?
Mat-1 40 35.05 0.35 0.53 37 0.005 0.84
Mat-2 40 38.6 0.86 0.52 39.2 0.023 0.94
42
] =
38:
= 4
S 341
£ ]
w |
o2 30'_
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Figure 3.7. Kinetics study of MB removal by (a) Mat-1 and (b) Mat-2.

3.4. Desorption of MB

Desorption and recyclability of the materials were tested with several organic solvents:
methanol, ethanol, ethyl acetate, acetone, and hexane. Methanol and ethanol can disrupt H-
bond as they can act both as strong H-bond donors or acceptors. Ethyl acetate and acetone are
weak H-bond acceptors, and hexane is incapable of H-bond formation. Among the organic
solvents, desorption is most effective with methanol and ethanol. It must be because of its
ability to disrupt the H-bonds between MB and phenolic -OH groups of the materials. All the

materials have multiple phenolic (from catechol) groups. MB is a potential H-bond acceptor at
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the heterocyclic N or charged S. The methyl substitutions at both the amine N of MB robs their
H-bond donor capability. Ethyl acetate, acetone, and hexane are incapable of breaking the H-
bonds. Thus, desorption in these solvents is either negligible or does not occur at all. It means
that H-bond with phenolic -OH is one of the factors in adsorption.

Under similar conditions, desorption works best with methanol. Therefore, the recyclability
was tested in MeOH at two different doses (0.5 g/L and 1 g/L) of material up to 4 cycles (Figure
3.8a). At a lower dosage of 0.5 g/L, adsorption capacity decreases in the successive cycle
(~10%) up to the third cycle. The re-absorption drops steeply in the fourth cycle. One of the
feature observed is that the quantity desorbed is much less than the re-absorption quantity. We
think the methanol is unable to desorb more than ~20% of the adsorbed dye. Instead, methanol
exposes new surfaces on the adsorbent particles by breaking H-bonds within the cluster of the
adsorbent particles. Hence the successive adsorption is higher than the amount desorbed
(Figure 3.8a). Mat-2 retains re-adsorption capacity better than Mat -1. Recyclability works with
the simple addition of methanol or ethanol but not due to the efficient desorption but the ability
of the solvent to expose new adsorption sites. The occurrence of desorption was less than 50%
in first cycle le which indicates that the H-bond may not be the only contributor to the dye
binding.

The other factor could be the ionic interaction between the cationic dye and the adsorbent. To
test this, we checked desorption with Na*, K*, Ca™, Ba*?, and Al™ salts under identical
conditions (Figure 3.8b). The cations were chosen based on increasing size and charge (K is
larger than Na* and Ba®" larger than Ca™?). The desorption shows that higher charge and larger
cations are increasingly more effective in displacing dye from adsorbent (Figure 3.8b). Al is
similar in size and charge with Fe™ and is known to bind strongly with catechol/polyphenols,
which may have resulted in a very high desorption value in the case of Al". From this
experiment it can be concluded that the ionic interaction is present, in dye binding but as the
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values are not higher than 50% (except Al*%), ionic interaction alone is not responsible.
Combining results of solvents and salts, the dye adsorption on these materials seems to be a
combination of H-bond and ionic interactions. The possibility of aromatic m—r interactions

cannot be ruled out.
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Figure 3.8. Desorption study of MB from Mat-1 and Mat-2 with (a) MeOH and (b) different
metal salts. (Condition: 0.01g of salt, initial pH 4).

3.5. Comparison with Charcoal

Activated charcoal is a well-known efficient adsorbent for dye removal from wastewater
[10,11]. Due to their high surface area and porous structure, activated carbon showed very
high adsorption capacity for dye removal [11-13]. Activated charcoal was used as a reference
to compare the dye removal property under identical conditions with the materials synthesized
in chapter 2. The surface area of the activated charcoal is very high at 688.4 m?/g. The value
found for charcoal is consistent with previous reports [27,28]. The significantly higher surface

area gives charcoal an advantage over other adsorbents. For activated charcoal, the adsorption-
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desorption isotherm belongs to type-1 as reported by other literature (Figure 3.9) [28].
Effectivity is also comparable to activated charcoal (Table 3.10) despite having 1/7™ of surface

area (Table 3.9). Mat-3 is the least effective (Table 3.10).

300
o
“8 250

& 200

0.0 0.2 04 06 08 1.2
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Figure 3.9. BET isotherm of activated charcoal.

Table 3.9. BET isotherm parameters of activated charcoal.

Activated

Method Parameter Charcoal
Multi-point  Surface Area, m?%/g 688.409
BET

Average pore diameter, nm  2.678

Total pore volume, cc/g 0.461
adsorption Surface Area, m?/g 69.04

Pore diameter, nm 3.010

Pore volume, cc/g 0.136
desorption Surface Area, m?/g 90.85

Pore diameter, nm 3.82

Pore volume, cc/g 0.140
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Table 3.10. Comparison of methylene blue removal by different materials at pH 7.’

Removal (%) qe(mg/g) Removal (%) e (mg/g)

Dose, 0.5 g/L; Dye conc. 40 mg/L Dose, 1 g/L; Dye conc. 40 mg/L
Mat 1 71.5 57.2 94 37

Mat 2 94.9 75.9 99 39.8

Mat 3 36.6 29.3 78.5 31.4
Charcoal 100 80 100 40

! (Contact time=1 h, rppm= 250).

3.6. Conclusions

Both materials were found capable of removing 99% of 10 mg/L methylene blue with a dose
of 0.5 g/L and contact time of 1 h. At lower dye concentrations, both Mat-1 and Mat-2 are
equally effective in a wide pH range from 2-9, with 96-100% removal. With the dose of 2 g/L,
more than 98% removal of 150 mg/L of MB dye was observed by both the materials. In
adsorption isotherm processes, the Freundlich model was better fitted in both materials than
Langmuir and Temkin models. Pseudo-second-order kinetics was best fitted in both Mat-1 and
Mat-2. MB dye removal capacities of materials were also compared with activated charcoal. It
was observed that Mat-2 could match performance with activated charcoal with the added
advantage of less energy consumption and no greenhouse gas emission. Desorption study
revealed that dye binding on adsorbent has a significant contribution from ionic interaction and

H-bonding along with aromatic ©t-7 interaction.
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Chapter-1V

Bismarck Brown Dye Removal Capacity and Cytotoxic Assessment of Dye

on Allium cepa

4.1. Introduction

In the previous chapter, the removal capacity of Mat-1 and Mat-2 against one heterocyclic
cationic dye (MB) was investigated. In this chapter, we wanted to test the material's efficacy
in the removal of another cationic dye. Bismarck brown (BB), an azo dye, was chosen to check
the removal capacity of Mat-1 and Mat-2 against it. Over 700,000 tons of dyes are annually
produced throughout the world, of which 60—70% are azo dyes [1,2]. Different azo dyes are
produced from the textile, leather, printing, paper, food, and cosmetic industries. Dyes are
known as important contaminants which can be dangerous to humans, animals, and other living
organisms [3—6]. Therefore, it demands considerable attention to remove them from industrial
wastewater before being discharged into the environment.

Indian Government has banned 70 azo dyes since June 1997, Basic brown-4 or Bismarck brown
R (BB) (Colour Index Constitution No. 21010) is one of them. Bismarck brown is a cationic
azo dye used in textile industries, shows a significant peak at 464 nm. Azo dyes are organic
compounds with one or more -N = N- functional groups associated with the aromatic ring. It
was reported that azo dyes could show carcinogenic nature and induce genetic abnormalities
in human beings and animals [4,7]. Allium cepa (A. cepa) is considered an efficient material
for studying chromosomal aberration for environmental stress because of its large and low
chromosomal number and easy availability, and affordability [8,9].

Materials synthesized in Chapter II were applied for the removal of Bismarck brown R dye.

The optimization parameters were carried out at different dye concentrations, material dose,
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contact times. As BB is a toxic dye, the cytotoxic effect of BB dye was investigated by applying
it on Allium cepa. The effect was checked by directly using the stock solution of BB dye on
Allium cepa. Besides, the reduction of the toxicological impact of BB dye residual solutions
after adsorption by Mat-1 and Mat-2. Since post-treated water will be used for different
purposes, it is important to check the toxicity of the post-treated water due to the possibility of

presence of residual toxicity.

4.2. Experimental Section
4.2.1. Materials and Methods

Tannic acid (C76Hs2046) and ferrous sulfate (FeSO4.7H20) were purchased from Alfa Aesar,
and Rankem respectively, and were used as supplied without further purification. Sodium
hydroxide, potassium nitrate, acetonitrile, and methanol were purchased from Merck, India.
Gallic acid was bought from Sigma Aldrich. Folin Ciocalteu reagent and Bismarck brown (BB)
dye were purchased from SRL Pvt. Ltd and HiMedia, respectively. Purified water from a
Amtrol reverse osmosis system was used for all experiments.

The UV spectra were measured on Perkin Elmer Lambda 25 UV-vis spectrophotometer. pH of
the solutions was measured using Thermo scientific, Orion 3 Star pH meter. Cytotoxic

observations were studied using Zeiss Axio Vert A1 microscope.

4.2.2. Adsorption Experiments

The batch process was carried out to check the removal efficiencies of Bismarck brown dye by
Mat-1, and Mat-2 was studied in batch mode at room temperature. Batch processes were
executed with diffirent concentration of dye (10, 20, 40, 80, 100, 200, 400 mg/L); dose of
adsorbent (0.5, 1, 1.5,2, 3 g/L) and time (5, 10, 15, 30, 60, 120 minutes). The pH of the solution
was adjusted with 1N HCI and 1N NaOH. Bismarck brown r is a cationic dye with A max of

464nm. A stock solution was prepared by dissolving 1g of BB with water in 1000 mL
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volumetric flask. Different concentration of BB was prepared by serial dilutions. A calibration
curve was prepared from 0 to 400 mg/L of dye concentration, and it was observed that the
estimation curve was linear with a correlation coefficient of 0.98 (Figure 4.1). The amount of
dye removal was calculated by BB dye's initial (Co) and final concentration (Cc). All
experiments were studied in 3 sets.

