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6.1. Introduction

Different synthesis routes were developed for Fe nanoparticles including physical,
chemical and biological methods. Chemically synthesised Fe nanoparticles get easily
oxidised in aerobic conditions and agglomerated due to the magnetic property of Fe
nanoparticles. Researchers introduced supporting material and stabilising agents for iron
nanoparticles to overcome this problem. Even though these materials decrease the
agglomeration and oxidation tendency of the Fe nanoparticles, they may adversely affect
the efficiency of Fe nanoparticles due to the competition for the active sites with target
pollutants. The high production cost and water pollution due to residual toxic reductants

are also the downsides of chemically synthesised Fe nanoparticles[1].

Green synthesis of Fe nanoparticles is a suitable alternative for chemically synthesised
nanoparticles. Although plants, microorganisms and enzymes were used in green
synthesis, plant extracts are the most investigated green reducing agents for Fe
nanoparticles. In green synthesis, Fe nanoparticles were prepared by the simple mixing of
Fe precursor solution with plant extract at room temperature. High activity, small particle
size, high dispersibility, high stability, nontoxicity, cost-effectiveness and environmental
friendliness are the attractive features of green Fe nanoparticles. Also, it does not require
any additional supporting, stabilising or capping agents. So far, various plant extracts such
as Eucalyptus globules, Amaranthus dubius, Emblica Officinalis, Citrus limetta, Moringa
oleifera, green tea, Aloe vera and Clove have been reported for the synthesis of Fe
nanoparticles. Most plant extracts are derived from plant leaves and water as the extracing
solvent. The critical active components present in the plant extract for reducing Fe®" ions
are polyphenols, flavonoids, amino acids, terpenoids, reducing sugars, steroids, saponins,
vitamins, alkaloids and organic acids. Diverse plant species and their complex bioactive

components are still unknown to the world. It makes the booster on the search of the most

135



Chapter 6

appropriate and strong reducing agent for Fe nanoparticles, even though some plant

extracts have succeeded in the effective production of Fe nanoparticles[2].

In this study, two novel plant extracts, ethanolic seed coat extracts of Abrus precatorius
(AP) and Strychnos nux-vomica (SN) were selected for the effective production of Fe
nanoparticles. Photographs of seeds of AP and SN are shown in figure 6.1. AP, commonly
known as rosary pea, is a leguminous plant native to India and seen in other tropical and
subtropical areas. Traditionally, the leaves, seeds and roots were used for medicinal
purposes[3]. Recently, zinc sulfide nanoparticles were produced from AP leaf extract and
tested for toxicity using Eudrilus eugeniae[4]. Silver nanoparticles produced from the leaf
extract of AP showed antibacterial activity against gram-positive and gram-negative
bacteria[5]. The AP seeds are usually tiny and have a red and black seed coat. Campesterol,
cholesterol, palmitic acid, lignoceric acid, linoleic acid, oleic acid, p-sitosterol,
stigmasterol, trigonelline and brassicasterol are the significant components contained in
AP seed[3]. Strychnos nux-vomica is a deciduous tree native to southeast Asia and
belonging to the Loganiaceae family[6]. Its dried seeds are used to treat cancer, rheumatic
pain, arthritis, inflammation and central nervous system disorders in traditional
medicine[7]. Alkaloids, flavonoids, tannins, saponins and glycosides are the
phytochemicals present in the SN and are responsible for its antioxidant, antidiabetic,
antidiarrhoeal, antiviral, analgesic and anti-inflammatory properties[6]. SN contains two
major alkaloids (strychnine and brucine) and a significant amount of glucoside (loganic
acid)[8]. Other phytochemicals present in SN are a-colubrine, B-colubrine, 3-
methoxyicajine, protostrychnine, novacine, n-oxystrychnine, pseudostrychnine,
isostrychnine, chlorogenic acid, vomicine and igasurine[9]. In 2018, ZnO phytonano
composites were prepared from aqueous leaf extract of Strychnos nux-vomica, exhibiting
potential antimicrobial activity[10]. Rectified ethanol is used as the extracting solvent
since it dissolves the majority of the plant bioactive components and prevents the growth

of microbes during storage.

