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Abstract

Recently, a huge amount of laboratory-scale research and field tests
are being carried out internationally in order to assess the
effectiveness of iron nanotechnology in environmental cleanup.
Published results have shown that nano iron is an effective tool for
remediation of water and soil from various kinds of organic and
inorganic pollutants. Together with this, increasing attention is also

paid to the impact of nano iron on the biosphere.

In this study, nano iron was applied to remediate soil samples
contaminated with chromium. Hexavalent chromium is a well known
pollutant in water and soil, particularly in the vicinity of industrial
regions. In addition to this, the effect of nano iron on plant growth and

soil bacteria was investigated.

This research was conducted in cooperation between Chemistry
department and department of Biology and Biochemistry at Birzeit
University. Nano iron was synthesized, and its efficiency toward
Cr(VI) removal was tested using laboratory scale experiments under

various experimental conditions. The assessment of nano iron impact
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on plant growth and soil bacteria was realized using the facilities

found at the department of Biology and Biochemistry.

The results indicate that both of nZVI and Z-nZV1 materials are very
effective in Cr(VI) removal, as the percentage removal exceeded 90
percent for most of the studied concentrations. For nZVI, equilibrium
of Cr(VI) removal is approached in about one hour of contact between
liquid and solid phases. For Z-nZV1, the process was slower and more
than four hours were required to attain equilibrium. The data of Z-
nZVI obeyed pseudo first order kinetics, with k; (rate constant)
calculated as 3.4 %1073+ 0.2% 1073 min™, and Qms (Maximum

sorbable amount) found as 24 + 1 mg/g.

The removal of Cr(VI) is high over a wide range of pH values, the
removal was seen to decrease in the alkaline medium. Generally, the
removal of Cr(VI) by Z-nZVI1 is more pH-dependent than that of

nZV1.

The results of EDX mapping analysis showed that the Cr signals are
associated with the Fe signals, not with Si, indicating that Cr ions

favors binding to iron nanoparticles more than soil.
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No negative effect of nZVI and GT-Fe on Corn growth at the lower
applied dose (0.1 mg/Kg) on soil fertility and plant nutrition was
observed, however, high concentrations of Fe NPs can be harmful to

the corn plants.

The results of bacteria tests showed that Cr(VI) solutions have little
effect on the tested bacteria types at low concentrations, but
detrimental effects at higher concentrations. nZVI (and Cr-nZVI)
demonstrated the highest detrimental effect, GT-Fe NPs had less
detrimental effect than nZVI. The extent of the effect will depend

significantly on the applied concentration.
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1. Introduction

1.1 Pollution of Cr(VI) in soil and water

Chromium, discovered in 1797, took its name from the Greek ward
‘chroma’ which means color, because of the many different colors
found in its compounds. This element is the earth’s 21* most abundant
element, and the sixth most abundant transition metal [1].

The metal content in soil is a sum of metals originating from natural
processes and human activities [2]. Natural processes result in heavy
metal content derived from parent rocks, while anthropogenic
contamination includes agrochemicals, organic amendments, animal
manure, mineral fertilizer, sewage sludge, and industrial wastes [3].
Heavy metals are among the most significant soil contaminants, due
to their long-term toxicity effects [4] as they are non biodegradable
and non thermodegradable [5]. In general, increase in metal content in
soils is observed in areas of intense industrial activities [2],[4],[6].
Moreover, effluent slurries with high heavy metal content is a
common waste liquid which have been frequently disposed by a
variety of industrial processes. It is reported that heavy metal

contamination of water sources may last for decades [6].



Heavy metals can accumulate to toxic levels because they are non
biodegradable and non thermodegradable [5]. It is well known that
heavy metals are essential for living thing at certain levels but that
toxic effects appear if the intake exceeds the limit values. Soil and
water contaminants can penetrate into the food chain by plants and
through direct consumption by animals feeding on them. High doses
of heavy metals are known to cause carcinogenic, teratogenic, toxic,
or cardiovascular problems. Therefore, metal pollution in areas of
agricultural activities forms a great concern [4]. Moreover, the toxicity
of heavy metals to organisms can affect the microbiology of the soil

ecosystem [7],[8], [9].

Industrial activities that can increase Cr concentration in soils include
steel production, leather tanning and corrosion prevention [7]. In
addition, soils irrigated by wastewater can accumulate heavy metals
such as Cr and can release heavy metals into ground water available
for plant uptake [5].

As is known from basic Chemistry, transition metals exist in different
oxidation states due to the presence of empty ‘d’ orbitals in transition

metal ions, and thus can form various species in solution [8]. The most



stable oxidation states of Cr in soil and water are Cr(lll) and Cr(VI).
Each of them exhibit markedly different mobility and toxicity; Cr(VI)
iIs well known to be more toxic and more mobile than Cr(lIl). In
addition to these forms of Cr, other valence states which are unstable
and short lived can exist in biological systems [10].

The reduction of Cr(VI) ions is environmentally beneficial because it
decreases the threat of these ions to human health [7]. According to
World Health Organization (WHO) regulations, the maximum
permissible limit of total Cr in drinking water is 50 ppb [8].

The high toxicity of Cr(VI) is results from being both a mutagen and
a suspected carcinogen, and being quite soluble in water almost over
the entire pH range. In acidic soil, however, Cr(\VI) may be adsorbed
and reduced to the far less mobile Cr(lll) in presence of ferrous iron
[11].

Soil quality and content can affect productivity of crops and livestock,
environmental quality of natural resources, in addition to health of
plants, animals, and humans [12]. In spite of the the useful
applications of Cr, the impact of its industry on the local environment

Is extensive, complicated and not fully quantified [13]. Moreover, the



natural occurrence of Cr ranges from 10 to 50 mg/kg depending on
the parental material [10].

Due to its serious hazards, it is necessary to remove Cr(VI) from
wastewaters prior to their discharge into the environment. Various
remediation technologies such as membrane filtration, electrodialysis,
ion exchange and adsorption have been developed and employed so
far to remove Cr(VI) from wastewaters. However, each of these
methods has its own limitations, which makes it necessary to test and

develop new materials and more efficient technologies [14].

1.2 Nanoscale iron; general characteristics and applications
Nanomaterials and nanoparticles can be defined as materials
manufactured or produced with at least one dimension under 100 nm
size.  These materials are known to display novel properties
depending on their small size [15].

Engineered nanoparticles (ENPs) term is used to refer to nanoparticles
manufactured with novel properties. These materials possess different
optical, electrical, magnetic, chemical and mechanical properties from
their bulk counterparts. In nanoscale range quantum effects start to
predominate and the surface-area-to-volume (SA/V) ratio becomes

very large. The increase in SA/V ratio results in increased surface



activity of the material and changes their properties and behaviour
[16].

The increased surface activity enhances the tendency of nanomaterials
to adsorb, interact and react with other atoms, molecules and
complexes to achieve charge stabilization. Such unique properties
have been shown as beneficial for a wide range of applications [17].
As a result of size reduction, properties are modified. For example,
opaque substances become transparent (copper); stable materials
become combustible (aluminum); inert materials become catalysts
(platinum); insulators become conductors (silicon); and solids turn
into liquids at room temperature (gold) [16].

Iron is the fourth most abundant element in the Earth's crust [18].
Since the introduction of zero-valent iron (ZV1) for water purification
in 1990, many contaminants have been successfully removed by
reductive transformation [19]. ZV1 is a well known remediation agent
because of its use in permeable reactive barriers, which are used in the
treatment of contaminated soil and groundwater with distinct
contaminants such as halogenated hydrocarbons or heavy metals [20].
Nanoscale zero-valent iron (nZVI1) technology has been widely

investigated for the treatment of environmental pollutants in the last



two decades. The material has the advantage of a large specific
surface area and great intrinsic reactivity of surface sites [21]. The
effectiveness of the material is due to the small particle size and low
standard potential and easiness of preparation. In addition, Fe is
known to possess a relatively high recommended safety limit and
daily intake requirement, compared with other metals [22]. A typical
schematic representation of the preparation method of nZVI is shown
in Fig. 1.

It has also been reported that ZV1 nanotechnology is cost effective for
In situ and ex situ remediation. By virtue of their high surface/volume
ratios, nZV1 possess enormous amount of energy that brings about a
high sequestration capacity and provide a kinetic advantage in the
uptake process [23].

One important limitation of nZVI technology is caused by the rapid
aggregarion/agglomeration of individual iron nanoparticles prepared
using traditional methods. The material tends also to react quickly
with the surrounding media (e.g. dissolved oxygen or water), resulting
in rapid loss in reactivity. Because agglomerated ZVI particles are
often in the range of micron scale, they are essentially not

transportable or deliverable in soils, and thus, cannot be used for in



situ applications. Several methods have been proposed to solve this

problem. One approach is attaching nZVI to a support material [24].

* | [Drying in Oven

‘L’.""_J

FeCl2 solution
(4:1 Ethanol:water) &acuum Filtratioﬂ

Figure 1 Schematic representation of the synthesis of nano-iron

materials by borohydride reduction [22].