CO Ce

% Removal of dye = x 100

0

(1)
Where,
Co = Initial concentration (mg/L)
Ce = Final concentration (mg/L)
The uptake capacity was calculated considering the concentration of absorbed dye (mg/L),

solution volume, and adsorbent dose (g).

g, = Lo=CIV
ks m
(2)
Where,
ge = Uptake capacity (mg/g)
V = Volume of solution (L)
m= dose of adsorbent (g)
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Figure 4.1. Calibration curve of BB dye. A stock solution was prepared by dissolving 1 g of
BB with water in 1000 mL volumetric flask. Different concentration of BB was prepared by
serial dilutions.

4.2.3. Desorption Studies

The desorption or recyclability study was executed, followed by the adsorption process. At
first, adsorption of BB dye was carried out with 400 mg/L of dye concentration, treated with
Mat-1 and 2 with two different dose variances of 0.5 g/L and 1 g/L. The adsorption experiment
was carried out after equilibration for 2 h of continuous shaking. The pH of the solution was 7
at the beginning of the equilibration process. After the shaking, the mixtures were centrifuged
at 8000 rpm for 3 minutes, and the filtrate was spectrophotometrically analyzed to check the
dye adsorption. The residue (dye-containing adsorbent) was further utilized for desorption
study.

The recyclability study was carried out using various organic solvents: methanol, ethanol, ethyl
acetate, acetone, hexane, and salts of Na", K, Ca™, Ba™, Al">. Using 10 ml of solvents or
0.01g of salts to Bismarck brown-adsorbed Mat-1 and Mat-2 and agitated continuously for 2
h. Further, the mixtures were centrifuged, and the filtrates were analyzed in UV-

spectrophotometer. The percentage of desorption was calculated using equation (3) [10]. The
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adsorption-desorption process was performed for 3 cycles. All experiments were studied in 3
sets.

Vdes X Cdes
Desorption% = x 100
(CO - Ce) X Vads

3)
Where Vs is the volume of acetone used (10 mL), Cqes is the final concentration of BB dye in

solution after desorption (mg/L), and Vags is the volume of dye solution used for adsorption.

4.2.4. Cytotoxicity Test

Allium cepa (2n=16) was used as an indicator to check the cytotoxicity against BB dye. The
Allium cepa (onion bulbs) was purchased from domestic, commercial sources. The onion bulbs
were placed on the sand containing paper cups, and roots were emerged in it and treated for
Sdays at 25°C. The distilled water treated root was used as control standard, while root treated
with a stock solution of 200 and 400 mg/L of Bismarck brown r dye was also used to check the
adverse effect of the dye. The post-treated solutions of BB with Mat-1 and Mat-2 used for all

the sets were done in two batches.

After treatment of 5 days, 2 cm size of root tips were dipped in ethanol: acetic acid (3:1)
solution for 24h for fixation purposes. The root tips were hydrolyzed with 1N HCI at 50°C for
Imin and stained with aceto-orceine. Squashed on slides and observe the mitotic index and

cytological changes in the light microscope.

The following equations calculated the mitotic index and cell aberration percentage [11].

Mitotic index (MI) =
o Number of deviding cells 4)
Mitotic index(MD)% = x 100
Total number of cells
) Number of abnormal cells (5)
Abnormality percentage (AP)% = x 100

Total cells observed
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4.3. Result and Discussion
4.3.1. Bismarck Brown Removal by the Batch Study
4.3.1.1. Effect of Concentration

The effect of different concentrations of BB on removal and measurement of adsorption
capacity of Mat-1 and Mat-2 were studied and depicted in Figure 4.2, Table. 4.1. Batch
processes were carried out with varying concentrations of BB 20, 40, 80, 100, 200, 400 mg/L,

with the dose of 0.5g/L of materials, at pH 7, and contact time of 1 h.

The Figure 4.2 showed > 80% removal of BB in a wide range of dye concentrations, from 20-
400 mg/L by Mat-1, and showed similar results in the case of Mat-2. With the rise of BB
concentration from 20, 40, 80, 100, 200, 400 mg/L Mat-1 exhibited 80, 91, 87, 85, 85, 81% of
removal, while Mat-2 showed 66, 79, 89, 87, 89, 85 %, respectively. The results showed the
adsorption capacity of material rapidly increased with increasing concentration. Both Mat-1
and Mat-2 showed very high adsorption capacity, i.e., 652 mg/g and 680 mg/g for BB dye at

400 mg/L of concentration.

Table 4.1. Effect of concentration on BB removal.

Conc  Removal % Removal % Uptake Uptake (mg/g)
(mg/L) by Mat-1 by Mat-2 (mg/g) Mat-2
Mat-1
20 80.6+6.8 66.6£3.7 224747 25.2+3.7
40 90.65+0.1 79.75£3.5 72.52+0.1 63.8+2.7
80 87.55+2.3 89.64+1.8 140.08+3.7 143.4£1.8
100 85.29+1.3 87.98+5.1 170.1£3.5 175.9+10.2
200 85.45+0.4 89.7+1.2 341.8+1.5 358.87+5.1

400 81.53+4.8 85.014£3.6 652.2£35 680.08+29
(At pH 7, with a dose of 0.5 g/L, 1 h contact time and 250 rpm agitation).
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Figure 4.2. Effect of initial dye concentration on removal percentage and adsorption capacity
of BB by Material-1 and 2, respectively. (Conditions: Co=20-400 mg/L, pH= 7, Adsorbent

dose=0.5 g/L, rpm=250, t=60min.

From the comparison of the data obtained from the three isotherm models, it was observed that

the R? value of the Langmuir and Freundlich models was very close. Therefore, there was a

possibility of both the fitting well due to their higher R? values.
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Figure 4.3. Non-linear isotherm study of BB removal by (a) Mat-1 and (b) Mat-2.

Table 4.2. Non-linear isotherm data of Bismarck brown removal by Mat-1 and Mat-2.

Material Langmuir Freundlich Temkin
Qmax (mg/g) Ky R? n K¢ R? Kr b R?
Mat-1 1743 0.008 0.99 1.26 22 0.99 1E-12 244  0.62
Mat-2 2425.8 0.007 094 1.14 194 0.93 1E-12  247.6 045
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4.3.1.2. Effect of Dose

Adsorption of BB dye on Mat-1 (Tannic iron complex) and Mat-2 (Guava iron complex) was
investigated with different dose of 0.5, 1, 1.5, 2, 3 g/L at initial concentration of 400 mg/L of
BB at pH 7 (Table 4.3. and Figure 4.4) With the varying dose 0of 0.5, 1, 1.5, 2, 3 g/L the removal
percentage was 81, 95, 96, 97, 98% and 86, 96, 97, 97, 97% for Mat-1 and Mat-2, respectively
at 400 mg/L concentration. Results showed that saturation occurred after the dose of 1 g/L in
both materials. The dye uptake decreased from 651 to 131 mg/g with an increment of adsorbent
dose from 0.5-3 mg/g for Mat-1. The decrease in adsorption capacities with an increment of
material dose resulted from the less available surface area. In this study, both materials showed

significantly good removal and adsorption capacities compared to the literature in Table 4.4

1
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o
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Figure 4.4. Effect of dosage of Mat-1 and 2 on BB (Conditions: Adsorbent dose=0.5-3 g/L,
Co=400 mg/L, pH=7, rpom=250, t=60 min).
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Table 4.3. Effect of dose on BB removal.

Dose Removal % Removal % Uptake (mg/g) Uptake (mg/g)

by Mat-1 by Mat-2 Mat-1 Mat-2
0.5 81.446 86.9+2.2 651.6+48.8 695.2+17.9
1 95.7+0.6 96.3+1.4 383.07+2.6 385.3+8.3
1.5  96.3+0.5 97.3+0.3 256.9+1.4 259.6+0.8
2 97.1£0.5 97.6+.03 194.2+1 195.340.6
3 98.3+0.32 97.4+0.1 131.08+0.4 129.9+0.1

(AtpH 7, 1 h contact time, 400 mg/L of dye concentration, and 250 rpm agitation.

Table 4.4. Comparison with previous reports for BB removal.

Composition PH Initial Dose Time Removal Experimental References
concentration (g/L) (min) (%) Uptake

(mg/L) (mg/g)
(Co/Ni)-MOF 30 0.5 600 80 48 [12]
Brassica rapa leaf- 7 10 1.6 90 90 5.6 [4]
based f~-CdWO4
Sewage Sludge - 50 0.5 240 86.7 86 [13]
Hen feather 3 10 0.2 120 95.2 - [7]

X

10—-5M
Pea peels - 20 10 60 89 1.8 [14]
Modified biochar 3 150 1.7 60 49 45 [15]
Multi-wall carbon 5 5 0.025 60 90 17.8 [16]
nanotube X

10—5M
Iron Oxide 7 40 1 24 50 20 [17]
Nanosphere (IONs)
multiwalled carbon 7 25 0.1 80 86 177 [18]
nanotubes modified
with Iron
Mat-1 (Tannic-Iron 7 100 0.5 60 85 170 This study
complex) 400 0.5 60 81.5 652
Mat-2 (Guava-Iron 7 100 0.5 60 88 176 This study
complex) 400 0.5 60 85 680
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4.3.1.3. Effect of Time.

The effect of contact time in BB adsorption was investigated and depicted in Figure 4.5 (Table
4.5). The batch process was carried out with 400 mg/L of BB dye solution, with 1 g/L of
material dose and 5-120 minutes time variances. The adsorption rate has been found to be very
fast in both cases. The removal percentage of 400 mg/L of BB by Mat-1 and Mat-2 was 80 and
83%, respectively, in only 5 min of contact time. Mat-1 and Mat-2 showed 87% and 91% of
dye removal, respectively, at 30 min of contact time. Saturation of materials occurred after 30

minutes of contact time in both of the materials.