This work adopts a simple, eco-friendly method for synthesising Fe nanoparticles using
AP and SN plant extracts to remove Cr(VI) and malachite green dye from water. In the
presence of hydrogen peroxide, Fe nanoparticles act as Fenton-like catalyst and produce
more hydroxyl radicals. These hydroxyl radicals can cause the degradation of the dye
molecules[2,11]. The specific objectives are to 1) synthesise Fe nanoparticles using AP

and SN plant extract, 2) examine the chemical reactivity of AP-Fe and SN-Fe for the
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removal of Cr(VI) and malachite green dye from water, 3) investigate the influence of
different parameters such as initial pollutant concentration, pH, the dosage of adsorbent

and contact time during the removal of pollutant.

Figure 6.1 Photographs of seeds of Abrus precatorius (a) and Strychnos nux-vomica (b)

6.2. Experimental details

6.2.1 Preparation of plant extracts and phytogenic Fe nanoparticles

Preparation of AP and SN extract

The dried seeds of Abrus precatorius and Strychnos nux-vomica collected from the local
market were washed and dried to remove impurities and moisture. AP seeds were crushed
into small pieces using a pestle and mortar and seed coats were separated manually. SN
seeds were cut into small pieces, ground using a mixer and feathery seed coats were
collected manually. The plant extract was prepared by refluxing 4g of plant seed coat in
100 mL ethanol at a temperature of 90°C for 2 hours. The extract was then cooled, filtered

using Whatman number 41 filter paper and stored at 4°C for further use.
Synthesis of phytogenic Fe nanoparticles

Fe nanoparticles were synthesised by mixing the prepared plant extracts with 0.01 M ferric
chloride ethanol solution ata 1:1 volume ratio at room temperature. The rapid development
of black colour suspension indicates the formation of Fe nanoparticles. This suspension
was centrifuged and the collected nanoparticles were lyophilised and then stored in airtight

vials for characterisation studies.
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6.2.2 Batch experiments
Cr(VI) removal studies

To simplify the removal studies procedure and evade the loss of Fe nanoparticles during
the centrifugation and drying process, the phytogenic Fe nanoparticles were added in
liquid form. For this, 10 mL of 5 mg/L Cr(VI) solution was treated with freshly prepared
0.2 mL of phytogenic nanoparticles. Effect of different parameters such as nanoparticle
dosage (0.1-0.5 mL), initial concentration of Cr(VI) (1-7 mg/L), initial pH of the solution
(4-10) and contact time (10-40 min) was also examined. NaOH (1.0 M) and HSO4
1.0 M) were used for the pH adjustment and all the experiments were performed with a

duplicate.
Malachite green dye removal studies

MG dye removal experiments were carried out in a 30 mL vial in which the freshly
prepared 1mL of phytogenic nanoparticles was treated with 10 mL 50 mg/L dye solution
and added 1 mL of H2O; into it. After agitating the solution for 15 minutes using a bath
sonicator, the samples were centrifuged to remove the nanoparticles and the residual dye
concentration was measured using a UV-visible spectrophotometer. Samples without
nanoparticles were also investigated. To study the effect of various parameters, different
nanoparticle dosage (1-5 mL), initial concentration of MG dye (10-50 mg/L), pH of the
solution (5-9) and contact time (10-40 min) were also investigated.

6.2.3 Characterisation and analytical techniques used

The properties of plant extract were examined by UV-visible spectrophotometer and FTIR.
The phytogenic iron nanoparticles were lyophilised using Operon FDU 7003 lyophiliser.
The characterisation of prepared nanoparticles was done by HRTEM, EDAX, FTIR and
UV-visible spectrophotometer. The details of characterisation techniques were discussed
in chapter 2. Fourier transform infrared spectra of the AP and SN plant extracts and AP-
Fe and SN-Fe nanoparticles were investigated through Spectrum Two Fourier transform
infrared spectrometer (FTIR, Perkin Elmer, USA). Jeol 6390LA/OXFORD XMX N was
used to analyse AP-Fe and SN-Fe nanoparticles elemental analysis. GC-MS/MS was used
to determine the plant extract components and malachite green degradation products in the

solution. The method used in GC-MS/MS analysis has conversed in chapter 3.
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6.3. Results and discussion
6.3.1 Characterisation of AP and SN plant extracts