During the last few years, ‘green synthesis’ has been presented as a
serious alternative for the chemical preparation of iron nanoparticles,
It has received considerable attention due to its eco-friendly
characteristics. In this method, plant extracts and materials represent
an alternative to chemical and physical methods for the synthesis of
NPs [25].

Green synthesis has additional advantages because it is easily

scrabbled up for large scale synthesis, and in this method there is no



need to use high energy, temperature, and toxic chemicals. Green
synthesis offers better influence, control over crystal growth and their
steadiness [26].

Bare nZVI particles are typically less than 100 nm in diameter. In
aqueous solutions, all nZV1 particles react with water and oxygen to
form an outer iron (hydr)oxide layer. As a result, nZV1 particles are
well known to have a core-shell structure [6], as shown in fig. 2,
which proposes conceptually a structural model of nZVI and its

reactions with several contaminants [27].

Hg2+
FeS ( Reduction
eS2
/ e _ 0
Surface (' -~ W Hg
mineralization FeS /
vj "
HoS /
— N2+ Sorption +
‘/ Reduction
Zn(OH)x(s) \
Ni®
Sorption + /
Precipitation Zn*

Zn2+

Figure 2 The core-shell model of nZV1 and schematic representations
of the reaction mechanisms for the removal of several contaminants

[27].



The core forms an electron source that can reduce a wide range of
inorganic and organic pollutants, while the shell surface has the ability
to adsorb many ions or molecules through physical or chemical
sorption. The oxide layer is thought to comprise of mixed
Fe(I)/Fe(111) oxides near the interface with Fe® and mostly Fe(lll)
oxide near the oxide/water interface. This core-shell structure has
important implications for the chemical properties of nZV1 [27].
Metallic or zero-valent iron (Fe®) is considered a moderate reducing
reagent. Table 1 gives the standard reduction potential of Fe*" and
Fe** in comparison with other ions [28].

Table 1 Standard reduction potential of Fe?* and Fe®* [28]

Cathode (reduction) Standard potential
half reaction E° (volts)
Fe*(aq) + 2e” -> Fe(s) -0.41
Fe®*(aq) + 3e” -> Fe(s) -0.04

Metallic iron can react with dissolved oxygen (DO) and to some
extent with water according to the reactions [29]:

2Fe’(s)+ 4H*(ag)+ O,(aq) — 2Fe**(ag)+ 2H,0(l) ....... (1)
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Fe’(s)+ 2H,0(aq) — Fe*'(aq)+ H(g)+ 20H (aq) ....... (2)

The above equations are the classical electrochemical/ corrosion
reactions by which iron is oxidized upon exposure to oxygen and
water [29].

To date, nZVI has been developed and used to degrade a wide range
of organic and inorganic soil and water contaminants, including
halogenated organic compounds, polycyclic aromatic hydrocarbons
(PAHS), pesticides, and heavy metals [30].

In recent years nZVI has been developed and demonstrated to be an
effective reductant for the immobilization of Cr(V1) in water and soils
[31]. Concerning the removal of Cr and its relevant species, studies
carried out so far showed the potential of application of iron
nanoparticles in the removal of Cr from groundwater, wastewater, and
soil [32].

The previous results suggested that Cr(VI) could be rapidly reduced
and immobilized by nanoscale iron-based particles without secondary
pollution induced by toxic ions [33]. Metals with standard redox
potential (E°) are much more positive than Fe’ (e.g., Cr) are
preferentially removed by reduction and precipitation [6]. The

suggested reaction for Cr reduction and immaobilisation is:
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Fe? + CrO, 2 + 4H,0 — (Fe,, Cr,_)(OH)s+ 50H"

In which the toxic or carcinogenic hexavalent form of Cr is reduced to
the less toxic Cr(lll) form, which readily precipitates as Cr(OH); or as
the solid solution Fe,Cr; - ,(OH); [18], (asolid solution is asolid-
state solution of one or more solutes in a solvent. Such a mixture is
considered a solution rather than acompound, when the crystal
structure of the solvent remains unchanged by addition of the solutes,
and when the mixture remains in a single homogeneous phase).

In addition to the redox mechanism, some Cr(VI) can be directly
adsorbed on the hydr(oxide) shell of nZV1 [6].

In the context of soil remediation, trace elements cannot be destroyed
like organic contaminants, they can only be relocated. To decrease
contaminant bioavailability and mobility, various strategies have been
used [34]. The in-situ chemical reduction of Cr(VI) by nzZVI
represents a potentially more effective, lower cost alternative to other
remediation techniques such as pump and treat, permeable reactive
barriers (PRB) and natural attenuation via bio- and phytoremediation
[24]. Stabilization of contaminated soil is a remediation technique that
reduces the mobile fraction of trace elements, which could

contaminate groundwater or be taken up by soil organisms [35].


https://en.wikipedia.org/wiki/Solid
https://en.wikipedia.org/wiki/Phase_(matter)
https://en.wikipedia.org/wiki/Solution
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1.3 Literature review of similar studies
1.3.1 Removal of Cr(VI) from water and Soil

This section summarizes the findings of previous studies about the
applications of Fe NPs and its composite materials in the removal of

Cr(VI) ions.

The application of Fe NPs and its composite materials in the removal
of Cr(VI1) was examined in a number of studies. The reduction and
precipitation of Cr(VI) by nZVI was reported to be rapid with a
removal capacity ranging from 180 to 50 mg Cr/g nZVI in the pH
range of 4 to 8 [36]. In another study effective removal of Cr(VI) by
nZVI was reported, and the reaction products were composed of iron
oxides, Cr—Fe (oxy)hydroxide and/or the unreacted Fe® [37].

Various materials were used as supports of Fe NPs to assess the
removal capacity of Cr(VI) ions. Silica fume-supported Fe® NPs was
reported to be reactive in remediation of Cr(VI), and its removal
ability was higher than unsupported Fe® under the studied conditions
[24]. In another study, nZV I loaded on epichlorohydrin/chitosan beads
was reported to be an effective and promising remediation material to

remove Cr(VI) from wastewater, and the rate of reaction was a first
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order [17]. nZVI supported on a pillared bentonite (Al-bent) was
reported to yield almost a complete removal of Cr(VI) ions after 120
min of contact [38]. Bentonite was proven to be an effective
dispersant and stabilizer of nZVI, and thus was superior to nZVI in
removing Cr(VI) from aqueous solution. Kinetics studies
demonstrated that the reduction of Cr(VI) by B-nZVI followed a
pseudo-first-order model with almost a complete removal [39]. In
another study, nZV1-Fe;O,4 composites were used in Cr(\VI1) removal,
and the reaction was reported to be more efficient when the
temperature increased from 10 °C to 40 °C [40].

The application of Fe NPs was also investigated for the removal of
Cr(VI) from soil. For this purpose a new class of sodium carboxy
methyl cellulose (CMC)-stabilized nZVI was tested for the in situ
remediation of Cr(V1) contaminated soils. The results for the removal
of aqueous-bound Cr(V1) indicated that the reduction efficiency was
proportional to the CMC-nZVI1 dosage and inversely related to the
initial Cr(VI) concentration, with slightly better performance for
acidic or neutral soil remediation [41]. In another study, contaminated
soil was stabilized with 1% iron grit. This treatment decreased Cr

concentrations in leachates (by 98%), in soil pore water (by 99%) and
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in plant shoots (by 84%) [35]. A comparative column study was
conducted for the treatment of Cr(VI)-contaminated soil at a Cr
plating facility using two agents: calcium polysulfide and Fe NPs
stabilized with a polyphenol rich green tea extract. It was concluded
from this study that CPS has more favorable properties as injectable
reductant for Cr(V1) treatment in soils compared to GT-nZV1 [42].

In further applications, stabilized nZV1 was applied in the remediation
of a simulated Cr(VI)-polluted river. The results showed that the
remediation effectiveness was improved with the increasing nZVI
dose, decreasing initial concentration of pollution source and water
flow rate [43]. In a different work, nZVI was used to reduce Cr(VI)
content in Chromite ore processing residue (COPR). The results
implied that remediation approaches using nZV1 to immobilize Cr(VI)
in COPR is successful with sufficient water content to facilitate

electron transfer between Cr(VI1) and nZVI [31].

1.3.2 Effect of nano iron on plant growth

Iron is one of the essential elements for plant growth and plays an
important role in the photosynthetic reactions. Iron activates several

enzymes and contributes in RNA synthesis and improves the
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performance of photosystems [44]. An important parameter that
contributes to this is the existence of two stable, inter-convertible
forms of this metal, which take part in fundamental processes
involving electron transfer reactions, including respiration and
photosynthesis [45].

Plants are an essential base component of all ecosystems and play a
critical role in the fate and transport of engineered nanoparticles in the
environment through plant uptake and bioaccumulation [46].