100 100 5
o] o] [o]
e © e 0©®
80 @g 80
E 3
g 60 - z 60
o E
: &
® 40 & 40
20 4 20
0 v T 0 v v
0 50 100 150 0 50 100 150
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Figure 4.5. Effect of time for removal of 400 mg/L BB removal by (a) Mat-1 and Mat-2.
(Conditions: t=5-120 min, Co=400 mg/L, Adsorbent dose=1g/L, pH=7, rpm=250).

Table 4.5. Effect of contact time for BB removal.

Time(min) Removal % Removal % Uptake (mg/g) Uptake (mg/g)

by Mat-1 by Mat-2 Mat-1 Mat-2
5 80 £3.47 83.3+0.6 320.04+13.8 333.3+2.77
10 78.9+2 85.16+0.26 314.6x 8.1 340.68 +1.05
15 84 +0.5 85.9+0.94 337 +£2.09 343.6+3.78
30 87+ 0.4 90.7£1.05 348.52 £1.8 363.07 £+4.8
60 90.9+2.2 93.72+2.25 363.98 £8.99 374.89 £8.9
120 86.4+0.26 91.5+2.5 345.5£1.04 366.1 +10.

(At pH 7, with dose of 1 g/L, 400 mg/L of dye concentration, and 250 rpm agitation)
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The adsorption kinetics can assume the removal rate of the pollutant from aqueous solutions

and gives important data for understanding the mechanism of adsorption in the batch process

[19]. There are two phases in adsorption kinetics: initially rapid removal phase followed by a

slow phase towards equilibrium stage.

The rate constants and the corresponding R? values of pseudo-first-order and pseudo-second-

order are given in Table 4.6, and Figure 4.6. The correlation coefficient values of pseudo-

second-order show better results in both Mat-1 and Mat-2 for BB removal. In all cases, qc

experimental values were matched with ge calculated values (Qe cal) in pseudo-second-order.
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Figure 4.6. Kinetics study of BB removal by (a) Mat-1 and (b) Mat-2.
Table 4.6. Non-linear kinetics data of Bismarck brown removal by Mat-1 and Mat-2.
Sample Qe exp Pseudo 1% order Pseudo 2" order
Qe cal ki R2 Qe cal k» R2
Mat-1 363 343 1.17 0.12 3448 0.0029 0.6
Mat-2 374 358 1.2 0.23 370 0.0035 0.75
99
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4.3.2. Desorption Study of BB

For bismarck brown, the adsorption-desorption studies were carried out with Mat-1 and Mat-2
with a dose 0f 0.5, 1 g/L in 3 days of cycles. Out of all solvents, methanol implied most for the
desorption of the bismarck brown dye. Figure 4.7 showed a reduction of adsorption percentage
from 91 to 85% after 3 days cycle, while the increase in desorption percentage from 71 to 86%
in the case of Mat- 2, 0.5 g/L of dose. For mat-2, with the dose of 1 g/L, adsorption decreased
from 95 to 89%, and desorption increased from 65 to 78%. Moreover, for Mat-1, with dose 0.5
g/L, adsorption percentage decreased 87 to 85%, desorption increased from 75 to 99 %, and
material with dose 1g/L showed decreasing adsorption pattern from 91 to 90 % and increased

desorption pattern of 60-97%.

We also checked the desorption of BB dye with Na™, K*, Ca™, Ba*?, and Al™ salts under similar
conditions (Figure 4.7b). The cations were selected depending on the increasing size and
charge. The results showed that more efficacious displacement of bb dye from materials has
occurred with the increase in size and charges of cations. (Figure 4.7b). In the presence of
aluminum salt, maximum desorption of 80% and 85% from Mat-1 and Mat-2 was observed.
Due to the similar size and charge to iron, aluminum can bind strongly with the polyphenols of

the materials.
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Figure 4.7. (a) Adsorption-desorption study of Mat-1 and Mat-2 for BB in MeOH, (b) desorption
study with salt.

4.3.3. Cytotoxicity Test

The pre-treated and post-treated BB solutions were applied on Allium cepa to check the
cytotoxic effect of the solutions. The effect of BB dye on Allium cepa root cells having mitosis
is shown in Table.4.7 in terms of MI and chromosomal aberration. In this study, the root of
A. cepa was treated for five days with distilled water (DW) as control, two different
concentrations of 200 mg/L and 400 mg/L of BB dye, and after treated water of 400 mg/L

concentration of BB by Mat-1 and Mat-2.

It was noticed that in both 200 mg/L and 400 mg/L of dye treated 4. cepa root cells, the mitotic
index decreased compared to the control treatment (DW). A. cepa root cell treated with BB
stock solution showed the mitotic index of 12.3% at 200 mg/L and 11.7% at 400 mg/L of dye
concentration compared to distilled water treated A. cepa (MI=15.7%). The MI data confirmed

that miotic inhibition of 21 and 24% occurred with increasing Bismarck brown (BB) dye
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concentration of 200 to 400 mg/L. The decrease in MI might be due to mitotic inhibition or
cell death. On the other side, 19 and 12% increase in MI was observed in the case of Mat-1,

and Mat-1 adsorbed residual dye solution.

Table 4.7. Cytootoxic analysis of on A. cepa.

Total Prophase Metaphase Anaphase Telophase MI % Deform

no. cell cell %
Mat-1 300 47 2 5 2 18.7 -
Mat-2 300 48 1 4 0 17.7 -
BB-200 300 31 ] 3 2 12.3 41
BB-400 300 35 0 0 0 ¥l A 95
Control 300 39 2 4 2 15.7 -

After the treatment with 400 mg/L of stock BB dye on allium root cell, no such mitotic stages
were observed. In most of the cells, the interphase stage was observed and the change in cell
structures (elongated cells) was observed (Figure. 4.8¢, 4.9h). In the case of 200 mg/L of BB
dye treated Allium cepa root tip cell, chromosomal aberration in metaphase and anaphase was
observed. The degradation of cell walls and agglomeration of cells was also observed (Figure.
4.8b, 4.9g). At 200 mg/L of concentration, 7% of chromosomal abnormalities with 41% cell
deformation were found. However, at 400 mg/L of dye concentration, >90% of cell

deformation was observed, as elongation of all the cells was noticed.

No chromosomal aberration was identified in control as well as in both after Mat-1 and Mat-
2 treated BB solution applied A. cepa root cells. Here all cells are intact without any cell and
chromosomal deformation. However, with the increase of dye concentration, the change in cell
structure and elongated cells were observed (Figure 4.8a, 4.8d, 8e; 4.9a, 4.9b, 4.9¢, 4.9d). With
the increase of stress, such configuration of cells in 4. cepa was also observed by Azeez et al.,
(2020) [20]. Thus, from the MI % and cell abnormality % and the microscopic images, it was
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clear that, after treatment of 400 mg/L of BB dye solution with Mat-1 and Mat-2, the treated

water showed no negative effect on 4. cepa cells.

Figure 4.8. Microscopic observation of A. cepa cell. (a) Control (b) treated with 200 mg/L of
BB (c) treated with 400 mg/L of BB (d) after treatment of Mat-1 and (e)Mat-2.

Figure 4.9. Chromosomal observation of A. cepa cell. (a) normal prophase; (b) normal
metaphase; (c) normal anaphase; (d) normal telophase; (e) anaphase with chromosomal
aberration in exposure of BB; (f) chromosomal deformation chromosomal aberration, (g)
cellular agglomeration with cell wall degradation; and (h) cell elongation.
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4.4. Conclusion

In this chapter, the removal efficiency of iron-polyphenol complexes (Mat-1 and Mat-2) were
checked on Bismarck brown R (BB) dye. Both materials showed ~80% removal efficiency at
a wide range of dye concentrations (20-400 mg/L). Mat-1 exhibited the adsorption capacities
of 652 mg/g of BB dye. Moreover, Mat-2 showed 680 mg/g of adsorption capacity with the
dose of 0.5g/L, 400 mg/L of dye concentration at pH 7. The adsorption-desorption study
indicates the reusability of both Mat-1 and Mat-2 more than 3 times. After the dye adsorption,

solutions were applied for the further cytotoxic test on A. cepa, as BB is a carcinogenic dye.

The decrease in cytotoxic effect was observed after adsorption of BB solution by iron-
polyphenol complexes. With direct application of BB dye, the chromosomal deformation,
decrease in MI %, and elongation of cell morphology was observed. After the adsorption of
BB solution by Mat-1 and Mat-2, the residual solutions have not shown any toxic effect in the
A. cepa root cells in terms of the mitotic index and chromosomal deformation. 95% of cell
deformation was observed with direct treatment of 400 mg/L of stock BB solution. While Mat-

1 and Mat-2 effectively reduce the carcinogenic effect of azo dye.
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Chapter V

Removal of Fluoride Using Mat-1 and Mat-2

5.1. Introduction

In the previous chapters, two cationic dyes were efficiently removed at above the values of
pHzpe in Mat-1 and Mat-2. The results showed that both the adsorbents were capable of
removing cationic dyes from an aqueous solution at pH 7. Moreover, below pH, values, as
the surfaces of the materials are positively charged, they are expected to be capable of removing
the negatively charged ions. In this chapter, we choose fluoride to check the materials removal

capacity.

One of the most environmental contaminants in underground water is fluoride. Fluoride
contamination of groundwater is caused by geological and human activities. Apart from

pollution, fluoride has adverse effects on human beings due to toxicity at lower concentrations
and low discharge limits (CPCB, 2010). Estimation of the toxic effects of fluoride shows that
millions of people suffer from their hazardous effects worldwide [1]. According to the studies,
drinking water is the primary source of fluoride; daily and prolonged intake of drinking water
with high fluoride concentrations (>1.5 mg/L) can cause birth, fertility, and immunological
deformities [2]; dental and skeletal fluorosis [3][4] etc. Because of these probable severe
adversities, permissible values of 1500 pug/L for fluoride are formulated by WHO and Indian
Standard (IS 10500) guidelines. The Assam region of NE India has been recognized as a
fluoride-affected area (Central Ground Water Board, Ministry of Water Resources,

Government of India, 2010) [5].
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To the best of our knowledge, guava leaf iron complexes or tannic-iron complexes have not
been used in fluoride removal studies. In the present study, two iron-polyphenol complexes
were synthesized and applied as a probe to remove fluoride from aqueous solutions. A
comparison of fluoride removal efficiency was also carried out among the tannic acid-iron
complex and guava leaf iron complex. The batch process was carried out at different variances
of pH, concentration, dose, and time. Materials were also applied on real fluoride contaminated

water of 15 sites of Guwahati city.