The phytochemical composition of plant extracts has been analysed through GC-MS/MS.
Alcohols, phenols, flavonoids, terpenoids, aldehydes, amines and alkanes are the major
compounds present in the AP and SN seed coat extracts[8,12]. The mass spectra of
identified compounds of AP and SN seed coat extracts by GC-MS/MS are shown in figure
6.2(al-a8) and figure 6.3(b1-b5) respectively. Biomolecules identified by GC-MS/MS in
the AP and SN extracts and their properties were listed in table 6.1. The -OH, -CHO and
C=0 functional groups in the biomolecules get oxidised into -COOH simultaneously
reducing Fe*" ions to Fe nanoparticles. The biomolecules like limonene and 2-hexadecanol
act as reducing and stabilising/capping agents, preventing the overgrowth and aggregation
of nanoparticles and supporting the reduction of Fe* ions[13]. Some other biomolecules
act as antioxidants that prevent the oxidation of formed nanoparticles and impart more

stability.

No. Retention Name of the compound Molecular Action Reference
time (t) weight

Abrus precautious

al. 6.27 furan-2-carbaldehyde 96 Stabilizing [14]
agent
az. 8.55 1-methyl-4-prop-1-en-2- 136 Reducing and [15]
ylcyclohexene capping agent
a3. 10.21 2,6,6- 136 Antioxidant [16]
trimethylbicyclo[3.1.1]h

ept-2-ene

ad. 17.25 2,2,A-trimethyl-1H- 173 Antioxidant [17]
quinoline

ab. 23.86 ethyl 3,4,5- 198 Antioxidant [18,19]

trihydroxybenzoate

ab. 12.10 3,5-dihydroxy-6-methyl- 144 Antioxidant [20]
2,3-dihydropyran-4-one

a’. 13.59 5-(hydroxymethyl)furan- 126 Reducing [21]
2-carbaldehyde agent
as8. 20.42 3H-1,3-benzothiazol-2- 151 Antioxidant [22]
one
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bl. 12.01 1,2-dimethoxybenzene 138 Antioxidant [23,24]
b2. 12.89 3-methoxy-2- 140 Antioxidant [25]
methylpyran-4-one
b3. 17.23 2,2,4-trimethyl-1H- 173 Antioxidant [17]
quinoline
b4. 18.36 4-methoxy-6-prop-2- 192 Antioxidant [26]
enyl-1,3-benzodioxole
b5. 21.73 hexadecan-2-ol 242 Reducing and [27]
stabilising
agent

Table 6.1 Biomolecules identified in AP and SN extract by GC-MS/MS
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Figure 6.2 Mass spectra of compounds identified in AP extract by GC-MS/MS. (al) furan-
2-carbaldehyde; (a2) 1-methyl-4-prop-1-en-2-ylcyclohexene; (a3) 2,6,6-trimethylbicyclo
[3.1.1]hept-2-ene; (a4) 2,2,4-trimethyl-1H-quinoline; (a5) ethyl 3,4,5-trihydroxybenzoate
; (a6) 3,5-dihydroxy-6-methyl-2,3-dihydropyran-4-one; (a7) 5-(hydroxymethyl)furan-2-
carbaldehyde; (a8) 3H-1,3-benzothiazol-2-one
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Figure 6.3 Mass spectra of compounds identified in SN extract by GC-MS/MS. (bl) 1,2-
dimethoxybenzene; (b2) 3-methoxy-2-methylpyran-4-one; (b3) 2,2,4-trimethyl-1H-
quinoline; (b4) 4-methoxy-6-prop-2-enyl-1,3-benzodioxole; (b5) hexadecan-2-ol
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6.3.2 Characterisation of AP-Fe and SN-Fe nanoparticles

UV-visible spectroscopy

A dark black solution was formed immediately when the plant extracts were mixed with
FeCls solution, indicating the formation of Fe nanoparticles[28]. The black precipitates in
the solution were visually observable; however, the formation of iron nanoparticles was
further confirmed by a UV-visible spectrophotometer. The UV-visible spectra of AP and
SN extract, FeClz solution and phytogenic iron nanoparticles are shown in figure 6.4. The
FeCls solution and plant extracts did not show any characteristic peak in UV-visible
spectra between 450-750 nm. Nevertheless, the AP-Fe and SN-Fe nanoparticles showed

broad adsorption around this region, indicating the formation of Fe nanoparticles[29].