The major factors affecting uptake of minerals by plants include soil
factors and plant factors. With respect to soil factors, the availability
of trace elements as nutrients depends on several parameters, such as
lithosphere (base-rock), soil age, soil type and the covering flora. In
general, heavy metals can accumulate in higher amounts in the
sorption complex of soils rich with organic matter. But the release
those metals to soil solution is much slower than in mineral soils due
to high affinity of soil organic compounds to heavy metals. Thus, the
availability of nutrient metals to plants is controlled also by soil pH,
type of mineral colloids and other important factors, like microbial

activity, redox potential and aeration [47].
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With respect to plant factors, almost all heavy metals can be taken up
by plants in two ways, which are mostly concentration-dependent; i)
Non-metabolic uptake - by energy independent mechanisms, in which
solutes can diffuse down the concentration gradient with the aid of
membrane carriers or even aqueous pores. ii) Metabolic uptake - by
energy dependent mechanisms. Here, active uptake is involved in

taking up ions against their concentration gradient [47].

One of the important consequences of the large increase in the
utilization of manufactured nanomaterials is the concern that the
release of these materials into the environment may pose a serious
threat for the environment [48].

Engineered nanoparticles (ENPs) closely interact with their
surrounding environment including plants, and the uptake and
accumulation in plant biomass will greatly affect the fate and transport
of ENPs in the environment. ENPs could also adhere to plant roots
and exert physical or chemical toxicity on plants [46].

Some studies showed that nanoparticles can be beneficial to plants
(seedling growth and development) or non-beneficial (to prevent root
growth) [44]. However, most studies with ENPs indicated certain

degree of phytotoxicity, especially at high concentrations [46]. Other
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researchers reported that nZVI particles do not have a significant
negative effect on indigenous microbial communities or certain plant
species over a long period [49]. It is reported that, for most
nanoparticles, relatively high concentrations are needed to cause
observable toxicity on plants and that the toxicity threshold is species
dependent [50].

The inhibition of plant growth may not be derived directly from
chemical phytotoxicity of nanoparticles. Instead, toxicity may result
from the physical interactions between nanoparticles and plant cell
transport pathways i.e. by inhibiting apoplastic trafficking by blockage
of the intercellular spaces in the cell wall or cell wall pores, or the
symplastic connections between cells through blockage of the nano-
sized plasmodesmata. [46].

It was reported that nZV|1 at the concentrations used in field conditions
could lead to phytotoxic effects on plants and that the extent of
toxicity is dependent upon plant species. The result indicated that
large scale introduction of nZVI to the environment could lead to
serious environmental consequences and thus the environmental

impact of such application warrants further attention [51].
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The phytotoxicity of nZV1 could be explained by several mechanisms.
The formation of black coating on the root surface could effectively
block the root membrane pores and interfere with the water and
nutrient uptake process. Moreover, under reduced conditions, ferrous
iron (Fe*") which is a by-product of iron oxidation, could be further
oxidized to its less soluble form of ferric iron (Fe**) by the oxidative
agents released from plant roots and as a result form a cover of an
insoluble Fe** compound on the root surface [51].

Furthermore, the introduction of nZVI could shift the redox condition
in the local environment and affect the oxygen release rate of plant

roots [51].
1.3.3 Effect of Fe NPs on soil bacteria

Microorganisms exposed to various metal ions in their environment
can interact with them. This can be beneficial or detrimental
depending on the chemical/ physical nature and oxidation state of the
metal ion. Like other heavy metals, chromium can induce multiple
toxic effects on tissues and it may affect immune response to bacterial

pathogen. Chromium is a unique transition metal ion, which has been
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established to be biologically significant at all the levels of living
organisms [52].

High concentration of iron is extremely toxic and may enhance
bactericide effects of antimicrobial agent or noxious substances, Fe
(111) as well as Fe (11) has an inhibitory effect. It is also revealed that
other trace elements such as chromium are toxic and could interact
with iron metabolism in bacteria. The toxic effects of the trace
elements could partially be removed in combination with other
elements [52].

Microbes in soil have important impacts on soil and plant. They play
significant roles in recycling plant nutrients, maintenance of soil
structure, detoxification of noxious chemicals, and the control of plant
pests and plant alterations. Being in intimate contact with the soil's
environment, soil microorganisms are very sensitive to any ecosystem
perturbation, and are therefore considered to be the best indicators of
soil pollution [53].

On the other hand, heavy metals exhibit toxic effects on soil biota, and
can affect key microbial processes and decrease the number and
activity of soil microorganisms [9]. In situ treatment of heavy metal

pollution might be expected to affect the plants and the
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microorganisms in soil. Microbial toxicity has been reported for metal
NPs, like elemental Ag, Au, Fe; oxides of Ti, Fe, Co—Zn—Fe etc [54].
However, other reports on the relative toxicities of heavy metals and
metal oxide NPs are contradictory [16].

So far little information is available about the effect of ENPs on the
soil microbial community. It is believed that ENPs may have an
impact on soil microorganisms via four ways; (1) a direct effect
(toxicity), (2) changes in the bioavailability of toxins or nutrients, (3)
indirect effects resulting from their interaction with natural organic
compounds, and (4) interaction with toxic organic compounds which
would amplify or alleviate their toxicity [16].

Many of the reactions involving Fe in soils, sediments, and
groundwater are microbially-mediated, with Fe(lll) acting as the
dominant electron acceptor for microbial respiration in many
subsurface environments [18].

Generally, elemental iron itself, such as zero-valent iron, has no
known toxic effect, and is one of the most common metals on earth
[49]. However, the generated Fe®* ions from the reaction between

nZVI and H,O could be toxic to microorganism, and it is necessary to
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investigate the potential releasing toxic ions from nZVI or its reaction
product [55].

Recently, however, a study showed that bacterial exposure to nZVI
would cause significant disruption to the cell membranes and leakage
of the intracellular content [49]. In another study, nZV1 was proved to
be non-toxic to microorganism in a long term, and the issue of safety
caused by anthropogenic injection of nZVI could be avoided [43].
Another work stated that nZVI might be toxic to indigenous bacteria
and hinder their participation in the cleanup process [56]. Several
studies have shown that iron nanoparticles are cytotoxic to pure
cultures of bacteria, such as Escherichia coli [57] and Bacillus subtilis
var. Niger [58].

Like in the case of plants, toxicity mechanisms on bacteria and
microorganisms have not yet been completely elucidated for most
ENPs. However, it is believed that possible mechanisms include
disruption of membranes or membrane potential, oxidation of
proteins, genotoxicity, interruption of energy transduction, formation
of reactive oxygen species, and release of toxic constituents [16].
Nanoecotoxicology is an emerging discipline with useful progress

mainly with regards to toxicity occurring in plant, fish and
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invertebrate species. However, important gaps remain in the
knowledge of other ecological receptors, such as soil microbial
communities [34]. Ethical and environmental concern for organisms
living in soil and surface water has led to questions of possible
negative secondary effects which have scarcely been addressed so far
[59]. This issue remains and important one that needs further research
and consideration.

Staphylococcus aureus is a type of bacteria. It stains Gram positive
and is round shaped. It is called Staphylococcus as its found in grape-
like (staphylo-) clusters. Staphylococcus isone of the five most
common causes of infections after injury or
surgery.[60] Staphylococcus aureus can be found in a wide variety of
locations such as soil, human skin, and public places like hospitals and
prisons [61].

Klebsiella pneumoniae is a Gram-negative, rod-shaped bacterium. It
naturally occurs in soil, and can fix nitrogen in anaerobic conditions.
K. pneumoniae has been demonstrated to increase crop yields in

agricultural conditions [62].

Bacillus subtilis cells are rod-shaped, Gram-positive bacteria that are

naturally found in soil and vegetation [63],[64].
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Escherichia coli (E. coli) bacteria normally live in the intestines of
people and animals. Most E. coli are harmless and actually are
an important part of a healthy human intestinal tract.[65] Escherichia

coli is a gram-negative, anaerobic, rod-shaped bacterium [66].

1.4 Purpose of this study

In this study, Fe NPs were prepared using two methods; nano-zero-
valent iron (nZV1) prepared by sodium borohydride reduction method,
and ‘greener’ iron nanoparticles (GT-Fe) prepared by using green tea
extract as a reducing and stabilizing agent. In addition, nZVI

supported on zeolite was also used.

The materials were characterized using Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM) to investigate
and compare their nanoscale morphology. X-Ray powder Diffraction
(XRD) was used to determine the mineralogical structure of the
materials. Energy Dispersive X-Ray Analysis (EDX) and X-ray
Fluorescence (XRF) were employed to determine the quantitative
elemental surface composition. BET technique was used to determine

the specific areas of the prepared materials.
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The prepared materials were then used in the removal of Cr(VI) from
agueous solution. The removal capacities were investigated under
various contact times, initial Cr(\V1) concentrations, and pH values to
determine and compare the removal kinetics and extent of removal.
Cr(VI) concentration was determined using UV-visible

spectrophotometry.

The prepared materials were then used to remove Cr(VI) from soil.
The effect of the remediation process on plant growth was
investigated with Corn used as a model plant. Soil samples were
analyzed at the beginning and after two months of planting with ICP-

OES to determine the Cr and Fe concentration in soil.

