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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(III) 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(III) 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 
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acid unit of 1:1.  With tannic acid, we have synthesized another material (Mat-3) with Fe(III) 

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.  

 

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

synthesized from iron(III) and tannic acid, fragmented less under our experimental condition.  

 
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-Iron 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(III) center. Magnetic susceptibility of 
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Mat-3 (6.8 10 cm g) is significantly higher than the other two (1.6 – 2.110 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(III) as a major component 

with some iron(II). In Mat-3, Fe(III) 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+2, and Al+3 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=0.5g/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 

(0.5, 1, 1.5, 2, 3 g/L) and time (5, 10, 15, 30, 60, 120 minutes). Both materials showed > 80% 
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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). 

 

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. 

 

TH-2840_156152011



Abstract 
 

xiii 
 

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 MI 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. (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. 

 

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 
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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 Ion-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. 

 

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 
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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).  
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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. 

 

 

 

 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(a) 

(b) 
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Table 1. The minimum inhibitory concentration and zone of inhibition of materials against eight 
bacteria. 

Bacteria MIC (mg/mL) ZOI (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 

epidermidis 

6.25 6.25 6.25 22 12 9 

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 ZOI, 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 ZOI of 13, 9, 9 mm, 

respectively.  
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Chapter I 

 

Introduction and Literature Review 

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 (II) [12] 

NaOH treated rice husk Malachite green [13] 

Wheat bran Chromium (VI) [8] 

Ocimum americanum L. seed pods Chromium (VI) [14] 

Aegle marmelos correa (Bael fruit) Chromium (VI) [15] 

Okra, pumpkin, grape, and squash Copper ions [16] 

Sugarcane bagasse Cu2+, Cd2+, and Pb2+ [9] 

Sugarcane bagasse Rhodamine B (RhB) and  

Basic Blue 9 

[17] 

Iron oxyhydroxide NP coated rice husk Fluoride [18] 

Azadirachta indica (Neem) Lead (II) [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 (Hg0) [23] 

Activated carbon from coconut coil Methylene blue [24] 

Eichhornia crassipes (Water hyacinth) Phosphorus [25] 

Water hyacinth was modified by citric acid Ni (II), 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 

part 

Metal 

salt 

Application References 

Benjamina Leaf Silver Cadmium [33] 

Trigonella foenum-

graecum 

Leaf Silver Reactive blue 19 and Reactive 

yellow 186 

[37] 

Terminalia bellerica 

kernel 

Fruit Silver Methyl orange, Eosin yellow [38] 

Palm tree (Phoenix 

dactylifera)  

Leaf Copper–

silver 

Methylene blue [39] 

Mussaenda glabrata Leaf Gold and 

silver 

Rhodamine B, methyl orange [40] 

Stemona tuberosa 

Lour 

 Gold  4-nitrophenol, methylene blue, 

methyl orange and methyl red 

[41] 

Lagerstroemia 

speciosa 

Leaf Gold methyl orange, bromophenol 

blue and bromocresol green, 

and 4-nitropheno 

[42] 

Hibiscus sabdariffa Flower Copper Nitrate [43] 

Citrofortunella 

microcarpa 

Leaf Copper Rhodamin B [44] 

Moringa oleifera Leaf Iron Nitrate removal, [45] 

Dodonaea viscosa Leaf Iron Antimicrobial [46] 

Laurus nobilis L Leaf Iron Antimicrobial against Listeria 

monocytogenes bacterium. 