5.2. Experimental Section
5.2.1. Materials and Methods

Tannic acid (C76Hs52046) and ferrous sulfate (FeSO4.7H>0) were purchased from Alfa Aesar,
and Rankem respectively. Sodium hydroxide, potassium nitrate, and methanol were purchased
from Merck, India. Gallic acid and Folin Ciocalteu reagent were bought from Sigma Aldrich
and SRL Pvt. Ltd, respectively. Standard fluoride solution (100 mg/L) (Thermo Orion, USA),
Total ionic strength adjustment buffer (TISAB III) was purchased from Thermo scientific.

Purified water from an Amtrol reverse osmosis system was used for all experiments.

5.2.2. Fluoride Measurement Using ISE

Fluoride concentration in solution was measured using Thermo Orion Benchtop
multiparameter kit with fluoride ion-selective electrode. The instrument was repeatedly

calibrated using a standard solution.

5.2.3. Adsorption Experiments

Adsorption experiments for fluoride removal by Mat-1 and Mat-2 were carried out using batch
processes at room temperature. Adsorption processes were executed at different pH variance
of 2, 3,4, 5,7,9; with fluoride concentrations of 5, 10, 20, 40, 50, and 60 mg/L; adsorbent
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dose 0f 0.5, 1, 2, 4, 6, 8, and 10 g/L; and contact time of 5, 10, 30, 60, 120, 180 min. The pH
of the solutions was adjusted with 1N HCl and 1N NaOH. A calibration curve of fluoride was
prepared from 1 to 100 mg/L of concentration, using commercially available standard fluoride

stock solution.

5.3. Result and Discussion
5.3.1. Fluoride Adsorption Study
5.3.1.1. Effect of pH

The influence of solution pH on fluoride removal by Mat-1 and Mat-2 was studied using the
batch adsorption process. Batch experiments were performed at different pH of 2, 3, 4, 5, 7, 9.
The other experimental variables have remained constant with 10 mg/L concentration of
fluoride, 250 rpm, a material dose of 4 g/L, and 60 min of contact time (Figure 5.1). The results
showed that with the increase in pH, removal percentage for both cases of Mat-1 and Mat-2
decreases. Mat-1 showed a significant decline in removal from 63% to 8% upon the increase
in pH from 2 to 9. Mat-2 showed a similar decrease in removal pattern from 50% to 11%.
Similarly, Viswanathan et. al. (2016) reported that Fe;O4 fabricated nano polymeric composite
showed maximum fluoride removal took place at pH 3, and with increasing pH, the removal
declined [6]. The point of zero charges (pHyy.) of Mat-1 and Mat-2 were 3.9 and 4.5. Therefore,
in acidic pH, the surface of the materials becomes positively charged, and due to electrostatic
attraction, the removal of negatively charged fluoride has occurred. However, at pH > pHpzc,
negatively charged in the material surface caused the repulsion of fluoride. With increase in

pH, the decrease of removal percentage was observed in both the cases.
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Figure 5.1. Effect of pH on fluoride removal by (a) Mat-1 and (b) Mat-2.

5.3.1.2. Effect of Concentration

The fluoride removal by Mat-1 and Mat-2 was studied by varying the initial fluoride
concentration of 5, 10, 20, 40, 50, and 60 mg/L, with a contact time of 60 min, pH 2, and
material dose of 4 g/L at 250 rpm (Figure 5.2). The result showed that with the increase in
concentration, the adsorption capacities of Mat-1 and Mat-2 also increased. For Mat-1, the
fluoride uptake reached 7 mg/g at 60 mg/L of fluoride concentration. While, at 10 mg/L of
concentration Mat-1 showed 60% removal with adsorption of 1.6 mg/g. For Mat-2, at 60 mg/L.
concentration the fluoride adsorption capacity was 5.1 mg/g. The fluoride adsorption capacity
increased with the increased fluoride concentration, as the maximum adsorption sites in Mat-1

and Mat-2 were utilized.
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Figure 5.2. Effect of concentration on fluoride removal by (a) Mat-1 and (b) Mat-2.1
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5.3.1.3. Effect of Dose

The effect of dose on fluoride removal by Mat-1 and Mat-2 was investigated with material
doses 0f 0.5, 1, 2, 4, 6, 8, and 10 g/L; on two different concentrations of 10 and 50 mg/L, at pH
2 for 60 min of contact time and 250 rpm (Figure 5.3). In Mat-1, with the increase of dose from
0.5 to 10 g/L, the removal percentage also increased from 16 to 71 % for 10 mg/L and 12 to
64% for 40 mg/L of fluoride observed. For Mat-2, it was found that the percentage removal
also increased from 17 to 72% for 10 mg/L and 7.5 to 57% for 40 mg/L of fluoride,
respectively. While with the rise in dose, the decrease in adsorption capacity was observed in
all the cases. With increments of material dose from 0.05 to 10 g/L, reduction of adsorption
capacity from 12.3 to 3.2 mg/g for Mat-1 and 7.5 to 2.8 mg/g for Mat-2 was noticed at 50 mg/L
concentration. At higher fluoride concentration, the binding capacity of the adsorbent
approaches saturation, resulting in an overall decrease in adsorption capacity [7,8]. The result
showed the maximum fluoride uptake capacities of Mat-1 and Mat-2 were 12.3 and 7.5 mg/g.
Materials removal capacities were also compared with similar kinds of material in the literature

(Table 5.1).
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Figure 5.3. Effect of dose in fluoride removal by (a) Mat-1 and (b) Mat-2.

Table 5.1. Comparison of fluoride removal capability of synthesized materials with literature.

Materials Used Co pH dose Time Removal Qe References
(min) % (mg/g)

Iron oxide nano 6 7 0.5g 40 12.5 1.4 [7]

with Moringa

oleifera leaf extract

Iron oxyhydroxide 30 4  0.8g 45 68 18 [9]

NP coated rice

husk

Al,O3—Fe304— 5 4 04 120 A 2.2 [10]

expanded graphite

nano-sandwich

Mesoporous 2-line 10 7 1 30 90 9 [11]

ferrihydrite

Iron e aluminum 20 25 60 79 3.28 [12]

nanocomposite

Chitosan based Ti— 10 4 1440 70 2.2 [13]

Al binary metal

oxide

Iron Nano-withtea 4 7 25 30 87 1.4 [14]

Fe;04 NP with 2 5 80 93 [15]

Simmondsia 10 21
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chinensis (jojoba)

extract
Iron based MOF 10 7 0.1 30 4.9 [16]
cerium (IV)- 10 7 2 120 34 1.7 [17]
incorporated
hydrous iron (III)
oxide
Mat-1 10 2 4 60 66.2 1.85 Present study
Mat-2 54.4 1.55

40 0.5 60 12.3 12.3

7.5 7.5

Isotherms are beneficial for explaining the mechanism of adsorption and the theoretical uptake
capacity of all the materials. We have fitted the data to all three standard models of Langmuir,
Freundlich, and Temkin linear equations (Table 5.2 and Figure 5.4). The non-linear equation
was not fitted well. Therefore, we applied the linear isotherm equation in this chapter. By
comparing the data obtained from the isotherm models, we conclude that both the Langmuir
and Freundlich models fitted the data due to their R? value being closer to unity in Mat-1 (Table

5.2). However, the Temkin model did not fit. In Mat-2, Freundlich isotherm was better fitted.

Table 5.2. Isotherm parameters of fluoride in Mat-1 and Mat-2.

Material Langmuir Freundlich Temkin

Qmax Ky R n K¢ R’ Kr b R?
Mat-1 18.8 0.008 095 0.77 13.8 0.95 0.077 83 0.89
Mat-2 20 0.006 096 047 138 0.97 0.073 59 0.95
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Figure 5.4. Linear Isotherm of Mat-1 (a) Langmuir, (b) Freundlich, (c) Temkin; Mat-2 (d)
Langmuir, (e) Freundlich, (f) Temkin.

5.3.1.4. Effect of Time

Effect of contact time for both Mat-1 and Mat-2 were optimized through experimentation with

5, 10, 30, 60, 120, 180 min time period, with 10 mg/L fluoride concentration, at pH 2 and dose

4 g/L. It was observed that the fluoride removal percentage and adsorption capacity of Mat-1

and Mat-2 increased with increasing contact time (Figure 5.5). Results showed 66.2% of

removal fluoride with 1.85 mg/g of uptake capacity by Mat-1. In contrast, Mat-2 showed 54.4

% of removal with 1.55 mg/g of uptake at 10 mg/L fluoride concentration. The pseudo first-

order (Eq. 4) and pseudo second-order (Eq. 5) models were used to estimate the adsorption

kinetics of fluoride adsorption by Mat-1 and Mat-2 (Figure 5.6, Table 5.3).
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kyqét )

=77 k,qet

Where ki and ko are the rates constant of pseudo-first order and second-order kinetics; q; is

adsorption capacity at time t, and qe is equilibrium adsorption capacity. The data fits better

with the second-order rate plot in both cases, which means the chemisorption processes were

carried out.
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Figure 5.5. Effect of time for fluoride removal by Mat-1 and Mat-2.
Table 5.3. Non-linear kinetics data of 10 mg/L of fluoride removal by Mat-1 and Mat-2.
Sample Qe exp Pseudo 1% order Pseudo 2" order
Qe cal ki R2 Qe cal k> R2
Mat-1 1.85 1.78 0.149 096 1.83 0.056 0.97
Mat-2 1.55 1.44 0.173 0.8 1.5 0.0702  0.93
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Figure 5.6. Kinetics of fluoride removal by Mat-1 and Mat-2.