Furthermore, the effect of the prepared materials on bacteria growth
was investigated. For this purpose, four different types of bacteria that
are usually available in soil were tested, two of them are gram positive
(Staphylococcus aureus and Bacillus subtilis) the other two are gram

negative (Klebsiella pneumonia and Escherichia coli).
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2. Experimental

2.1 Preparation of Iron Nanoparticles (nZV1)

The procedure applied for this purpose was also reported in earlier
studies [1,2]. It relies on the liquid phase reduction method utilizing
borohydride as a reducing agent of iron ions. In order to prepare nZV|,
5.34 g sample of ferrous chloride (FeCl,.4H,0) was dissolved in 25.0
ml solution of absolute ethanol and water (4:1 v/v ). A 2.54 g sample
of sodium borohydride (NaBH,) was separately dissolved in 70.0 mL
water, it was then added dropwise onto the Fe** solution kept under
well stirring.

After the addition of all the borohydride solution, the iron sample was
separated using suction filtration, and subsequently washed three
times with absolute ethanol (this is an important step to avoid
oxidation of Fe®). The nZVI powder was then dried for about 6 hours

in the oven ( LDO 030E,060E,100E) which was kept at 90 °C.

2.2 Preparation of zeolite-iron nanoparticles
The composite of iron nanoparticles supported on zeolite (Z-nZVI)
was prepared using the borohydride reduction method in accordance

with the procedure reported earlier [1,2]. Z-nZV1 was prepared in 1:1
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zeolite / Fe** mass ratio by dissolving 5.34 g of FeCl,.4H,O (Aldrich
22029-9) in 25.0 mL (4:1 ethanol/water) solution. Subsequently, 1.5 g
of zeolite (obtained from Inamarble Company) was added to the
solution and mixed on a magnetic stirrer for 15 min. NaBH, (Merck
8.06373.0025) solution was prepared separately by dissolving 2.54 g
in 70.0 mL deionized water, then it was added using a burette to the
iron—zeolite solution under continuous stirring. Following the
borohydride addition, the solution was kept under continuous stirring
for another 15 min then filtered under suction and washed 3 times
with absolute ethanol. Finally, the Z-nZV1 composite was dried in the

oven at 90°C for 6 h.

2.3 Preparation of GT-Fe NPs

The samples were prepared in accordance with a procedure reported
earlier [69]. For this purpose, green tea extract was obtained by
heating 60.0 g L™ green tea (Alwald Brand) until boiling. After
settling for 1.0 h, the extract was vacuum-filtered. Separately, a
solution of 0.10 M FeCl,-4H,0 was prepared by adding 19.9 g of
solid FeCl,-4H,0 (Aldrich 22029-9) in 1.0 L of deionized water.
Subsequently, 0.10 M FeCl,-4H,0 solution was added to 60.0 g Lt

green tea in 2:3 volume ratio. Following this, 1.0 M NaOH solution
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was added until the pH reached 6.0 and the formation of GT-Fe NPs
was marked by the appearance of an intense black precipitate.

The solid phase was separated in two step; first by evaporating water
from the iron solution on a hot plate (Freed Electric), and then by

drying it overnight in a fume hood.

2.4 Preparation of hexavalent chromium Cr(V1) solution

A 500 mg/L stock Cr(V1) solution was prepared by dissolving 141.4
mg of potassium dichromate (K,Cr,O;, Aldrich 20924-4) in 100 ml
distilled water. The solution was used to prepare other solutions at
concentrations of 0.1, 0.2, 0.4. 0.6, 0.8, 1.0, 10.0, 20.0, 30.0 mg/L.
The UV-visible absorbance readings of these solutions were recorded
(at Amax = 350 nm)  and a calibration curve was constructed. The
instrument used for the UV-Vis. measurements was a Varian Cary 50
Spectrophotometer. The scanned curve containing Am. Of chromium

solution and the calibration curve are provided in appendix A.

2.5 Characterization techniques
Appropriate physical and chemical characterization of natural and
manufactured NMs is fundamental to determine their intrinsic

properties [70].
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The solid samples used in this study were characterized using
Scanning Electrom Microscopy/Energy Dispersive X-ray Analysis
(SEM/EDX), powder X-ray Diffraction (XRD), X-ray Flourescence
(XRF), Surface area analysis (BET-N,), and Fourier Transform-
Infrared Spectroscopy (FT-IR). All the soil samples were taken at the
beginning of the planting experiments. All the above instruments,
except the FTIR, are located at Izmir Institute of Technology in
Turkey. The samples characterized using these techniques are given in

Table 2.
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Table 2 Description of samples characterized at Izmir Institute of

Technology.
# Sample Description Symbol
1 Zero valent iron NPs nZVl
2 Zeolite supported iron NPs Z-nZV1
3 Greener iron NPs GT-Fe
4 Soil only Soil
5 Soil containing Chromium Soil + Cr
6 Mixture of Soil and Greener iron NPs Soil + GT-Fe
7 Mixture of Soil, Chromium, and Greener iron | Soil+Cr+GT-Fe
NPs

In addition, the samples given in Table 3 were characterized with

SEM & TEM instruments located at Ulm University in Germany.
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Table 3 Description of samples characterized at UIm University

Sample Description Symbol
Soil only Sail
Greener iron NPs GT-Fe
Zero valent iron NPs nZVl
Soil after the reaction with Cr(VI) Soil*
Mixture of Soil and Greener iron NPs after the reaction Soil + GT-Fe *
with Cr(VI)
Greener iron NPs after the reaction with Cr(V1), initial pH GT-Fe-2
=2
Greener iron NPs after the reaction with Cr(V1), initial pH GT-Fe—-4
=4

Sample 4 in Table 3 was prepared by mixing 100-ml of 500 mg/L Cr
(V1) solution with 15.0 g soil. To prepare sample 5, 5.0 g of GT-Fe
were added to the Cr(VI) solution with the 15.0 g soil. For samples 6
and 7, 5.0 g of GT-Fe were added to the Cr (V1) solution, and the pH
of the Cr (V1) solution was adjusted with 0.1 M HCI and 0.1 M NaOH

at pH=2 for sample 6, and pH=4 for sample 7. All samples were then
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left in contact for 48 hrs, then filtered and dried in the oven at 90°C for

3 hrs.

2.5.1 BET surface area analysis

Brunauer—Emmett—Teller (BET) theory explains the
physical adsorption of gas molecules on a solid surface and serves as
the basis for an important analysis technique for the measurement of

the specific surface area of a material [71].

Samples 4, 5, 6 and 7 given in Table 2 were analyzed for their surface
areas using the BET-N, method. For this purpose, a Micromeritics

Gemini V (Georgia, USA) type instrument was employed.

2.5.2 XRD

X-ray diffraction (XRD) relies on the dual wave/particle nature of X-
rays to obtain information about the structure of crystalline materials.
A primary use of the technique is the identification and

characterization of compounds based on their diffraction patterns [72].

XRD analysis was performed using a Philips X’Pert Pro (Almelo,

Netherlands) instrument. The source consisted of Cu K, radiation
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(A=1.54 A), and each of the analyzed samples was scanned within the

2 theta range of 20-80.

Samples 1 through 7 in Table 2 were all characterized with XRD. The
obtained data were processed and analyzed using MS Origin Pro. 9

software.

2.5.3 SEM/EDX

The scanning electron microscope (SEM) employs a focused beam of
high-energy electrons to generate signals from the surface of solid
specimens, in order to reveal information about the sample including
external morphology (texture), chemical composition, and crystalline

structure and orientation of materials making up the sample [73].

Energy Dispersive X-Ray Analysis (EDX), is an x-ray technique used
to identify the elemental composition of materials. EDX systems are
attachments to SEM or TEM instruments (in this study EDX is
attachment to the SEM instrument). Elemental mapping of a sample

and image analysis are also possible [74].

SEM/EDX analysis was obtained using a FEI Quanta 250 FEG

(Oregon, USA) type instrument. The solid samples were first



33

sprinkled onto adhesive metallic disks, and the images of the sample
surfaces were recorded at different magnifications.

This analysis was performed for all samples in Table 2. In addition to
the above, elemental and mapping EDX analysis was performed using
the same instrument for sample 7 (Table 2) at randomly selected areas
to determine the atomic distribution of elements on the surface of the
solids.

SEM analysis was performed for all samples given in Table 3. The
instrument used in analysis was a Hitachi, S-5200 field-emission
scanning electron microscope, Hitachi, Tokyo, Japan. The
accelerating voltage was 10 kV, and the images were taken with the

secondary electron detector.

2.5.4 XRF

X-ray fluorescence (XRF) is an elemental analysis technique with
broad application in science and industry. XRF is based on the
principle that individual atoms, when excited by an external energy
source, emit x-ray photons of a characteristic energy or wavelength.
By counting the number of photons of each energy emitted from a

sample, the elements present may be identified and quantified [75].
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XRF measurements were performed using a METEC spectro 1Q I
(Kleve, Germany) type instrument. The Samples were pulverized in a
mortar and thoroughly milled powder was stored in plastic mini
centrifuge tubes. During the analysis, the samples were mounted on
glass slides and placed in the XRF sample holder.

This analysis was performed for all samples in Table 2.

2.5.6 HR-TEM

High resolution transmission electron microscopy (HR-TEM) is a
valuable tool which allows the corroboration of structure,

morphology, as well as diffraction data for nanomaterials [76].