[47] 

Carica papaya Leaf Iron Remazol yellow RR dye 

degradation 

[48] 

Tea  Leaf Iron Malachite green, rhodamine B 

and methylene blue dye 

removal 

[28] 

Simmondsia seed Iron Fluoride removal [49] 
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chinensis 

Nettle and Thyme Leaf Iron Cephalexin (CEX) antibiotic 

removal 

[50] 

Azadirachta indica Leaf Iron ammonia nitrogen, COD [51] 

Eucalyptus 

teretiornis,  

Leaf Iron Dye removal [52] 

Eucalyptus globules Leaf Iron Chromium [53] 

oolong tea Leaf Iron Malachite green [54] 

Green tea  Iron Methylene blue and methyl 

orange  

[55] 

Lantana camara Leaf Iron Ni (II) [34] 

Oak, mulberry and 

cherry  

Leaf Iron Arsenic (III), Chromium [56] 

Eichhornia crassipes, 

Lantana 

camara and Mimosa 

pudica 

Leaf Iron Nitrate and phosphate [57] 

Vaccinium 

corymbosum 

Shoot 

and leaf 

Iron Arsenic [58] 

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(III) oxidation 

state, but in a mixture, some amount of Fe(II) 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 max of  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 max of 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].  

 

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(III) (hard Lewis acid), they show higher stability constant of 40-49 [65]. However, in 

TH-2840_156152011



Chapter I  Introduction and Literature Review 

8 
 

interaction, polyphenols with Fe (II) (borderline Lewis acid) exhibit lower stability constant in 

comparison to Fe (III) 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(II) are oxidized to Fe (III) complexes (Figure 1.3 a) [66,67]. 

In aerobic conditions, the oxidation of Fe (II) 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 (III) reduces to Fe (II) 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).  

 

Figure 1.3. (a) Iron (II)-polyphenol reaction in the presence of oxygen, (b) reduction of iron 
(III) 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(III) was confirmed by Mössbauer 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(C7O5H3). xH2O structure. Single crystal X-ray was used to analyze the structure, 

and Mössbauer spectra of the crystals supported the presence of Fe(III) ions with the absence 

of Fe(II) 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(III) 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 N2 atmosphere and employed for the removal of Cr (VI) from aqueous 

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

5 mg/L of Cr (VI) 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 
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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 (VI) 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(II) [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. Manquián-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 Silybum marianum L. for the 

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

or uptake  

Comment References 

Green tea, 

Eucalyptus 

leaf 

Nitrate 20 mg/L, 

1g dose 

50 and 

35%  

Total phenol not measured. 

EDS only. PXRD peak not 

clear 

[80] 

 

Nephrolepis 

auriculata 

Chromium 

(VI) 

50 mg/L 

of  

90%  XPS, EDS, Fe+3, Fe+2, Fe0 

Nitrogen atmosphere for 

synthesis. The dose is not 

clear. 

[81] 

Citrus 

maxima 

peels 

Chromium 

(VI) 

100 mg/L, 

90 min,  

99% TEM, EDS, XPS, IR, DLS. 

Nanoparticles in solution 

phase. The dose of material 

is not clear. Removal was 

not checked with varying 

conditions.  

[82] 

Oak, 

mulberry 

and cherry 

NPs 

Arsenic (III), 

 

 300 mg/g 

200 mg/g 

and 

250 mg/g 

Polyphenol not measured, no 

characterization for the state 

of iron. Claim Zero valent 

NPs 

[56] 

 

Tangerine 

peel extract 

Cadmium  4 pH, 4 

g/L of 

dose, 20 

mg/L of 

Cd 

88%  No polyphenol estimation. 

SEM, DLS only. In removal, 

no triplicates 

[77] 

Nettle and 

Thyme leaf 

Cephalexin 

antibiotic 

25 mg/L, 

0.1g dose 

80%  Powder XRD, peaks of 

different state of Fe were 

there. Claim Zero valent NPs 

[50] 
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Cupressus 

sempervirens 

leaf 

Methyl 

orange dye 

25 mg/L, 

with H2O2, 

1 g/L dose 

95%  Polyphenol not measured. 

PXRD 

[31] 

 

Hibiscus 

flower petals 

Rodamine B  20 mg/g  Synthesis and 

characterization not cleared, 

EDS done. Claim Zero 

valent NPs 

[83] 

 

Eucalyptus 

leaf 

Acid black 

194 

COD, N 

 71% and 

84% 

removal 

 

Iron-Polyphenol complex 

[84] 

Oolong tea Malachite 

green 

50 mg/L 

conc, 

0.01g 

dose, in 

40min. 