09 \b L4 Al o9 - B
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—Fe salt solution | — Fe salt solution
— AP-Fe nanoparticles — SN-Fe nanoparticles
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Figure 6.4 Photographs and UV-visible spectra of A) a. AP extract, b. FeCls solution and

c. AP-Fe nanoparticles, B) a. SN extract, b. FeClz solution and ¢. SN-Fe nanoparticles

HRTEM

HRTEM photographs of AP-Fe and SN-Fe nanoparticles are shown in figure 6.5. The
spherical SN-Fe nanoparticles are non-agglomerated and monodispersed. It can be due to
the stabilisation by the major components of SN, such as strychnine and brucine. The
particle size of SN-Fe nanoparticles ranged from 2.1 to 5 nm, having a mean diameter of
3.3 nm. SAED analysis of SN-Fe nanoparticles shows faded spots and diffused rings,
which indicate the nanoparticles amorphous nature. The d-spacing values 2.73 A and
2.14 A calculated from the SAED pattern match with the (220) and (311) planes of the
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Fe304[30]. AP-Fe nanoparticles were irregularly shaped with size ranging from 3 nm to
32 nm. SAED pattern comprised of spot patterns with diffused rings indicates the presence
of dispersed crystalline particles over the amorphous phase of AP-Fe. AP extract contains
plant components with different reducing and complexing capacities, leading to the
formation of different Fe nanoparticles such as Fe® and FesO4. SAED pattern displays d-
spacing values 2.0 A and 2.89 A corresponding to (311) and (213) plane of Fe°[31]. The
d- spacing values of 2.7 A corresponds to the planes of Fe304[32].

Figure 6.5 TEM image of the synthesised A) AP-Fe nanoparticles
and B) SN-Fe nanoparticles and SAED pattern of C) AP-Fe

nanoparticles and D) SN-Fe nanoparticles
EDAX

The qualitative and guantitative information of nanoparticles and the elements involved in
the formation of nanoparticles has been studied through EDAX analysis. As shown in
figure 6.6, the AP-Fe and SN-Fe nanoparticles depict intense peaks of Fe, C and O. The
results reveal that the atomic percentages of iron in AP-Fe and SN-Fe nanoparticles were

7.57 and 7.15 respectively. The presence of C, O, Ca and K may be from the organic
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coating on the iron nanoparticles and the presence of chlorine from the ferric chloride

which is used as the iron precursor during the synthesis of nanoparticles.

Element Weight% Atomic % p Element Weight % | Atomic %
| 4327 | 5561 | 4122 | 5930

| 29.87 | 3367 - I | 2746 | 2966
L 431 | 212 s | 604 | 294

|13 | 058 E | 116 | 051
| 104 | 045 i | 101 | 044

2021 | 757 : | 31| 715
Total: | 100 | 100 : 100 100

Figure 6.6 EDAX spectra of a) AP-Fe nanoparticles and b) SN-Fe nanoparticles
FTIR spectroscopy

The FTIR spectra of the AP-Fe and SN-Fe nanoparticles are shown in figure 6.7. It
envisages the functional groups in bioactive components responsible for the formation and
stabilisation of iron nanoparticles. The phytogenic nanoparticles showed a broad peak
between 3700-3000 cm, corresponding to O-H stretching and N-H stretching bands of
polyphenols and amines respectively[33]. The peaks at 1725 cm™ (AP-Fe) and 1719 cm™
(SN-Fe) corresponds to the C=0 stretching vibrations and the peaks at 1425 cm™ (AP-Fe)
and 1416 cm™ (SN-Fe) corresponds to the O-H bending vibrations of -COOH group
present in the phytogenic Fe nanoparticles. The peaks found at 1195 cm™ for AP-Fe and
1192 cm™ and 1035 cm™ for SN-Fe is related to the C-N stretching vibrations and the
peaks at 1579 cm™ (AP-Fe) and 1581 cm™ (SN-Fe) corresponds to the N-H bending
vibrations of amines present in the plant component. The presence of aromatic amine was
confirmed through C-N stretching vibrations which shows the peak at 1334 cm™ for AP-
Fe and 1328 cm™ for SN-Fe nanoparticles. The peaks that appeared at 2925 cm™ and 2856
cm? for AP-Fe and 2921 cm™ and 2850 cm™ for SN-Fe were associated with the C-H
stretching vibrations. The stretching vibrations of C=C peaks at 1615 cm™ and 1620 cm™
correspond to AP-Fe and SN-Fe nanoparticles. The peaks observed at 1069 cm™ (AP-Fe)
and 1072 cm™ (SN-Fe) indicates the O-H stretching vibrations of alcohol. The low intense
peaks at 671 cm™ (AP-Fe) and 679 cm™ (SN-Fe) corresponds to the iron-carbonyl
complexes (Fe-C=0), which confirmed the iron interaction with the plant