5.3.2. Desorption Study

The desorption study was carried out, followed by adsorption processes. The fluoride adsorbed
Mat-1 and Mat-2 were used for the desorption study. The desorption of fluoride from Mat-1
and Mat-2 was carried out using NaOH solution. Mat-1 and Mat-2 were treated with 0.02, 0.04,
0.06,0.08 and 0.1 M of NaOH for 1 h. fluoride desorption. For Mat-1 the fluoride desorption
capacities using NaOH solutions of 0.02, 0.04, 0.06,0.08 and 0.1 M were 45, 47, 56, 62, 68%.
In Mat-2 the desorption efficiencies were 48, 55, 56, 61, 69%. Both materials showed similar

kinds of desorption values at a high alkaline medium.
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Figure 5.7. Desorption of fluoride using different concentrations of fluoride.

5.3.3. Fluoride Removal from Real Water Sample

For authentication of Mat-1 and Mat-2 on fluoride removal capacity, all the materials were
applied to real fluoride contaminated water. Groundwater samples were collected from 15
different sites of Guwahati city: Birkuchi, Satgaon, Narengi, Sixmile, Beltala, Khanapara,
Downtown, Adabari and Amingaon. Some areas of Guwahati city belong to fluoride affected

zone. Among them, the water sample of six sites crossed the threshold limit (Table 5.4).

After treatment of water, four samples were reached below the WHO recommended
permissible limit (1.5 mg/L) with 2 g/L doses of Mat-1 and Mat-2 and contact time of 1 h. For
the other two samples, the fluoride concentration reached 2.2 and 2.4 mg/L from 4.04 and 4.4
mg/L with a dosage of 2 g/L of the materials. After the increase in dose to 3 g/L, those two
samples also reached within the permissible limit. The physio-chemical parameters like pH and
conductivity were also checked. The results clearly indicate that Mat-1 and Mat-2 are

applicable for the removal of fluoride from groundwater.
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Table 5.4. Removal of fluoride-affected water samples in Guwahati, Assam using Mat-1 and

Mat-2.
place Initial-F (conc) Final F (conc) Mat-1 (% R) Mat-2 (%R)
Mat-1 Mat-2

Birkuchi 2.06 1.02 1.13 50.49 45.15
Satgaon 1.63 0.46 0.53 64.38 59.23
Narengi-1 4.08 1.31 1.36 66.67 65.44
Narengi-2 4.43 1.45 1.48 67.27 66.14
Sixmile-3 2.66 0.9 1.01 62.84 57.85
Sixmile-2 1.68 0.37 0.41 TS 76.2

5.3.4. XPS and EDX

The elemental analysis of Mat-1 and Mat-2 before and after fluoride removal was measured
using XPS (Figure 5.8). A new peak was observed at 685 eV in Mat-1, Mat-2 after the
adsorption samples, indicating fluoride was effectively adsorbed by Materials (Figure 5.8a,
5.8b). The F1s spectra also confirm the adsorption of fluoride in the materials. The comparison
of before and after adsorption spectra of materials clearly signified the presence of a new peak
of fluoride at 684 eV, which was absent in the material before the adsorption process (Figure
5.8¢c, 5.8d). The EDX spectra of the materials before and after adsorption of fluoride are
presented in Figure 5.9. Results also supported the XPS data and signified the presence of

fluoride in both adsorbed materials.
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Figure 5.9. EDX of (a) Mat-1 before adsorption (b) Mat-1 after adsorption; (c) Mat-2 before
adsorption (d) Mat-2 after adsorption.

5.4. Conclusion

This chapter summarizes the fluoride removal application of both iron polyphenol complexes.
The removal efficiency of iron-polyphenol complexes declined drastically with the increase of
solution pH from 2-9. Materials were used for the removal of fluoride at pH below the zero-
point charge values of the materials at pH 2. The maximum adsorption capacities of the
materials were 12.3 and 7.5 by Mat-1 and Mat-2, respectively. Both Langmuir and Freundlich
models fitted the data due to their R? value being closer to unity in Mat-1. In Mat-2, the

Freundlich models fitted better in comparison to Langmuir and Temkin.

XPS supported the fluoride adsorption mechanism with a peak at 685 ¢V and the elemental

analysis by EDX. Desorption studies were carried out using NaOH solution. Real water
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samples were collected from 15 sites of Guwabhati city for practical application of Mat-1 and

Mat-2. Materials are capable of the successful removal of real contaminated samples.
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Chapter-VI

In Vitro Investigation of Mat-1 and Mat-2 on Physio-Chemical Responses

in Vigna Radiata and Antimicrobial Activity Against Pathogenic Bacteria
6.1. Introduction

In previous chapters, Mat-1 and Mat-2 were used for the removal of different cationic dyes as
well as the adsorption of fluoride. Metal-polyphenol complexes are proven effective in
different applications, namely biomedical field, adsorbent development, wastewater treatment,
food packaging, agriculture, biosensor, pigment synthesis, antimicrobial agent, environmental
remediation, etc. [1,2]. The use of plant polyphenols in material synthesis introduces a greener
route and cost-effective procedure [3]. The toxicity test of synthesized materials is preliminary
criteria before it introducing it into the field-level application. In recent times, the use of
nanoparticles (NPs) in commercial and industrial applications has rapidly increased. However,
understanding the molecular level’s interaction mechanisms between NPs and biological
systems is largely lacking. Therefore, it’s very essential to know whether these materials may
impose any environmental toxicity or not. In literature, there is a debate about the beneficial or
harmful effects of iron-based nano metal complexes on the environment [4—7]. According to
the literature reports, the accretion of iron oxide NPs on the root surface inhibits the water
uptake capacity of plants [6]. Moreover, iron oxide nanoparticle also causes stress and reduces
the chlorophyll content and the nutrient uptake capacity of the Helianthus annuus plant [8].
The leaching of metal ions from nanoparticles also causes suppression in plant growth [9]. In
the study by Libralato et al. (2016), no plant toxicity or adverse effect of iron complexes were

detected, and seedling growth and the increase in biomass productivity were studied [5].
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Similarly, Reyes et al. (2014) studied no changes in physicochemical properties were observed

in the post-application effect of Fe3O4 on L. sativa [10].

Polyphenol-metal complexes interact with microbial organisms and show resistance against
them [11]. Iron oxide nanoparticles can also show resistant efficiency against Escherichia coli
[12]. In a study, Parveen et al. (2018) showed the antifungal activity of iron-tannic-nanoparticle
[13]. Literature also showed that various plant species are resistant to different pathogenic
microorganisms due to the presence of different phytochemicals in plant materials such as
alkaloids, flavonoids, tannins, terpenoids, glycosides, etc. [14]. These phytochemicals are
produced from the secondary metabolism of plants. In these phytochemicals, Tannins, a high
molecular weight compound, is present, which acts as an antiseptic agent due to the presence
of the phenolic group. In ancient India, tannin-rich plants were applied to treat abdominal

diseases [15].

The use of Guava (Psidium guajava) plant extracts to synthesize the iron-polyphenol complex
as it contains several phenolic compounds such as Guaijaverin, epicatechin, quercetin, gallic
acid, among other polyphenols these also can show antimicrobial properties [16,17]. Guava is
a common, traditional medicinal plant found in India and other tropical parts of the world.
Leaves of the plants have different antigenotoxic, antimicrobial, anti-inflammatory properties
[18]. It also exhibits high antioxidant activity [ 16]. There are few studies on the effect of plant-

polyphenol iron on the bacteria and plant system.

In this study, seed germination, biomass, microscopic study, and biochemical experiments
were performed on Vigna radiata to investigate the phytotoxicity of Mat-1 (tannic-iron
complex) and Mat-2 (guava-iron complex). The germination index, root-shoot elongation,
biomass, morphology, and other physiological and biochemical parameters, which are sensitive

to environmental stress, worked as toxicity indicators. This study provided valuable
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information for the application of iron polyphenol complexes in agriculture and environmental
safety assessment. This research also aimed to determine the antibacterial activity and
properties as well as minimum inhibitory concentrations (MIC) of Mat-1 and Mat-2. Since
Mat-1 was synthesized from TA, which has well-known antibacterial properties [19,20] the
test for antimicrobial activity of TA was also performed against four Gram-positive and four

Gram-negative bacteria.

6.2. Materials and Methods
6.2.1. Phytotoxicity Test on Vigna radiata (Mung Bean)

Phytotoxicity tests of Mat-1, Mat-2, and tannic acid were checked on Vigna radiata. The
germination (%), seedling elongation and morphology, germination index (GI%), biomass

production, biochemical parameters of mung beans were analyzed.

6.2.1.1. Preparation of Seeds

Mung beans were chosen for this work because they are easily available, easy to handle, can
be grown at any season, and germinate easily. Mung bean seeds were bought from the market

and soaked in water for 2 h.

6.2.1.2. The Treatment of Seeds with Mat-1, Mat-2, and Tannic Acid (TA)

Experiments were conducted in four Petri plates; each contains 50 mung bean seeds for the
germination process. Seeds were partially immersed in 5 ml aqueous solutions of TA, Mat-1,
and Mat-2, each having 1 mg/ml concentration. Mat-1and Mat-2 were sonicated for 1 minute
before adding to the petri dish. These experiments were conducted for a period of 10 days at
room temperature. Further, the control study was carried by applying distilled water for the

seed germination and growth.
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6.2.2. Analytical Analysis
6.2.2.1. Seed Germination and Growth Test

The mung bean seed germination and seedling growth were tested by evaluating the
germination percentage [21] (Eq. 1), germination index [22] (Eq. 2), relative elongation ratio
of shoot (RERS) (Eq. 3), root (RERR ) [22] (Eq. 4), and seedling vigor index (SVI) [22] (Eq.

5).
Germination Indices

L Total number of seed germinated (1)
Germination percentage (GP) = Total number of seeds sown x 100

Germination index (GI) 2)
_ No. of germinated seeds No. of germinated seeds
"~ Daysoffirstcount 77 Days of final

Seedling Growth Indices

Relative elongation ratio of root (RERR) and shoot (RERS):

Mean shoot length of tested plant (3)
RER of shoot =
Mean shoot length of control
Mean root length of tested plant 4)
RER of root = x 100
Mean root length of control
Seedling Vigor Index (SVI) = Germination % X Root lenght (cm) )

6.2.2.2. Biomass Test

Biomass was checked using the fresh roots, and shoots were separately taken, cleaned, and

weighed, followed by drying them in a hot air oven at 60°C for 48 h.
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6.2.2.3. Membrane Stability Index (MSI)

The MSI of leaves was measured by the method established by Premachanda et al. and
Sairam [23,24]. Membrane stability of all the tested plants was evaluated by measuring the
electrical conductivity (Thermo Scientific, Orion 3 star) of leaf sample solution boiled in
40°C and 100°C.