The instrument type was a Jeol-1400 transmission electron
microscope, Jeol, Tokyo, Japan. The accelerating voltage was 120 kV,
bright field signal. A very small amount of each sample was taken in a
plastic tube and mixed with a resin. Samples were then centrifuged

and left to dry for two days.

A cross section to ultra thin layers was prepared under the
microscope. Then the thin section was placed on a copper grid and
fixed on the device holder, the parameters were finally adjusted to

obtain clear images. This analysis was done for all samples in Table 3.
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2.6 Removal of Cr (VI) from agueous solution

All the experiments were performed under atmospheric pressure in a
thermostated water bath equipped with a shaker (Electra medical
corporation , SWB 402). The water bath was adjusted at 25°C. In all
the experiments, the solid and liquid samples were placed in sealed

polypropylene tubes.

The UV-Visible absorbance readings of the liquid and supernatant
phases were recorded using a Varian carry 50 spectrophotometer at
Amax Of 350 nm. The concentrations of chromium were determined

from the calibration curve prepared previously (Appendix A).

2.6.1 Effect of time

In the kinetic experiments, 0.10 g samples of Fe NPs (nZVI) were
mixed with 25.0 ml aliquots of 100 mg/L Cr (V1) solution, and were

contacted for 1 min, 5 min, 30 min, 1 hr ,4 hr and 24 hr.

The Cr (VI) solutions were separated from Fe NPs by centrifugation
(Labo fuge 200) and / or filtration. The supernatant solutions were

analyzed by measuring the UV-Visible absorbance of the solutions.
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In addition to the previous experiment, a blank experiment was also
carried out in parallel at the same Cr (V1) concentration (100 mg/L),
using zeolite and Z-nZV1 composites. The contact times were kept as
above, and the Cr (V1) solutions were separated and analyzed in the

same way as in the nZV1 experiment.

2.6.2 The effect of initial Cr (V1) concentration

In the related experiments, the initial Cr (V1) concentrations were 5.0,
10.0, 25.0, 50.0, 100.0 mg/L. In each trial, 0.1 g samples of nZVI
were added to 25.0 ml Cr (VI) solution portions and were mixed for 1

hr in a shaker kept at 25°C.

The Cr (VI) solutions were then separated from nZVI using
centrifugation and/or filtration, and were analyzed by measuring the
UV-Visible absorbance. The pH of the solutions was measured using

a pH-meter (HANNA instrument, HI 98129, HI 98130).

The effect of concentration was studied also for pure zeolite and Z-
nZV1 composites. The same initial Cr (V1) concentrations and time of
contact were used and the solutions were separated and analyzed in

the same way reported in the previous section.
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2.6.3 Effect of initial pH on the Cr (VI) removal

The effect of the pH on the removal of Cr (V1) by nZV1 was studied at
100 mg/L initial concentration. In each trial 0.1 g of nZV1 was added
to 25.0 ml of the Cr (V1) solution and the pH was adjusted to 2.0, 4.0,
6.0, 8.0 and 10.0. The samples were left in contact with the solutions
for 2 hr, the solutions were then separated via filtration, and the
supernatants were analyzed by measuring the UV-Visible absorbance

and pH of the samples.

The experiment reported above was repeated in the same way by

replacing nZVI with Z-nZV1.

2.7 Plant experiments - Effect of Fe NPs on Corn growth

2.7.1 The experiment layout

The corresponding experiments were performed using 25-L pots made
from polyethylene plastic which is usually used in farming.

The experimental design used was a randomized completely blocks
design (RCBD), with twelve treatments each replicated five times

(there were 60 experimental units as shown in Figure 3 and Figure 4).
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Figure 3 The plant experiment layout (RCBD)
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Figure 4 An image of the planting site

Table 4 shows the twelve treatments included.
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Table 4 Treatments included in the plant experiment

Treatment Classification
1 Positive control (soil + Cr (V1))
2 Negative control (only soil)
3 Zeolite 0.1 mg / Kg + Cr (VI) 200 mg / Kg
4 Zeolite-nZV10.2 mg/ Kg + Cr (V1) 200 mg / Kg
5 nZV10.1 mg/Kg+ Cr (VI) 200 mg/ Kg
6 GT-Fe 0.1 mg/Kg+ Cr (VI) 200 mg/ Kg
7 GT-Fe1l mg/Kg+ Cr (VI) 200 mg/ Kg
8 Zeolite 0.1 mg / Kg
9 Zeolite-nZV10.2 mg / Kg
10 nZV10.1 mg/ Kg
11 GT-Fe 0.1 mg/ Kg
12 GT-Fe1mg/ Kg
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2.7.2 Preparing soil for planting

Pots were filled with a soil-sand-pitmos mixture (soil mix) at a ratio of
4:1:0.5, respectively. The capacity of the planting pot was determined
and calculated as 24.5 Kg. For each treatment, the amount of soil mix
and the exact weights of chemicals needed in each treatment were
calculated and weighed, then mixed manually after adding enough
amount of tap water to result in as possible as a homogenous mixture
in a large vessel. Then the mixtures were distributed in the five pots
related to the five replicates of the treatments. The pots were then left
for one week to allow the soil mix and chemicals to equilibrate with

each other as much as possible.

2.7.3 Planting

Corn was chosen as a model plant in the corresponding experiments.
Corn seeds were planted on 9/7/2014, with two seeds planted in each
pot. The first set of soil samples was collected in the same day at the
beginning of the planting. The pots were irrigated regularly with tap
water 2-3 times per week. In each time, for each pot, 2-3 L of water

was added.
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After about two months (on 18/9/2014), at the middle of the planting
period, the second set of soil samples were collected, and observations
on the plant growth and progress were recorded for future

comparisons.

2.7.4 ICP-OES analysis for soil samples

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-
OES) analysis was performed at the Center of Birzeit University
Testing Labs.

Soil samples were collected at the beginning and at the middle period
of planting (after two months). All samples were collected from the
top soil sections and were analyzed with ICP-OES to determine and
compare the concentrations of iron and chromium in the twelve

treatments.

The metal analysis for the soil samples was performed as follows; the
soil samples were dried to remove moisture (each soil sample was
kept in a tray at 70°C over night), and the samples were then sieved at
60 mesh sieve (0.250 mm) to allow 200 mg from the soil to pass

through the sieve into a crucible.
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Each sample was digested with around 20 ml of Aqua-regia
(HCI+HNO; at 3:1 v/v ratio), and boiled on a hot plate. Volume
reduction in each sample occurred (sample size with aqua regia

became below 5 ml due to evaporation and digestion).

After digestion was completed, the crucible was cooled and the
remaining was filtered with a 0.45 micrometer filter, and transferred to
50 ml volumetric flask. Distilled water was added to the filtrates up to
total volume of 50 ml (total volume of sample and distilled water),

and the samples were then analyzed by ICP-OES.

2.8 Effect of Fe NPs on Bacteria

The antibacterial activity of Fe NPs (nZVI) was investigated on
bacteria types present in soil.

The samples, solution concentrations and bacteria types used in these
experiments are given in Tables 5 and 6, and pictures of the well

plates are shown in Fig. 5.
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Table 5 Samples which were tested in the bacteria experiments

Sample Concentration (mg/L)
Chromium solution (Cr(VI)) 10
Chromium solution (Cr(V1)) 100

nZVI slurry 10
nZVI slurry 50
GT-Fe slurry 10
GT-Feslurry 50
(Cr(VD)) solution + nZVI 100 Cr/50 iron
(Cr(VD)) solution + GT-Fe 100 Cr/50 iron

Table 6 Types of tested Bacteria

# Bacteria name

1 Escherichia coli

2 Klebsiella pneumonia
4 Staphylococcus aureus
5 Bacillus subtilis

The chemicals were added to bacteria as shown in Table 7.
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Table 7 Presentation of the type and order in which chemicals were

added to the 24 well plates ( each well contains the tested bacteria)

1 2 3 4 5 6
A Empty | Empty | Cr(VI) | Cr(VI) | Cr(VI) | Cr(VI)
(Only (Only | solution | solution | solution | solution
bacteria) | bacteria) | 10 mg/L | 10 mg/L 100 100
mg/L mg/L
B nZVl nZVl GT-Fe | GT-Fe | (Cr(VI) | (Cr(VI)
slurry slurry slurry slurry | solution | solution
10 mg/L | 10 mg/L | 10 mg/L | 10 mg/L | (100) + | (100) +
nZVi nZVI
(50) (50)
nZVlI | nzVvl | GT-Fe | GT-Fe | (Cr(VI) | (Cr(VI)
slurry slurry slurry slurry | solution | solution
50 mg/L | 50 mg/L | 50 mg/L | 50 mg/L | (100) + | (100) +
GT-Fe GT-Fe
(50) (50)
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Figure 5 Different pictures of the 24 well plates used in the

bacteria experiments

2.8.1 Procedure

The medium was prepared by dissolving 38.0 g of Mueller Hinton
Agar No.2 in 1L of distilled water. The solution was heated to boiling
to dissolve the medium completely and sterilized by autoclaving at
120°C, 15 Ibs pressure for 2 hrs. Then it was mixed well and poured
into sterile Petri dishes using aseptic conditions. Base layer was

obtained by pouring around 20-30 ml of Muller Hinton Agar solution
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to obtain a thickness of 4 mm. It was then kept for solidification.
Subsequently, the following steps were performed:

1- Bacterial suspension was prepared and standardized to a 0.5
Mcfarland density in 0.9 % saline (1.5 X 1078 CFU/m).