components[34]. The peaks at 446 cm™ and 467 cm™ confirm the Fe-O stretching vibration
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of iron oxide present in the AP-Fe and SN-Fe nanoparticles[35]. The results envisage that
plant components cling on the surface of Fe nanoparticles as capping agents and are part

of the Fe nanoparticles. This organic moiety increases the stability of the Fe nanoparticles.
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Figure 6.7 FTIR spectra of a) AP-Fe nanoparticles and b) SN-Fe nanoparticles

6.3.3 Cr(VI) removal studies

The Cr(VI) removal efficiency of AP-Fe and SN-Fe nanoparticles was evaluated using 0.2
mL phytogenic nanoparticles in 10 mL, 5 mg/L Cr(VI) solution for 15 minutes, as shown
in figure 6.8. The AP-Fe and SN-Fe nanoparticles showed 73 % and 69 % removal
efficiency which indicate that AP-Fe nanoparticles exhibit more Cr(V1) removal efficiency
than SN-Fe nanoparticles. This is attributed to the composition of AP-Fe nanoparticles
since they contain zero valent iron and iron oxide nanoparticles. Zero valent iron
nanoparticles have shown more Cr(VI) reduction capacity than iron oxide
nanoparticles[36]. The removal of Cr(VI) using phytogenic Fe nanoparticles displays
reduction, precipitation and adsorption of chromium species[37,38]. The possible Cr(VI)
removal mechanism of AP-Fe and SN-Fe nanoparticles was proposed in equations 6.1-
6.6.
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1. Adsorption process

Cr(VI) + AP — Fe — Cr(VI)/AP — Fe (6.1)
Cr(VI) + (AP/SN) — Fe,0; — Cr(VI)/(AP/SN) — Fe;0, (6.2)
Fe?*/Fe3t + H,0 — FeOOH (6.3)
Cr(VI) + FeOOH — Cr(VI) — FeOOH (6.4)

2. Reduction and precipitation process
2Fe® 4 Cr,02~ + 8H* — 3Fe?* + 2Cr(0OH); + H,0 (6.5)
6Fe?* + Cr,02~ + 8H* — 6Fe3* + 2Cr(0H); + H,0 (6.6)

In addition to this, plant components present in the solution also have an important role in
removing Cr(VI). Plant extracts have different bioactive components which help to form
Fe nanoparticles by acting as reducing and stabilising agents. These plant components may
also have the capacity to remove Cr(VI) from water[36]. Overall, the phytogenic Fe
nanoparticles display good Cr(VI) removal efficiency.

As per previous reports, different parameters influence Cr(VI1) removal using phytogenic
Fe nanoparticles. The influence of these parameters such as nanoparticle dosage, initial
concentration of Cr(VI), initial pH of the Cr(VI) solution and contact time were

investigated for Cr(VI) removal.

2

—Cr (V) 5ppm
—— AP-Fe
—— SN-Fe

Absorbance
|_\

1 N 1 N 1 N 1
400 500 600 700

Wavelength nm.

Figure 6.8 UV-visible spectra of Cr(VI) solution after treating 15 minutes a) blank
Cr(VI) 5 mg/L, b) AP-Fe nanoparticles and ¢) SN-Fe nanopatrticles
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Effect of nanoparticle dosage

The effect of nanoparticle dosage was studied by varying the nanoparticles dosage from
0.1 mL to 0.5 mL, maintaining 5 mg/L as the initial concentration of Cr(\V1) and 15 minutes
as the contact time. Figure 6.9a indicates that the increased nanoparticle dosage enhances
the extent of Cr(VI) removal. AP-Fe nanoparticles exhibit 100 % Cr(VI) removal using a
dosage of 0.4 mL, while using the same quantity, SN-Fe nanoparticles exhibit only 76 %
removal. The maximum removal attained by SN-Fe nanoparticles was 80 % using 0.5 mL
nanoparticles. With the increase in nanoparticle dosage, the reactive sites for reduction and
adsorption were also increased, leading to the higher removal of Cr(VI) ions. In short, AP-
Fe nanoparticles show more potential to reduce Cr(VI) than SN-Fe nanoparticles.