MIS of leaf = 100-{(C1/C2)x100} (6)
Where Ci= electrical conductivity at 40°C

Cr= electrical conductivity at 100°C

6.2.2.4. Biochemical Parameters

6.2.2.4.1. Estimation of Chlorophyll and Carotenoid (Arnon, 1949)

0.1 g of leaves were used to extract chlorophyll in 80% acetone, and the absorbances were
read at 663 nm and 645 nm in a spectrophotometer (Perkin Elmer, Lambda 25). The amount
of chlorophyll was calculated using the following equations. The concentrations of
chlorophyll ‘a,” ‘b,” total chlorophyll, and carotenoid were calculated by using the

equations as follows [25] (Eq. 6, 7, 8, 9).

Chl"a" (mg g~ 'fw) = [12.7 X D663 — 2.69 X D645] X 1000 X W ©)
Chl"b" (mg g~ 1fw) = [22.9 x D645 — 4.68 X D663] X 1000 X W (7)
-1 8)

Total Chl (mg g~ fw) = D652 X 1000 X 1000 X W
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Total carotenoid content (mg g~?1) 9)

= [7.6 Xx D480 — 1.49 x D510] X X W

1000

6.2.2.4.2.  Estimation of Total Phenol Content

Total phenolic contents were measured by the Folin-Coicalteu method [26]. 0.05 g of fresh
leaves were pulped by grinding with 5 ml of distilled water and boiled for 15 min. Then 2
ml of 10% Folin-Coicalteu reagent was mixed with 0.4 ml of plant extract. After 3 min, 1.6
ml sodium carbonate was added. The mixture was allowed to stand for 1 h before the
absorbance was measured at 765 nm. The value was determined considering gallic acid as

the phenol and reported as mg of gallic acid equivalent per mL of solution.

6.2.2.4.3. Estimation of Total Carbohydrate

The anthrone method estimated the total carbohydrate of treated and control plant leaves
(Hedge and Hofteiter, 1962). A paste with 0.5 g of fresh leaves and 10 ml of distilled water
was centrifuged, and 1 ml of prepared plant extract was taken. Then 4 ml of anthrone reagent
was added to each extract. Subsequently, incubation of test tubes was carried out under
boiling water for 8 minutes. After cooling the solutions, the absorption spectrum was
evaluated at 630 nm. The unknown concentration of total carbohydrate content in the samples

was determined from the glucose calibration plot.

6.2.2.4.4. Estimation of Proline

Proline content in the plant was measured by ninhydrin-based colorimetric assay [27]. 0.1 g of
the plant was homogenized separately in 3% of sulpho-salicylic acid and centrifuged for 5 min.
The supernatant was administered with an equal volume of 5% ninhydrin solution, glacial

acetic acid followed by 1 h of heating in the water bath. The reaction was quenched using an
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ice bath. At last, toluene was added to the reaction mixture and vortexed. The absorbance of
chromophore-containing toluene was recorded using a spectrophotometer at 520 nm, and

proline content was calculated using a standard curve.

6.2.3. Antimicrobial Assay
6.2.3.1. Bacteria Type and Preparation of Standardized Media

The antimicrobial study was performed against four Gram-negative bacterial strains viz.,
Klebsiella pneumoniae (KP), Escherichia coli (EC), Pseudomonas aeruginosa (PA),
Enterobacter aerogenes (EA), and four Gram-positive strains Bacillus subtilis (BS),
Staphylococcus aureus (SA), Staphylococcus epidermis (SE), Micrococcus luteus (ML). The
bacterial inoculums were cultivated following the CSLI recommendation, where the OD 600
value was adjusted to the equivalent of 5x10° CFU mL™ cultivated in Mueller-Hinton broth

(MHB). Diffusion plates on Mueller-Hinton agar (MHA) were incubated for 24 h at 37°C

0.2.3.2. Determination of Minimum Inhibitory Concentration (MIC) by Resazurin Microtitre
Assay (REMA) Method

The antibacterial activity of Mat-1, Mat-2, and tannic acid against eight pathogenic bacteria
was analyzed by REMA assay [28]. It was an easy, less time-consuming method, giving more
accurate results than other methods [29]. All the materials were dissolved in 5% DMSO. Mat-
1 and Mat-2 were insoluble powder in nature, so, therefore, it needs sonication before adding
the sterile well plate. 50 uL of each sample solution was added to the wells. The highest
concentration of the tested materials was 12.5 mg/mL. Then the concentration of materials was
serially diluted in the next column. The resazurin (Sigma-Aldrich) stock solution was prepared
with a concentration of 10 g/L in sterile water and saved frozen at —20°C. Every experimental
wall contained a total 100 puL of solution where it includes 50 puL of materials solution, 10 uL.

of bacterial suspension (5 x 10° CFU/mL), 10 pL of resazurin indicator, and 30 uL of growth

133
TH-2840_156152011



Chapter VI Biological Applications of Mat-1 and Mat-2

medium (LB broth) were added in every well. The plates were kept incubated for 24 h at 37°C.
In a positive control, bacteria were not added, and an antibiotic mixture made up of piperacillin

and tazobactam was added.

6.2.3.3. Disc Diffusion Technique

All bacterial inoculum was then swabbed into the sterile MHA with sterile cotton swabs. Three
well per plate were bored, and 40 pL of Minimum inhibitory concentration (MIC) of Mat-1,
Mat-2, and tannic acid solution were poured for each bacterium and were left for diffusion. The
plates were invertedly incubated at 37°C for 24 h. The mixture of 25 ng/mL of Piperacillin and
Tazobactum was used as a control experiment. The zone of inhibition was then measured by

using a scale. Antibacterial studied by the disc diffusion method is shown in Table 6.3.

6.3. Results and discussion
6.3.1. Phytotoxicity Test
6.3.1.1. The Effect of Iron-Polyphenol Complexes on Germination and Root-Shoot Growth

Table 6.1 summarizes the phytotoxic impact of materials on the mung bean in terms of
germination test and seedling growth. From the results, 100% of seed germination was
observed in all cases. Therefore, it can be concluded that there is no adverse effect on seed

germination observed.

The results obtained for mung bean root growth (Table 6.1) indicate a significant positive
impact with 200% of the relative elongation of plant root (RERR) for the Mat-1 treated plant.
Similarly, Mat-2 also showed an increase in root growth with 150% of RERR value. However,
tannic acid showed a negative impact on root growth in comparison to control. Moreover, the

RERR was found to be 26.6% for tannic acid-affected plants.
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The best growth response of shoot for Vigna radiata was observed in Mat-2 treated one. It
showed RERS of 177.8% for shoot growth compared to control. The RERS of 155.5% in the

shoot was also observed in the case of the Mat-1 treated plant.

Table 6.1. Germination and morphology of Vigna radiata under treatment.

Plant Seed Relative GI Seedling (RERR) (RERS)
type germination seed Vigor

(SG) germination Index

(SVID)

Control- 100 100 61 153.33
plant
TA-plant 100 100 62 54.054 26.7 81.5
Mat-1 100 100 63 286.18 200 155.5
plant
Mat-2 100 100 63 140 150 177.7
plant

The effect of iron polyphenol complex on root and shoot length of Vigan radiata was depicted
in Figure 6.2. On day 7, the average shoot length of control, Mat-1, Mat-2, and tannic acid-
treated Vigan radiata were 6.7, 10.5, 12, 5.5 cm, respectively, and root length was 3, 6, 4.5,
0.8 cm, respectively. It revealed that the twofold growth of root length in Mat-1 treated plant
and 50% increase in growth in Mat-2 treated plant compared to control plant. Moreover, 55
and 77% increase of shoot length in Mat-1 and Mat-2 treated plants was observed in
comparison control plants. The literature also exhibited that small doses of iron helped increase
the seedling root, shoot length, and biomass yield [30]. Ghafariyan et al. (2013) also studied

the elongation of the soybean root after treatment with iron nanoparticles [31].

In this study the disturbance of root formation was studied in tannic asid treated plants. The
root formation was impeded to such an extent that the root could not grow more than 0.8 cm,

while the average growth of the root of control was 3 cm. (Figure 6.2).
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Figure 6.1. Comparison of average root shoot length on day 7 in (a) graphical presentation
(b) photo image.

A polyphenol, quinone derivatives showed the suppression of 70% in the lettuce root growth
was also observed in the literature [32]. In another study, Muzaffar and Ali et al. (2012)
observed the inhibitory effect of polyphenol on the seedling length on cucumber plants [33]. A
similar report also observed where caffeic acid inhibited the root formation of Vigna radiata

[34].

Figure 6.2. Effect of material’s application on Vigna radiata root formation.

Tannic acid might be acting as an inhibitor of growth hormones causing suppression of root,
shoot elongation. In literature, phenolic acids showed the inactivation of growth hormone

(indole-3-acetic acid), which eventually suppresses the growth of plants [32,35].
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6.3.1.2. Biomass Analysis

The effect of treatments on the biomass production of root and shoot of mung bean seedlings
was analyzed and depicted in Figure 6.3. For Mat-1, treatment of mung bean seedlings showed
55% increase in fresh root mass and 23% increase in fresh shoot mass over control. Moreover,
after drying, biomass weight of root and shoot increased to 61% and 17%, respectively, over
the control. Mat-2 treated seedlings exhibited 57% and 31% increase in fresh root and shoot
mass compared to control. In addition, an increment of 37% and 13% dry weight of root and
shoot biomass was observed compared with the control. Plaksenkova et al., 2019 also observed

the stimulation of biomass as an effect of Fe3O4 on Eruca sativa [36].