2- 0.5 ml of Muller Hinton Broth were taken in each well in the 24
well plate (Fig. 2-3), 100 pl of the standardized prepared
bacteria were added to each well, then the specific chemicals
were added to the plate as described in Table 2-6.

3- The four 24 plate well, each containing one type of the
mentioned bacteria types were incubated at 37°C with shaking
overnight.

4- In the next day, serial dilution of bacteria were done before
spreading 50 pl of each well on muller Hinton Agar for

counting.

Finally, counting was performed.
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3. Results & Discussion

3.1 Characterization of Fe nanomaterials

This section is devoted to providing the results of the characterization
experiments performed for Fe nanomaterials and soil samples used in
this work. The results include SEM/EDX, TEM, XRD, and XRF

results.
3.1.1 Characterization of nZVI

Nano-zero-valent iron produced using borohydride reduction method
was characterized to reveal its morphology, phase type(s), and
elemental content. The SEM image provided in Fig. 6 indicate that the
material posses its chain-like structure, in accordance with previous
results [22]. nZV1 is well known to demonstrate this morphology due
to the strong magnetic attractive forces between the nanoparticles,
each of which has a core-shell structure, with the core consisting of
Fe®, while the shell is composed of iron oxides and oxyhydroxides

[77].
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Figure 6 SEM image of nZV1 aggregates showing its chain like

structure.

The material was characterized also using TEM, as shown in Fig. 7.
The images of nZVI1 reveal the formation of aggregates and chain like
structure of iron nanoparticles. According to this analysis, the
diameter of the individual nanoparticles ranges between 20 and 70

nm.
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Figure 7 TEM images of nZV1 at two different scales (a-200 nm, b-

100 nm)

The formation of nZVI was also documented using XRD analysis,
which shows its characteristic peak at 44.9°. The peak shown in Fig. 8
looks somewhat broad and its intensity is weak suggesting limited
crystallinity in the material. It is important to notice that no peak of
iron oxide exists, indicating that no oxidation of the material took
place during synthesis and subsequent storage, prior to using them in

the removal of Cr(V1) ions.
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Figure 8 XRD pattern of nZVI1

The elemental content of nZVI was tested using XRF, as given in
Table 8 on oxygen-free basis. The characterization results are shown
In integrated mode in Table 8 where the % composition by weight for
characterized elements are given. The data shows that the nZVI is
dominated by Fe element, with a considerable amount of Na
originating most probably from the NaBH, used as a reducing agent

during the synthesis of nZV1.
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Table 8 XRF analysis results for nZVI

Element % Composition by weight
Sodium (Na) 8.9
Chromium (Cr) 0.0
Iron (Fe) 86.9
Others * 4.2
Sum 100.0

*QOthers are elements found in the sample in very small amount (less

than 1 %).

3.1.2 Characterization of zeolite-nZVI1 composite

The synthesis procedure of this material (named shortly as Z-nZVI)
was reported earlier by Muath Nairat and coworkers, and detailed
characterization has been performed [67]. This material was employed
in this work to compare its behavior with that of nZVI when used

alone.

Zeolite used in this study as a solid support for nZV1 was obtained
from a natural source located in Turkey. The chemical structure

consists mainly of sodium, potassium, calcium, and aluminasilicate.
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The mineralogical structure is composed mainly of Clinoptilolite,

which is the most widely available natural zeolite [68].

As shown in Fig. 9, nZVI1 retains its characteristic chain-like structure
when synthesized in the presence of zeolite material, however, the
main advantage of using zeolite is to decrease the nZV1 aggregation in
aqueous media, as nZVI is well known to aggregate tremendously and

settles down in water very rapidly when used alone.

The formation of nZVI in its Fe° state is also verified using XRD, as
shown in Fig. 10. The major feature arising at 44.9° is indicative of

that.

2 pm
1Y TEMAM

Figure 9 SEM image of Z-nZVI (1:1 ratio of zeolite and Fe* ions)
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Figure 10 XRD pattern of Z-nZVI
3.1.3 Characterization of “greener” nano iron

In addition to the nZVI produced via borohydride reduction, nano iron
has been produced by exposing Fe®* ions to extracts of green tea. This
procedure aims at synthesizing greener iron nanoparticles, in which
the tea extract acts as a reducing and a capping agent, thus eliminating
the need for using chemicals (for example reducing agent like sodium

borohydride) for these purposes [69].

The samples produced by this method are named GT-Fe NPs, and

where employed in this study to compare the extent of removal of
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Cr(VI) from soil once when nZVI is applied, and once when GT-Fe

NPs is applied, in search of a better remediation.

The formation of GT-Fe NPs could not be verified using SEM
analysis due to their small size, however, TEM images indicated the
formation of nanoparticles the size of which is around 5-10 nm as

shown in Fig. 11.

Figure 11 TEM image of GT-Fe NPs.

The GT-Fe NPs was also characterized by XRD as shown in Fig. 12.
The formation of zero-valent-iron phase is indicated by the reflection
appearing at 45°. This reflection seemingly overlaps with the (220)
reflection of NaCl, which appears to extensively during the synthesis

process. The salt formation is verified by the sharp reflections
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appearing at 20 values of 27.2, 31.5, 45.3, 56.3, 66.1, 75.1 standing

for the hkl planes of 111, 200, 220, 222, 400, 420, respectively [78].

The XRF analysis of the elemental content indicates, in addition to Fe,
a rich content of Na (originating from NaOH used during the
synthesis) and CI (originating from the chloride salt of iron) elements,
and small amounts of K, Mg, Al originating mainly from the green tea

extract.
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Figure 12 XRD pattern of GT-Fe NPs.
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Table 9 XRF analysis results for GT-Fe NPs.

Element % Composition by weight
Sodium (Na) 52.4
Magnesium (Mg) 4.2
Aluminium (Al) 2.1
Chlorine (CI) 17.4
Potassium (K) 5.0
Chromium (Cr) 0.0
Iron (Fe) 17.9
Others 1.0
Sum 100.0

3.1.4. Characterization of the soil samples

A typical SEM image of the soil grains is shown in Fig. 13, and an
XRD diagram is given in Fig. 14. The XRD analysis reveals multiple
reflections which points to the complex mineralogical content of the

soil, but it is readily distinguished that the main component is quartz
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(Si0,), as evident from the major reflections occurring at 26 values of

20.8, 26.6, 36.5, 50.1, and 59.9 [79].

The elemental content analysis performed using EDX and shown in
Fig. 15 indicates the presence of the major elements O, C, Si, Al, Fe,
Ca, Mg, K, with atomic percentages of 59.1, 23.7, 7.7, 3.8, 1.4, 1.9,

1.5, 0.5, respectively.

HV é.pot WD rnag O | det pressure 200 pm
500kV| 3.0 [9.3 mm 500 x |ETD |2.65e-3 Pa IYTEMAM

Figure 13 A typical SEM image of soil grains.
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Figure 14 XRD pattern of a soil sample.
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Figure 15 Elemental content of a typical soil sample.
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In addition, the BET and Langmuir surface areas of soil were
determined. The obtained values were 29.8 and 38.6 m?g. When the
soil samples were mixed with GT-Fe NPs, the surface area increased
to 37.8 (BET) and 48.8 m%g (Langmuir). Moreover, SEM images
showed that mixing the soil samples with GT-Fe NPs resulted in
increasing the surface roughness of soil, and so the soil surface

increased. A typical image is given in Fig. 16.

Figure 16 A SEM image of a mixture of Soil and GT-Fe NPs.

In the following sections, the removal of Cr(VI) using iron
nanomaterials will be presented and discussed. First, the removal
studies of Cr(VI) in aqueous solutions will be considered. Then, the

removal of Cr(VI) from soil mixed with Fe NPs will be addressed, and



61

the effect of these NPs on corn growth will be discussed. Corn was
selected as a model plant. Finally the effect of Fe NPs on bacteria

types (commonly found in soil) will be addressed.

3.2 Removal of Cr (VI) from aqueous solution

In this part of the study, the extent of removal of aqueous Cr(V1) ions
by nZV1 has been investigated as a function of time, concentration and
pH. For the sake of comparison with nZVI, the experiments were also

repeated using Z-nZV1 as an adsorbent.

The concentration of Cr(VI) in aqueous solutions was determined
using UV-Visible spectrophotometry. The details are given in the

following sections.
3.2.1 Calibration curve

The calibration curve constructed and used in this study is provided in
appendix A. The linear relationship of this curve is given as: y =
0.030x - 0.002, where x stands for the concentration of Cr(VI) in
mg/L, and y stands for the UV-Vis. Absorbance. The coefficient of
determination (R?) for the linear relationship was 0.9990, indicating

very high linear correlation in the applied concentration range.
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3.2.2 Effect of time

The effect of time on the extent of removal of aqueous Cr(V1) ions
was studied at initial ion concentration of 100 mg/L for a period
ranging from several minutes up to 24 hours. The change in
concentration with time is given in Fig. 17, and the change in the
amount of adsorbed Cr(VI) on nZVI with time is given in Fig. 18.
This amount was calculated using the well known mass balance

equation [80],[81] :

Here Q is the adsorbed concentration of Cr(VI) in mg/g, C, and C are
the initial and final concentrations of aqueous Cr(VI) ions in mg/L, V

is the solution volume (L), and m is the mass of nZV1 (g).