73%  EDS, PXRD. 

NP in solution phase 

[85] 

Iron-

polyphenol 

with 

Eucalyptus 

and 2 other 

plants 

Acid red 94 

and MB 

2000 

mg/L 

initial 

conc. 24hr 

contact 

time.  

 

Uptake is 

463 mg/g 

for acid 

red and 64 

mg/g for 

MB 

IR, TEM only. NPs in 

solution used. Not in powder 

form. Dose and other 

parameters not clear 

[86] 

 

Iron-

polyphenol 

with 

Eucalyptus 

leaf 

Acid black 

194 

1300 

mg/L of 

2000 

mg/L 

initial 

conc. 24h 

contact 

time. 

pH 3-9 

> 80% 

removal.  

 

UV, IR 

NPs in solution used. Not in 

powder form. Dose and 

other parameters not clear 

[52] 

Tea leaf Malachite 

green (MG), 

methylene 

blue (MB), 

and 

0.01 g of 

dose, 50 

mg/L 

initial 

conc. 

Uptake of 

190.3 

mg/g, 

186.93 

mg/g and 

IR, XPS, zeta potential. 

Only kinetics study 

[28] 
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rhodamine B 

(RB)  

 182.4 

mg/g, 

respective 

Fe-zero with 

Guava leaf  

MB 50 mg/L 

conc, 

2.4g/L 

dose. 

> 94% 

removal  

UV-TEM-IR. 

Claim Zero valent NPs 

[87] 

Tea leaf-

Iron, 

NZVI 

activated 

carbon 

comparison 

Real textile 

water 

Initial- 

350 mg/L 

conc. dose 

0.7g. pH 5 

for NZVI, 

8 for AC, 

and 7 for 

green 

nano. 

72% 

removal 

for AC, 

85% 

removal 

for green 

nano. And 

71% for 

nZVI 

XRD, SEM, EDX, different 

modeling.  

UV peak not mentioned.  

[88] 

Fe3O4 

coated-tea 

polyphenol  

MB removal 3.5 mg/L 

conc, dose 

1g/L, pH 

>7.  

 

Uptake 

5mg/g 

ESI mass, PXRD, raman, 

VSM, BET surface area 126 

[89] 

 

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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1.4.2. Application in Agriculture 

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

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 
species. 

Materials Species Analysis Comment References 

Iron oxide 

NPs 

Lemna 

minor 

No. of leaves, dry 

weight, Fe 

accumulation in the 

root, chlorophyll, 

Lipid peroxidation 

were measured. 

At high concentration, 

chlorophyll content decrease, 

MDA production increased. 

Showed toxicity on plant and 

kill plants within 7 days in all 

concentration range. 

[97] 

Iron (III) 

oxide NPs 

Vigna 

radiata 

Dry biomass, root-

shoot growth, Fe and 

As analysis, proline 

test, H2O2 content, 

total antioxidant 

capacity, SEM, etc., 

were measured. 

The effect of Seedlings 

raised in AsO4 3− and Fe2O3-

NPs, and in combined 

conditions were evaluated in 

this study. AsO4 3- reduces 

the seedling growth. Fe2O3-

NPs showed resistance to 

arsenic toxicity. 

[98] 

Micro and 

nano-sized 

iron 

Lepidium 

sativum, 

Sinapis alba, 

Germination index, 

elongation, biomass, 

microscopic 

No significant phytotoxicity 

effects could be detected. 

Increased seedling length 

[92] 
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and Sorghum 

saccharatum 

observation was 

checked. 

and biomass production were 

observed. 

Fe3O4 

nanoparticle 

Cucumber 

and lettuce 

Root elongation, 

germination index, 

relative seed 

germination was 

checked. 

Decrease in root growth and 

germination index. 

[99] 

Zero-valent 

iron 

Cattail and 

hybrid 

poplars plant 

species 

Root-shoot weight, 

length were 

measured. FESEM, 

EDX, TEM were also 

checked. 

The result showed the toxic 

effect on cattail species at 

>200mg/L of concentration. 