Effect of the initial concentration of the Cr(V1) solution

As shown in figure 6.9b, the effect of initial Cr(\VI) concentration on Cr(VI1) removal was
investigated while keeping all other parameters constant. In this study, 0.2 mL nanoparticle
solution was added into different Cr(\V1) concentrations, varied from 1 mg/L to 7 mg/L
and the absorbance was measured after 15 minutes. When the chromium concentration
was 1 mg/L, 100 % Cr(VI) removal occurred in AP-Fe nanoparticles and 89 % Cr(VI)
removal occurred in SN-Fe nanoparticles. However, in 7 mg/L Cr(VI) solution, the
removal percentage decreases to 71 % by AP-Fe nanoparticles and 58 % by SN-Fe
nanoparticles. So with the increase in Cr(VI) concentration, naturally there occurs a
decrease in the availability of sufficient reactive sites, for Cr(VI) ions, which eventually

leads to the decrease in Cr(VI) removal efficiency.
Effect of contact time

The effect of contact time was studied by adding 0.2 mL phytogenic nanoparticles into 5
mg/L Cr(VI) solution and the samples were collected at regular time intervals of 10, 20,
30 and 40 minutes. As shown in figure 6.9c, Cr(VI) removal efficiency increases with
increasing contact time, even though the increase in rate is not high. 67 % and 60 % of
removal were observed for the first 10 minutes of contact time by AP-Fe and SN-Fe
nanoparticles respectively. However, for 40 minutes of contact time, the Cr(VI) removal
efficiency was 80 % and 71 % for AP-Fe and SN-Fe nanoparticles. This may be due to the
fact that with the increase in contact time, the Cr(VI) molecules have more time to interact

with the AP-Fe and SN-Fe nanoparticles and the removal efficiency increases. As time
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proceeds, iron gets exceedingly oxidised and the adsorption sites become blocked by

precipitation leading to decreased Cr(V1) removal rate.
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Figure 6.9 Effects of various factors on Cr(VI) removal: (a) nanoparticle dosage, (b)

Effect of pH

initial Cr(VI) concentration, (c) contact time and (d) initial solution pH .

The initial pH of the solution greatly influences the efficiency of Cr(VI) removal. With 0.2

mL nanoparticles in 5 mg/L Cr(V1) solution, the effect of initial pH was evaluated at three

pH values viz 4, 7 and 10. As shown in figure 6.9d, the Cr(VI) removal efficiency

decreases with the increase of the initial solution pH. At pH 4, the AP-Fe and SN-Fe

nanoparticles remove 89 % and 85 % of Cr(V1) respectively, which gradually reduces to

53 % and 47 % at pH 10. The initial pH of the solution influences the surface charge and
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distribution of reactive sites in the phytogenic Fe nanoparticles and the speciation of

Cr(VI) ions in the aqueous solution[39]. At lower pH, the dominant form of Cr(VI) was
HCrO4", the hydrolysis product of Cr,0,2[29]. This Cr(VI) form get reduced in the

presence of H ions in acidic solution as follows
2HCrO; + 3Fe® 4+ 14H* — 3Fe?* + 2Cr3* + 8H,0 (6.7)

2HCrO; + 6Fe?t + 14H* — 6Fe3* + 2Cr3* + 8H,0 (6.8)

In addition to this, the electrostatic attraction between negatively charged HCrO4 and

positively charged Fe nanoparticles surface is intense in acidic conditions, which leads to

the more adsorption of Cr(V1) species[29,39].

At pH value > 6, the dominant Cr(V1) species was Cr.04> which compete with the OH-
ions for adsorptive sites of phytogenic Fe nanoparticles, leading to decreased removal
efficiency. Furthermore, in basic pH, the formation of the oxide passive layer in the Fe
nanoparticles hinders the Fe nanoparticle's extent of corrosion and leads to the decline of
Cr(VI) removal efficiency[39,40].