As seen from the data, equilibrium is approached rapidly, in about one

hour of contact between liquid and solid phases.
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Figure 17 Variation of Cr(V1) aqueous concentration with time upon

contact with nZVI.
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Figure 18 Variation in the adsorbed amount of Cr(V1) on nZV1 with

time.
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The same experiment was repeated using Z-nZVI instead of nZVI.
The variation of aqueous Cr(V1) concentration with time is shown in
Fig. 19. The obtained results indicate that the removal process is
slower in this case compared with nZVI, as more than four hours
seems to be required to attain equilibrium (after these four hours of
contact, no significant change in the Cr(VI) concentration occurred).
This is most probably caused by the large internal area of the zeolite

material which leads to a diffusion barrier.
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Figure 19 Variation of Cr(V1) aqueous concentration with time upon

contact with Z-nZV1.

The sorption data were fitted to pseudo first order kinetics expressed

in the following equations [81] :
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In(Qax — Q) = NQ gy — kgt (2)

Here, k; stands for the rate constant, t is the time, and Q. IS the

maximum sorbable amount, given by the relation:

I (3)

The data is plotted in Fig. 20. The coefficient of determination (R?)
was 0.9980, indicating a very well linear correlation. The value of k;
was calculated as 3.4 * 1073 + 0.2 * 1073 min™, and Qpax (Maximum

sorbable amount) found as 24 + 1 mg/g.

For a first order reaction, the half life time ty, is In2/k,, and using this
relation t;, of the removal reaction was found to be 231 min. This
was confirmed experimentally by performing a time effect experiment
with the same parameters and time of contact equal to ty,, the
equilibrium concentration measured after this time decreased from

100.0 mg/L to 45.9 mg/L, almost half the initial concentration.
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Figure 20 Pseudo-first order plot of the removal of Cr(V1) by Z-nZVI

It must be mentioned that another experimental set was performed
using pure zeolite in order to check the contribution of zeolite to the
removal process. The results showed negligible removal of Cr(VI) by
zeolite under the studied conditions. This observation leads to the
conclusion that Cr(VI) removal by Z-nZVI1 composite is achieved by

virtue of iron nanoparticles.

3.2.3 The effect of initial Cr (V1) concentration

In this section, the effect of loading of Cr(V1) ions was studied at the
initial concentrations of 5.0, 10.0, 25.0, 50.0, and 100.0 mg/L.

Throughout these experiments the time of contact was kept as 1 hr.
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The experiments were performed using nZV1 as a sorbent, and were

then repeated using Z-nZVI under the same conditions.

The results of the experiments are provided in Figs. 21 and 22.
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Figure 21 The effect of initial Cr(\V1) concentration on the removal of

Cr(VI) by nZV1.
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Figure 22 The effect of initial Cr(\V1) concentration on the removal of

Cr(V1) by Z-nzVI.

The percentage removal was calculated using the equation:

% Removal = C‘Z,_CxIOO ........................ (4)

o

In both cases, the extent of removal is smallest at 100 mg/L, although
the value corresponding to Z-nZV1 is much smaller than that of nZVI.
Below this concentration, the percentage removal appears to reach
about 90% or more. This reflects the high removal potential of both of

nZVI and Z-nZVI materials against Cr (VI).
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Tables 10 and 11 show the pH values for Cr(V1) solutions measured at
the beginning and at the end of the reaction with nZVI and Z-nZVI

respectively, with changing the initial Cr(\VI) concentration each time.

Table 10 pH values measured at the beginning and the end of the

reaction of Cr(VI) with nZVI

Cr(VIl)conc.  pHinitial pH final

(mg/L)
100 5.31 9.15
50 5.53 9.09
25 5.77 8.90
10 6.06 8.87

5 6.13 8.82
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Table 11 pH values measured at the beginning and the end of the

reaction of Cr(VI) with Z-nZV|1

Cr(VI)conc.  pHinitial pH final

(mg/L)
100 5.31 8.75
50 5.53 8.81
25 S5.77 8.71
10 6.06 8.52
5 6.13 8.45

The pH values for both nZV1 and Z-nZV1 increased at the end of the
reaction, this is an indication that iron was oxidized through the
reactions.[49]

The oxidation of Fe® in aqueous systems releases OH" ions, increasing

the pH of the system (>8.0) as shown in Eq. (5) [6].

2Fe’ + Oy + 2H,0 ——»2Fe"™ + 40H -—--------mmmeeee- (5)
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3.2.4 Effect of pH of the Cr (VI) solution

The effect of solution pH on the extent of removal of Cr(VI) by nZVI

and Z-nZV1 was studied over a wide range of pH; from 2.0 to 10.0.
The time of contact throughout these experiments was 2 hrs. The

obtained results are given in Figs. 23 and 24.
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Figure 23 Effect of initial solution pH on the extent of Cr(VI) (100

mg/l) removal by nZVI.
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Figure 24 Effect of initial solution pH on Cr(VI) (100 mg/l) removal

by Z-nZVI.

As seen in Fig. 23, the removal percentage of Cr(\VI1) decreased from
99.5% to 88.8 % when the initial pH of solution was increased from
2.0 to 10.0. This suggest that the removal of Cr(VI) is slightly

dependent on the initial pH of the solution [83].

The effect of pH on the % of removal of Cr(V1) is obvious when pH is
increased beyond 6.0. The %removal was around 99.5% for pH 2, 4
and 6, indicating almost complete removal under the studied
conditions. But for pH=8.0, the % removal decreased to about 95%,

and continued to decrease to 89% at pH=10.0.



73

In the case of Z-nZVI, the removal process is seen to be more
sensitive to the pH, especially in the alkaline range.

The removal of Cr(VI1) is high over a wide range of pH values, this is
significant as soil pH is considered a master variable in soils since it
controls many chemical processes. It specifically affects plant
nutrient availability by controlling the chemical forms of the nutrient.

The optimum pH range for most plants is between 5.5 and 7.0 [82].

In general, the higher removal in the acidic medium could be related
to solubilisation of iron [84]. At lower pH values, the high
concentration of H* causes corrosion of nZV1 particles [83], leading to
formation of oxide and oxyhydroxide products which can be effective

in the surface fixation of chromate specie by chelation reactions.

A further explanation for this behaviour could be provided based on
the speciation of Cr(VI) specie and the zero point of charge (ZPC) of
iron oxide and oxyhydroxide which lie in the basic pH range. By
inspecting the speciation products of Cr(VI) ion in aqueous media it is
clear that all of them carry a negative charge. The dominant Cr(V1)
species in acidic medium is HCrO,4, while the dominant specie is
CrO,* and Cr,0,* [85]. On the other hand, in the acidic medium, the

surface of Fe nanoparticles (containing -OH, -OOH groups) will be
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protonated, i.e. carry a positive charge, and this makes it possible for
chromate specie to be attracted by the surface and eventually

adsorbed.

The removal mechanism of Cr(VI) ions by nZV1 is a complex one. In
addition to the pH-dependent removal of Cr(V1) by surface groups of
nZVI, pH-independent removal of Cr(V1) can take place. It has been
reported that Cr(VI) can form monodentate and bidentate
(mononuclear and binuclear) inner sphere complexes with iron
hydrous oxide surface [86]. A schematic representation of this is

shown in Fig. 25.

Another reported mechanism for Cr(VI) removal by nZVI is its
reduction to Cr(lll) by the electron supported from the core of iron
nanoparticles [87]. nZVI is well-known for its core-shell structure,
with the core composed of Fe’, and the shell composed of iron oxide
and oxyhydroxide groups, as mentioned above. The core forms a
source of electrons (Fe® —=Fe™ + 2¢), and these electrons can
reduce a wide range of inorganic ions as reported in literature. The
precondition for this is that the particular ion possesses an electrode

potential that is higher than that of Fe. In the case of Cr(VI), this



75

condition is fulfilled as seen in the following reactions, and their

corresponding standard reduction potential [88]:

Cr,0; %+ 14 H'(@ag) +66 — 2Cr(aq)+7H,0 E=1.33V
Fe*?(aq) +2e —= Fe(s) E,=-0.44 V
The redox reaction can then lead to sorption of the produced Cr(ll1),

or precipitation of its hydroxide, depending on the operating

conditions and the type of sorbent.
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Figure 25 A schematic representation of (a) monodentate and
bidentate ((b) mononuclear and (c) binuclear) inner sphere complexes

that Cr(\V1) can form with iron hydrous oxide surface [86].
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3.3 Effect of Cr(V1) removal from soil mixed with Fe NPs on Corn
growth

In this part of the study, the removal of Cr(VI) from soil was studied,
and the effect of the removal process on plant growth was

investigated. Corn was selected as a model plant for this purpose.
3.3.1 Removal of Cr(V1) from soil mixed with Fe NPs

Prior to examining the effect of Cr(VI) contamination and iron
nanoparticles on the growth of corn, the soil samples mixed with GT-
Fe NPs were characterized by surface techniques to check the fixation

of Cr(VI) by Fe NPs.