While at a lower 

concentration, it enhances 

plants growth.  

[100] 

FeOx NPs Lactuca 

sativa 

Germination test, root 

shoot length 

1mg/L dose helped in 

germination and growth. 

However, 20mg/L dose 

suppressed the germination 

of seeds. 

[101] 

Zero-valent 

iron 

nanoparticle 

Oryza sativa 

cv 

Germination test, 

growth, hydrolytic 

enzyme activities, 

antioxidant, proline, 

chlorophyll.  

Increased root-shoot length, 

biomass, and chlorophyll. 

absence of membrane 

damage, decrease in proline 

content. 

[102] 

Zero-valent 

iron 

nanoparticle 

Peanut Germination test, 

growth, TEM 

40 and 80 μmol/L of dose 

better of growth of plants. 

[103] 

 

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. 

TH-2840_156152011



Chapter I  Introduction and Literature Review 

17 
 

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 nZVI 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 

with Cynometra 

ramiflora leaf 

extract 

E. coli and S. epidermidis Kirby-Bauer diffusion assay with 70 

µL of material. (dose is not clearly 

mentioned). The exact area of ZOI is 

not mentioned.  

[106] 

Gallic-

Aluminium and 

gallic-iron 

complex 

E. coli Only iron-gallic acid complex is 

effective in showing inhibition. ZOI 

of the iron-gallic complex is 12.00 ± 

0.25 mm with 50μL of genotoxic 

dose. 

[107] 

Iron oxide NPs 

with tannic acid 

Trichothecium roseum, 

Cladosporium herbarum, 

Penicillium chrysogenum, 

Alternaria alternata, and 

Aspergillus niger.  

With 0.5 mg/ml dose of iron nano, 

the ZOI of the different fungi are as 

follows: 

T. roseum, (22 mm) 

C. herbarum, (18 mm) 

P. chrysogenum,(28 mm)  

A. alternate (21 mm) and A. niger 

(26 mm). 

[108] 
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Iron oxide 

magnetic NPs 

with Argemone 

mexicana L. leaf 

extract 

E. coli, P. mirabilis and B. 

subtilis 

8 mm ZOI with 12.5 µg/disc of dose.  [109] 

Iron oxide NPs Staphylococcus aureus, 

Escherichia coli, and 

Pseudomonas 

aeruginosa 

With a dose of 0.15 mg/mL of NPs, 

the ZOI against S. aureus, E. coli, and 

P. aeruginosa is 29,26,28 mm. 

[110] 

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

µM.  relatively at high concentrations 

[111] 

Fe3O4-NPs Bacillus cereus and 

Klebsiella pneumoniae 

With 5 μg/mL of MIC, against K. 

pneumoniae and B. cereus showed  

26 mm and 22 mm zone of 

inhibitions, respectively.  

MBC for these strains was observed 

at 40 μg/mL of Fe3O4-NPs, showing 

40–50% loss in viable bacterial cells 

and 80 μg/mL of concentration 

exhibiting 90–99% loss.  

[112] 

 

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. 

II. 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.  

III. 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 

• In plant 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. 

• 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. 

• Comparative studies between iron polyphenol complex synthesized with different 

types of polyphenols have not been reported before. 

• 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 

i. Optimization and standardization for the synthesis of iron-polyphenol materials using 

two different types of polyphenols under identical conditions. 

ii. Reproducibility and bulk synthesis of the materials. 

iii.  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. 

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

anionic pollutants.  

v. 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 VII 

Conclusion and Future work 

Materials were synthesized using two different types of plant-based polyphenol after reacting 

with iron(II) 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(III). However, both EPR and XPS 

confirmed that Mat-3 consists of magnetically uncoupled mononuclear Fe(III) complex 

of Tannic Acid. XPS showed in both Mat-1 and Mat-2, Fe(III) present as major 

component and Fe(II) as minor.  

iii. The surface area of Mat-1 and Mat-2 are 99.6 and 100.9 m2/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 m2/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 pHzpc 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 - 

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). 

 

 

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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