6.3.4 MG dye removal studies

Fenton’s reaction is extensively studied to degrade toxic dyes due to its high efficiency
and low cost. In this catalytic process, an iron catalyst produces hydroxyl radicals (-OH)
from hydrogen peroxide (H202). The formed OH radicals interact with the dye molecules
and form new oxidised low molecular weight intermediates which are finally converted to
COzand H20 by the continued action of *OH radicals[41]. MG dye removal studies were
conducted in the presence of H,O; to evaluate the reactivity of the synthesised Fe
nanoparticles. In dye removal, the influence of initial dye concentration, pH, contact time
and nanoparticle dosage were also examined. Generally, MG exhibits three absorbance
peaks in the UV-visible spectrum. The characteristic peak is seen at 617 nm (-C-N- bond)
and absorbance due to associated aromatic rings are seen at 424 and 316 nm[42]. As shown
in figure 6.10, the best results occurred when the phytogenic Fe nanoparticles were used,
while negligible MG removal was observed using H202 only. AP-Fe nanoparticles
removed approximately 98 % of MG within 15 minutes, higher than SN-Fe (91 %)
nanoparticles. While reacting with phytogenic Fe nanoparticles, the intensity of the MG

characteristic peak decreased, two minor peaks disappeared and a new peak formed around
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360 nm. It may be due to the cleavage of the -C=C- bond and destruction of MG conjugated
structures[43]. The high intensity below 275 nm could be due to the polyphenols present
in the phytogenic Fe nanoparticles and the degraded products of MG[44]. The possible
mechanism of MG dye removal using phytogenic Fe nanoparticles are 1) Adsorption of
MG and its degraded products into Fe/Fe3O4 capped with plant component and 2)
degradation of MG molecule due to the ‘OH radicals produced through reaction with
H20,[42]. The high activity of AP-Fe nanoparticles was owing to the formation of more
*OH radicals compared to SN-Fe nanoparticles since Fe® have more zero valent iron. The

MG removal process can be explained as equation 6.9-6.17.

4T
—— Blank MG
- HZOZ

34 —— AP-Fe +H O,
—— SN-Fe +H O,

Absorbance
N

. , . , . : . , . , .
200 300 400 500 600 700 800
Wavelength (nm)

Figure 6.10 UV-visible spectra of MG dye solution after treating 15 minutes
a) blank MG 50 mg/L, b) AP-Fe nanoparticles and c) SN-Fe nanoparticles

1. Adsorption process:
MG + AP — Fe — MG/AP — Fe (6.9)
MG + (AP/SN) — Fe;0, — MG/(AP/SN) — Fe;0, (6.10)
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2. Degradation of MG dye through the attack of the -OH radicals:

Fe® + H,0, — Fe** + 20H" (6.11)

Fe?* + H,0, — Fe3* + OH™ +‘0H (6.12)
Fe3* + H,0, — Fe?** + H* + HOy’ (6.13)
Fe?*/Fe3* + H,0 — FeOOH (6.14)

MG + Fe;0,/FeO0OH — MG — (Fe;0, / FeOOH) (6.15)
MG — (Fe;0,/FeO0H) + ‘OH — MG degradation products (6.16)
MG degradation products +*OH — C0O, + H,0 (6.17)

Effect of nanoparticle dosage

Dosage of phytogenic Fe nanoparticles significantly influences the MG dye removal. As
shown in figure 6.11a, the MG dye removal efficiency increased from 98 % to 100 % in
AP-Fe nanoparticles and 91 % to 96 % in SN-Fe nanoparticles as the nanoparticle dosage
increased from 1 to 2.5 mL. The MG dye concentration and contact time were kept
constant at 50 mg/L and 15 min. MG removal is attributed to increased Fe?* availability
for the hydroxy| radical formation with nanoparticle dosage. With the increase in hydroxyl
radicals formation, more dye molecules get degraded. In addition, total adsorption sites
were increased with an increase in phytogenic Fe nanoparticles, which eventually led to

the adsorption of more dye molecules and their degraded products.
Effect of the initial concentration of the MG

The effect of the initial concentration of MG on the removal of MG dye is shown in figure
6.11b. The dosage of nanoparticles and contact time were kept constant as 1 mL and 15
minutes respectively. The AP-Fe nanoparticles show 98 to 100 % removal and SN-Fe
nanoparticles shows 91 % to 97 % removal when the MG concentration decreases from
50 mg/L to 10 mg/L. The efficiency for the removal of MG decreased with the increasing
initial concentration of MG. The decrease in MG removal efficiency with increased
concentration is attributed to the insufficiency of hydroxyl radicals and adsorption sites