However, for tannic acid-treated seedlings, 16% and 7% decrease in fresh root and shoot mass
was observed. In the case of dry biomass, 8% and 5% decrease in root and shoot mass was also
found for tannic acid-treated plants. The reduction of biomass compared to control seedling

biomass considers a toxic effect of material on plants [37].
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Figure 6.3. Fresh and Dry biomass of root and shoot of mung bean seedlings after 7days of
growth.
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6.3.1.3. Membrane Stability Index (MSI)

The membrane stability index clearly showed that no difference in Mat-1 and Mat-2 treated
plant membrane compared to control (Figure 6.4). However, in tannic acid-treated plants, MSI
considerably decreased from 87% to 82% in comparison to control. The decrease in membrane

stability is due to increase in permeability of cell membrane [38].

90
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Figure 6.4. Membrane stability index of the treated plant leaf of Vigna radiata.

6.3.1.4. Biochemical Parameter

The experimental values disclosed that the variation in (Chl-a, Chl-b, total Chl, and carotenoid
content was affected under the influence of different materials (Table 6.2). For Mat-1 and Mat-
2, no significant change was found in Chl-a, Chl-b, total chlorophyll content, and Chl-a/Chl-b
ratio of plants compared to the control. Therefore, the results suggested that Mat-1 and Mat-2
have no negative impact on photosynthesis capacity. Generally, iron is an important element
for plant growth, photosynthesis, and essential for different biochemical processes. Iron is a
crucial element for the structure of chloroplasts and Fe-S group, which is vital in electron
transport. [39]. Iron also has a pivot role in the synthesis of Chl-b from Chl-a via chlorophyllide
a oxygenase [40]. However, a significant decrease in all pigments was observed in the tannic

acid-treated plants. It showed 22.5% reduction in total chlorophyll content, while 20%
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decrement in Chl-a and 29% in Chl-b was observed compared to control. The 13% increase of

Chl-a/ Chl-b ratio represents the unhealthy condition of plants treated with tannic acid [41].

Compared to control, proline content was highly increased (3 times) when the plants were
treated with tannic acid. In contrast, lower proline content was observed in Mat-1, and Mat-2
treated plants compared to control. The decrease of proline content of 14% and 21% was
observed in Mat-1 and Mat-2. Due to the lower stress, all the metabolic functions of Mat-1 and
Mat-2 treated plants worked properly. However, in tannic acid-treated plants, the rise in proline
content was observed that signified the stress response effect [42]. In this study, it was noted
that the direct application of tannic acid induces stress on the plants. However, after the
complexation with iron, i.e., iron-tannic acid complex (Mat-1) changes the whole behavioral
pattern on Vigna radiata was observed. The reduction in stress level and increase in the

productivity of plants were observed.

Table 6.2. Biochemical parameters of mung bean (Vigna radiata) plant under different

treatment.
Parameters Control Literature Mat-1 Mat-2 TA
Chl -a (mg/g) 0.74+0.005 0.07 mg/g. [43] on 0.74+0.003 0.77+£0.013  0.59+0.004
15" day
Chl -b (mg/g)  0.27+0.0015 0.06 mg/g 0.27+0.0005 0.28+0.001  0.194+0.0005
Total Chl 1.01£0.005 1.7 mg/100 g on 15 1.01£0.004  1.05+0.02 0.78+0.007
(mg/g) day
Chl a/ Chl b 2.76 - 3.13 2.76 2.78
Carotenoid 0.33 0.45 at 25 day [44] 0.24 0.28 0.29
Carbohydrate 0.058+0.003 - 0.065+0.002 0.063+0.001 0.062+0.004
mg/g
Polyphenol 6.033+0.4 - 5.95+0.4 6.174+0.5 11.813+0.7
mg/g
Proline 11.4+0.5 8.4mg/g in leaf on 9.7+0.4 9.3+0.0.7 29.7+1.8
ng/0.1g 21day [45]
250 p mol/1g of leaf
[38]
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6.3.1.5. Microscopic Observation

The transverse section of treated shoots and roots of Vigna radiata was observed under a bright-
field optical microscope (OLYMPUS, CX41) (Figure 6.5). The microscopic view of the
transverse section of the shoot exhibited epidermis, cortex, peri circle, xylem, and phloem
region. Black dots were observed on the epidermis region after the treatments of Mat-1 and
Mat-2. It could be due to the aggregation of materials outside the cell walls. Black particles
were also observed throughout the cortex region and peri circle in Mat-1 and Mat-2 treated
plant shoots. This could be due to the penetration of both iron-polyphenol complexes in plant
cells during water transport. The induced growth of the plants, biomass yield, and the presence
of iron particles in the vascular bundle suggests the penetration of the iron polyphenol complex
improved the productivity of the plant. A similar kind of iron aggregation in the cell wall was
observed by Libralato et al. (2016) in the microscopic view of both S. alba and S. saccharatum
[5]. Compared to control, no changes or deformation of the xylem and phloem were observed
in shoot and root for Mat-1, and Mat-2 treated plants. However, the microscopic view of the
root section treated with tannic acid showed a negative impact on root structure, which deforms

the xylem and phloem (Figure. 6.5h).
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Control-Shoot Control-Root

Mat-1 Root

Mat-2 Shoot

Figure 6.5. Transverse section of shoots and roots of (a), (b) control, (c), (d) Mat-1, (e), (f)
Mat-2 and (g), (h) TA treated plants.
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6.3.1.6. FESEM and EDS Analysis of Root and Shoot

The accumulation or aggregation of iron-polyphenol complexes on cell tissue of root were
determined using EDS (Zeiss, Sigma). In the FESEM image, the aggregation of Mat-1 and
Mat-2 was observed on the root’s surface (Figure 6.6). In previous studies, it was reported that
the aggregation of particles outer side of the root decreases the water uptake capacity of the
plant. As a result, it reduces the growth and chlorophyll content in plants [46]. FESEM and
EDS analysis confirmed the presence of particles in the root surface. However, no adverse
effects on plant growth and chlorophyll content indicated that the plants had no water blocking
issues. The EDS confirms the presence of the iron compounds in the inner part of roots treated
by Mat-1 and Mat-2 (Figure 6.6). Hence, it can be concluded that the penetration of materials
occurred through the xylem and phloem. The FESEM image and EDS analysis of the root of

control also confirm the absence of iron.

142
TH-2840_156152011



Chapter VI Biological Applications of Mat-1 and Mat-2

Figure. 6.6. FESEM and EDS of the root of (a)(b) control, (c)(d) Mat-1, (e) (f) Mat-2 treated
plant respectively.
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6.3.2. Antimicrobial Test
6.3.2.1. Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration (MIC) was measured by the colorimetric method using
the resazurin dye as an indicator of cell growth. The non-toxic blue-colored dye is converted
to resorufin, a pink compound, when reacts with oxidoreductase enzyme present in living cells
[28]. Thus, the blue color indicates no bacterial growth, while the pink color indicates the

presence of living bacteria.

Mat-1 was active against all the four Gram-negative bacteria at MIC of 6.25 mg/mL. Mat-2
showed similar results against Escherichia coli, Klebsiella pneumoniae, and Enterococcus
aerogenes at 6.25 mg/mL. However, Mat-2 showed better results against Pseudomonas
aeruginosa with MIC of 3.13 mg/mL (Figure 6.7). On the other hand, tannic acid showed the
MIC at 0.36 mg/mL for Escherichia coli and Pseudomonas aeruginosa and 3.13 mg/mL for

Klebsiella pneumoniae and Enterococcus aerogenes.

—— — e
Sample m I ,’ Sarnple Ma&-ﬁ "‘_ IP-'- . Sample: Tannic acid ",

EC kP EA ML SA SE_85 PA 1 EC kP EA ML SA SE_BS PA N KE KPS EB, GME b ok GBS BD

Figure 6.7. MIC test of Mat-1, Mat-2, and Tannic acid against Gram-positive and Gram-
negative bacteria.

On the other side, Mat-1, Mat-2, and tannic acid also showed inhibition activity against all four

Gram-positive bacteria. MIC of Mat-1 against Staphylococcus aureus was 3.13 mg/mL, and
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for the rest of the three Gram-positive bacteria were 6.25 mg/mL. On the other hand, MIC of
Mat-2 for Micrococcus luteus and Bacillus subtilis was 3.13 mg/mL and against
Staphylococcus aureus and Staphylococcus epidermidis was 6.25 mg/mL. Tannic acid showed
strong microbial resistance against Micrococcus luteus and Bacillus subtilis with MIC of 0.39
mg/mL and 6.25 mg/mL against Staphylococcus aureus and Staphylococcus epidermidis.
Sendamangalam et al., (2011) observed that tannic acid also showed similar results against
Streptococcus mutans at MIC of 0.4 mg/mL [47]. Mat-1 and Mat-2 showed better inhibition

activity against Staphylococcus aureus in comparison to tannic acid.

6.3.2.2. Zone of Inhibition (ZOI) Determination with the MIC of Each Extract for Each

Bacterium

The activity against bacteria was studied by the disc diffusion method, as shown in Table 6.3.
Results exhibited significant zone of inhibition for Escherichia coli with diameter of 14 mm
by Mat-1 and 13 mm by Mat-2. Against Enterococcus aerogenes, both Mat-1 and Mat-2
showed bacterial inhibition with 9 mm of ZOI. Among Gram-negative bacteria, both iron-
polyphenol complexes expressed the ZOI of 9 mm against Staphylococcus aureus. Moreover,
against Staphylococcus epidermidis, Mat-1 exhibited better inhibition potential with 12 mm of
inhibition area, while Mat-2 produced a zone of inhibition of 9 mm. Both Mat-1 and Mat-2 did
not exhibit any ZOI against Klebsiella pneumoniae, Pseudomonas aeruginosa Micrococcus
luteus, Bacillus subtilis bacteria. Due to the low solubility of Mat-1 and Mat-2, the dispersion
in the agar plates becomes resistant. Because of low dispersibility, it becomes difficult to get
an accurate result in this technique. It was one of the drawbacks of this method. Besides, it was

unable to estimate the minimum inhibitory concentration of materials [29].