required for dye degradation.
Effect of contact time

Contact time is another crucial parameter influencing the removal efficiency of MG dye.
The effect on the removal of MG having 50 mg/L concentration was studied at different
time intervals using 1 mL of AP-Fe nanoparticles and SN-Fe nanoparticles, as shown in
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figure 6.11c. The percentage of removal efficiency increases with an increase in contact
time from 10 minutes to 40 minutes. AP-Fe nanoparticles attained 100 % removal
efficiency within 30 minutes. At the same time, SN-Fe nanoparticles only attained 94 %
removal efficiency. The interaction between hydroxyl radical and dye molecule increases

with increasing contact time leading to more dye removal.
Effect of pH

The degradation of MG by AP-Fe nanoparticles and SN-Fe nanoparticles were studied at
initial pH values of 5, 7 and 9 as shown in figure 6.11d. The removal efficiency of the AP-
Fe nanoparticles and SN-Fe nanoparticles was decreased with an increase in pH value. At
pH 5, the AP-Fe nanoparticles attained 100 % and SN-Fe nanoparticles exhibited 96 %
removal efficiency. As the pH increases, iron hydroxide precipitation decreases the MG

removal efficiency.
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Figure 6.11 Effects of various factors on MG removal (a) nanoparticle dosage, (b)

initial MG concentration, (c) contact time and (d) initial solution pH.
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GC-MS/MS analysis

The GC-MS/MS analysis of malachite green after treating with AP-Fe nanoparticles
confirmed the degradation of MG dye molecules. The GC-MS/MS analysis shows the
presence of [4-(dimethylamino)phenyl]-phenylmethanone (Rt 21.28, MW 225), benzoic
acid (Rt 12.23, MW 122) and diphenylmethanone (Rt 19.91, MW 182) in the solution.
Among the three degradation products, benzoic acid is not detected in our previous studies.
The MS spectra and structure of benzoic acid are shown in figure 6.12. Hydroxyl radical
attack on the [3-hydroxy-4-(methylamino)phenyl]-phenylmethanone causes the formation
of benzoic acid[45] as shown in scheme 6.1. The creation of [3-hydroxy-4-
(methylamino)phenyl]-phenylmethanone, a degradation product of malachite green dye is
discussed in chapter 3. The results show that the addition of H2O; into the reaction medium
enhances the oxidation of malachite green degradation products into smaller molecules

like benzoic acid.
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Figure 6.12 Mass spectra of benzoic acid identified by GC-MS/MS analysis

Scheme 6.1 Degradation pathway of MG using AP-Fe nanoparticles
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6.4. Conclusions

The green synthesis of Fe nanoparticles using seed coat extracts of Strychnos nux-vomica
and Abrus precatorius and their efficiency for removing malachite green dye and Cr(VI)
has been investigated. GC-MS/MS analysis identified the bioactive components present in
the AP and SN plant extracts. UV-visible spectral analysis confirms the formation of Fe
nanoparticles and FTIR spectra provide the probable functional groups present in the plant
component which reduces Fe®*" and stabilise Fe nanoparticles. AP-Fe nanoparticles have
dispersed crystalline particles over an amorphous phase with particle size ranging from
3-32 nm and SN-Fe nanoparticles are amorphous with particle size ranging between
2.1-5 nm, as confirmed through HRTEM analysis. SAED pattern of the synthesised Fe
nanoparticles suggests that SN-Fe nanoparticles have FezOs composition and AP-Fe
nanoparticles have a mixture of Fe® and FesO4 nanoparticles which is attributed to the
major bioactive components present in the plant extract. Additionally, the study also
envisaged that AP-Fe nanoparticles and SN-Fe nanoparticles have a high potential for the
removal of Cr(VI) and MG dye. The result shows that AP-Fe nanoparticles and SN-Fe
nanoparticles removed 73 % and 69 % Cr(V1) using 0.2 mL nanoparticles dosage within
15 minutes through adsorption, reduction to Cr(l1l) and precipitation. In the presence of
H>0, the prepared nanoparticles acted as Fenton-like catalyst and degraded the MG dye
through oxidation. The AP-Fe and SN-Fe nanoparticles were removed 98 % and 91 % MG
using 1 mL nanoparticles and H.O> within 15 minutes. The parameters such as
nanoparticle dosage, initial pollutant concentration, initial pH of the solution and contact
time were also investigated. The study established that plant extracts can be used for the
effective production of stable Fe nanoparticles, which can act as a promising source for

contaminant removal.
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