The zone of inhibition was shown by tannic acid against all 4 Gram-negative bacteria species
like Escherichia coli (20 mm), Klebsiella pneumoniae (19 mm), Enterococcus aerogenes (23

mm), Pseudomonas aeruginosa (17 mm), and all 4 Gram-positive bacteria species like
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Micrococcus luteus (19 mm), Staphylococcus aureus (22 mm) and Staphylococcus epidermidis
(22 mm), Bacillus subtilis (17 mm). Tannic acid showed a maximum zone of inhibition of 20

mm for E. coli with only 0.39 mg/mL of concentration.

Table 6.3. Minimum inhibitory concentration and zone of inhibition of materials against eight
bacteria.

Bacteria MIC (mg/mL) Z0I (mm)

Tannic Mat -1 Mat -2 Tannic Mat -1 Mat -2

Gram-negative bacteria

Escherichia coli 0.39 6.25 3.13 20 14 13
Klebsiella pneumoniae 3.13 6.25 6.25 19 - -
Enterococcus aerogenes  3.13 6.25 6.25 23 9 9
Pseudomonas aeruginosa 0.39 6.25 6.25 17 - -
Gram-positive bacteria

Micrococcus luteus 0.39 6.25 6.25 19 - -
Staphylococcus aureus 6.25 3.13 3.13 22 9 9
Staphylococcus 6.25 6.25 6.25 22 12 9
epidermidis

Bacillus subtilis 0.39 6.25 3.13 17 - -

6.3.2.3. Mechanism

The results of MIC and ZOI in culture media indicate the significant antibacterial activity of
both iron polyphenol complexes as well as tannic acid. The mechanism of antimicrobial action
of iron polyphenol complex may differ from species to species of bacteria and as well as the

size of the material.

Tannic acid showed microbial resistance through complexation with protein molecules by
covalent and non-covalent interaction. Literature also showed tannic acid deformed the germ

tube structure of Crinipellis perniciosa [13].

There are different possibilities of mechanism due to which the materials were showing

significant antimicrobial activity. Due to the production of different reactive oxygen species in
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the cells, such as hydroxyl radicals, singlet oxygen, etc., damages the cells by inducing stress
and causing resistance against bacteria [13,48]. Iron can damage the biomolecules like lipid,
DNA, etc., and cause damage to the cell [14]. A similar observation was reported where iron
nanoparticles affected the protein and DNA. Lee et al. (2008) have shown that iron
nanoparticles penetrate through the cell membranes and damage cells of E. coli by Fenton
reaction [49]. Another process behind the antibacterial activity may be due to the large surface-
to-volume ratio, which effectively covers the bacteria and reduces oxygen supply for

respiration.

6.4. Conclusion

In this study, the treatment of plants with iron-polyphenol complexes such as Mat-1 and Mat-
2 significantly impacted the plant’s growth. As compared with the control plants, Mat-1 treated
plants showed a twofold increase in root length. Mat-2 exhibits 77% more growth in the shoot
length of the mung bean plants. Moreover, the increase in biomass in Mat-1 and Mat-2 treated
plants signified the positive impact of iron-polyphenol complexes on plants. In addition,
microscopic view showed no deformation in the epidermis, cortex, peri circle, xylem, and
phloem in Mat-1 and Mat-2 treated plants. The FESEM and EDX analysis also support the
presence of iron in the inner part of the plant, which penetrates during water transport. Both
Mat-1 and Mat-2 did not impose any negative effect on biochemical parameters and the
morphology of plants. In contrast, tannic acid did not affect the germination of seeds, but it
showed an adverse effect on the elongation of plants, chlorophyll content, biomass, and rise in
proline content. The blunt in root growth (Figure. 6.2) and deformation of the root vascular
bundle were observed after tannic acid treatment due to the suppression of growth hormone.
Therefore, treatment of plants with tannic acid alone induces stress, change of physiological

and biological parameters, which eventually affect plant health. However, after the
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complexation with iron, i.e., iron-tannic acid complex (Mat-1) changes the whole behavioral

pattern with Vigna radiata, it reduces the stress level and increases the productivity of plants.

So, both Mat-1 and Mat-2 showed positive impact on the growth and health of Vigna radiata.
On the other side, both materials also comprised antibacterial activity against all eight
pathogenic bacteria. Results showed that REMA assay gives more authentic results in the
antibacterial resistant method than disc diffusion assay as diffusion became obstetrical in this
study. Results suggest that Mat-1 showed inhibition of Staphylococcus aureus at the dose of
3.13 mg/L with 9 mm of ZOI, while with the higher dose of 6.26 mg/L, it showed the ZOI of
14 mm against E. coli. Mat-2 is more effective against E. coli, Staphylococcus aureus and

Bacillus subtilis with a dose of 3.13 mg/mL and showed ZOI of 13, 9, 9 mm.
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Chapter VII

Conclusion and Future work

Materials were synthesized using two different types of plant-based polyphenol after reacting
with iron(Il) salt under similar conditions. One polyphenol is tannic acid, commercially
available in pure form, and the structure contains ten esterified gallic acid (Scheme 2.1). The

other one is a raw extract of guava leaves (Psidium guajva).

7.1. Main Findings

i.  Materials were synthesized at room temperature by simple mixing of the polyphenols
and iron in 1:1 ratio at pH 7. The synthesis procedure was optimized for making the
materials reproducible. It was proven through rigorous experimentation that bulk
production and storage is also possible for 3 years without changing the properties of
the materials and proved to be efficient adsorbents.

ii.  Magnetic susceptibility, EPR spectra, and mass analysis supported that most of the
bound iron in Mat-1 and Mat-2 are oxo bridged Fe(l1l). However, both EPR and XPS
confirmed that Mat-3 consists of magnetically uncoupled mononuclear Fe(I11) complex
of Tannic Acid. XPS showed in both Mat-1 and Mat-2, Fe(lll) present as major
component and Fe(11) as minor.

iii.  The surface area of Mat-1 and Mat-2 are 99.6 and 100.9 m?/g, respectively, with the
H3-type of the hysteresis loop that exhibited the presence of non-rigid aggregates of
plate-like particles. However, Mat-3 had a low surface area, 3.0 m?/g, with H4
hysteresis denoted irregular shape and broad size distribution. FESEM images also

supported the similar morphology and size distribution of Mat-1, Mat-2, and Mat-3.
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iv.  The pHzc value of Mat-1, Mat-2, and Mat-3, was found to be 3.9, 4.5, and 2.5 for
respectively. At that specific pH, the net surface charge of the materials is zero, and
above that pH material’s surface has a negative charge and is able to attract positively
charged pollutants. However, below that pH, materials are able to remove the anionic
pollutants.

v.  Both synthesized materials were found capable of removing cationic dyes at neutral
pH. A detailed study of MB dye removal was carried out. Mat-1 and Mat-2 showed
maximum adsorption capacities of 187 and 255 mg/g, respectively, with the dose of 0.5
g/L, dye concentration of 150 mg/L at pH 7. MB dye removal capacities of materials
were also compared with activated charcoal. Particularly, it was observed that Mat-2
could match performance with activated charcoal with the added advantage of less
energy consumption and no greenhouse gas emission.

vi.  Desorption study revealed that dye binding on iron-polyphenol complexes has a
significant contribution from ionic interaction and H-bonding along with aromatic n-n
interaction which is also possible.

vii.  Materials are also effective in the removal of a toxic azo dye, Bismarck brown (BB),
with a wide range of concentrations (20-400 mg/L). The very high adsorption capacity
of 652 and 680 mg/g by Mat-1 and Mat-2 were observed with the dose of 0.5 g/L, 400
mg/L of dye concentration, and at pH 7.

viii.  The cytotoxic study on A. cepa root cell showed, with direct application of 400 mg/L
of stock dye concentration >90% of cell deformation was observed. However, after
adsorption with Mat-1 and Mat-2, the residual solution exhibited no chromosomal
aberration and cell deformation on A. cepa root cells.

ix. Both materials were able to remove fluoride at pH 2 (below the pHzpc), and the
maximum fluoride uptake capacities of Mat-1 and Mat-2 were 12.3 and 7.5 mg/g for
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40 mg/L of concentration. Both materials were capable of removing fluoride from
contaminated real groundwater samples.

X.  After the direct application of Mat-1 and Mat-2 on Vigna radiata, the growth of root-
shoot length, the increase in biomass, decreasing stress in terms of proline content
signified the positive impact of iron-polyphenol complexes on plants and also any
negative effect on biochemical parameters, microscopic observations and the
morphology of plant was observed.

xi.  Mat-1 and Mat-2 are capable of showing antimicrobial activities against all of the eight
disease-causing bacteria: Klebsiella pneumoniae (KP), Escherichia coli (EC),
Pseudomonas aeruginosa (PA), Enterobacter aerogenes (EA.) Bacillus subtilis (BS),

Staphylococcus aureus (SA), Staphylococcus epidermis (SE), and Micrococcus luteus

(ML).
Fe (Il) Salt + Polyphenol
Removal of Plant growth
Cationic dye Productivity,
Biomass,
Methylene blue \ Msl,

Biochemical parameter,

Bismarck brown - - :
microscopic observation

Iron-
Polyphenol
complex

Antibacterial

Removal of /
anionic

Activity
pollutants 4 Gram positive
ioni and
Anlllcmlc.gyes 4 Gram negative
uoride

pathogenic bacteria

Scheme 7.1. Synthesis and applications of iron-polyphenol complexes (Mat-1 and Mat-2) and
their environmental applications
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7.2. Recommendation for Future Work

Based on the above conclusions, the future scope of the Tannic-iron complex and Guava-iron

complex are as follows:

I.  Application of the materials on other toxic ions like cadmium, lead, etc.
ii.  The adsorption study in continuous mode can be carried out.
iii.  The application and behavior of iron-polyphenol complexes in the presence of multi-
pollutant can also be studied.
iv.  The behavioral pattern of iron-polyphenol complexes in presence of UV-light can be
examined.
v.  Field application of materials in the growth of plants and effect on phyto-enzymes can

also be carried out.
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