As was mentioned previously, BET and Langmuir surface areas of
soil increased upon mixing it with GT-Fe NPs from 29.8 m%g to 37.8
m?/g for BET, and from 38.6 m?/g 48.8 m?/g for Langmuir, increased
surface area result in higher removal efficiency against Cr(VI).
Moreover, SEM images showed that mixing the soil samples with GT-
Fe NPs resulted in increasing the surface roughness of soil, as was

shown in Fig. 16.
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Mixture of soil and Fe NPs were analyzed before and after Cr(\VI)

removal using EDX, XRD, and TEM.

The EDX analysis was performed using the electron mapping mode in
order to reveal the distribution of Cr(\V1) on the sample mixture of soil
and Fe NPs. Here, the positions of specific elements emitting
characteristic x-rays within an inspection field can be indicated by
unique color. The results are shown in Fig. 26 where the maps of Si,
Fe, and Cr are shown individually. The Si element represents the soil
part as it was found to be the major element in soil. The results
showed that the Cr signals are better associated with the Fe signals

than with Si.

Cr(V1) is known to be very mobile in soil. The specie of Cr(VI)
include CrO,%, HCrO,, and Cr,0-*, and due to the anionic nature of
these specie, Cr(VI) cannot be retained by the anionic groups of soil
(Si0,). Its sorption on soil is largely related with the Fe and Al

hydrous oxide content of the soil [89].

In light of the above, it is reasonable to state that Cr prefers binding to
Fe NPs more than it does to soil, and thus may illustrates the potential

of Fe NPs as a remediation material of soil against organic and
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inorganic pollutants. This issue was a subject of intensive research

during the last decade [18],[20].

The XRD analysis of the sample of soil-Fe NPs after exposure to
Cr(VI1) ions shows the formation of iron oxides and iron
oxyhydroxide, indicating that Fe NPs has undergone corrosion, a
typical XRD diagram of soil-Fe NPs after exposure to Cr(V1) ions is
given in Fig. 27. The corrosion reaction can help create sorption sites
on the surface of Fe NPs for Cr(VI) ions, and can also release iron
ions that can be absorbed by soil. The corrosion reaction of GT-Fe
NPs also verified by contacting the material with Cr(\VI) ions. As
shown by the TEM image in Fig. 28, the corrosion reaction yields

clusters of iron oxide materials.
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Figure 26 EDX mapping of a sample containing soil, Cr(VI) and GT-

Fe NPs showing elemental maps for Fe, Si and Cr.
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Figure 27 XRD pattern of a sample of Soil -GT-Fe NPs loaded with
Cr (VI) ions.

Figure 28 TEM image of GT-Fe NPs after the reaction with Cr(VI)

ions.
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3.3.2 Effect of Cr(VI) remediation from soil on Corn growth

In these experiments, soil was first mixed with Cr(V1) solutions, then
it was mixed with nZVI, GT-Fe NPs, Z-nZVI, and zeolite. The
quantities of each of the mixed materials are provided in Table 12.
The table provides also the effect of the remediation process on the
plant growth, expressed as percentage of plants that survived (the rate
of survival). The percentage was calculated for each treatment by
dividing the number of plants found (normal growth) by the total
number of plants (total of 5 plants, each treatment was repeated five

times).

The positive and negative controls stands for soil mixed with Cr(VI)

and soil alone without added chemicals, respectively.

Figures 29 through 32 give some pictures for different plants showing

different progress in their growth.



Figure 30 Some plants which grew normally.
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Figure 31, Figure 32 Corn cops that appeared in plants with normal

growth at the end of the planting cycle.
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Table 12 Summary of the quantities of Cr and remediating substances

mixed with soil, and the effect of the process on plant progress

through two months of planting.

positive control (soil + Cr (VI)) 20 80
negative control (only soil ) 100 0
zeolite 0.1 mg / Kg + Cr (VI) 200 mg / Kg 60 40

zeolite-nZV10.2 mg / Kg + Cr (V1) 200 mg / Kg 80 20

nZV10.1 mg/ Kg + Cr (V1) 200 mg / Kg 60 40
GT-Fe 0.1 mg/ Kg + Cr (VI) 200 mg / Kg 40 60
GT-Fel mg/Kg+ Cr (VI) 200 mg / Kg 0 100
zeolite 0.1 mg / Kg 40 60
zeolite-nZV1 0.2 mg / Kg 60 40
nZV10.1 mg/ Kg 100 0
GT-Fe 0.1 mg/ Kg 100 0

GT-Fe 1 mg/ Kg 80 20
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Based on the observed plant growth, the following conclusions can be

drawn:

a. When no Cr or Fe material was added to the soil, the plant was
normal, 100% all the plants grew normally.

b. When only Cr was added, only 20% of the plants grew. The fact
that a single plant survived out of five suggests that Cr caused
toxicity to the plants.

c. Addition of nZVI (0.1 mg/Kg) to soil contaminated with Cr
enhanced the plant growth, as the rate of survival was 60%,
higher than 20% for Cr alone. This has happened by virtue of
reducing the Cr concentration in soil as a result of sorption on
nZVI.

d. When GT-Fe NPs (0.1 mg/Kg) was added to Cr-contaminated
soil, the rate of survival increased to 40%. This confirms that
GT-Fe NPs contributed to reducing the soil contamination but it
was not as effective as nZVI in doing so. When the GT-Fe
concentration was increased to (1.0 mg/Kg), the rate of survival
was found to increase to 60%, confirming the remediation effect

of GT-Fe NPs.
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e. When the Cr-contaminated soil was mixed with Z-nZVI, the
rate of survival was 80%, higher than the 60% for nZV1 alone.
A possible explanation of this comes from the effect of the
addition of zeolite to nano iron, as zeolite addition was
observed to decrease the aggregation of nano iron and so
increase its efficiency in Cr removal. Another possible
explanation could be that the zeolite material acted as a
scavenger of Cr by virtue of its large surface area.

f. Upon addition of zeolite to Cr-contaminated soil, the rate of

survival was 60%.

The final result might lead to the conclusion that zeolite can be as
effective as nZV1 in soil remediation, and better than GT-Fe NPs.
However, this approach ignores any diverse effects of these

remediation materials on the soil free of Cr contamination.

In order to assess if the remediation materials have adverse effects
on uncontaminated soil, each was added to soil and their effects on
plant growth was observed. The obtained results can be

summarized as follows:
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a. The addition of zeolite to the soil resulted in only 40%
survival of plants, indicating that zeolite can harm the soil
fertility. The reason for this could be holding ions and
nutrients necessary for the plant growth inside the channels
of zeolite structure.

b. When nZVI was added to soil, the plant growth was normal,
100% of plants grew unaffected, indicating no negative
effect of this material at the applied dose on soil fertility and
plant nutrition.

c. The addition of Z-nZV1 to soil lead to 60% plant survival,
confirming the diverse effect of zeolite on the plant growth.

d. When GT-Fe NPs (0.1 mg/Kg) were added to soil, no
negative effect was noticed on the plant growth as all the
plants grew normally, suggesting that this dose of GT-Fe is
not harmful to the plants. When the GT-Fe NPs
concentration increased from 0.1 to 1.0 mg/Kg, some
inhibition in the plant growth was noticed and the rate of
survival decreased from 100% to 80%. This indicates that
high concentration of Fe NPs can be harmful to the corn

plants.
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As a further assessment, the soil samples before and after planting
were analyzed using ICP-OES for their Cr and Fe contents. The
detailed ICP analysis results for Fe and Cr found in appendix B, and a
summary of the results is provided in Tables 13 and 14. As the tables
show, the average concentrations were calculated for the five
replicates of each treatment, at the beginning of the planting (before)

and after two months of planting (after).



Table 13 Summary of the ICP-OES analysis results for Fe

89

Avg. Avg. | Before

Fe Before | After | — After

(mg/L) | (mg/L) | (mg/L)

positive control 15132.2 | 5673.3 | 9458.9

negative control 12900.8 | 6111.0 | 6789.7

zeolite 0.1 mg / Kg + Cr (VI) 200 mg / Kg 16009.7 | 6753.9 | 9255.8
zeolite-nZV10.2 mg/Kg+ Cr (VI) 200 mg/ Kg |15222.7 | 5956.2 | 9266.5
nZV10.1 mg/Kg+ Cr (VI) 200 mg/ Kg 15334.5 | 5404.5 | 9930.0
GT-Fe 0.1 mg/Kg+ Cr (VI) 200 mg/ Kg 15797.8 | 6180.8 | 9617.1
GT-Fe1 mg/Kg+ Cr (VI) 200 mg/ Kg 15432.7 | 5729.6 | 9703.1
zeolite 0.1 mg / Kg 15107.3 | 3009.7 | 12097.6
zeolite-nZV1 0.2 mg / Kg 14690.3 | 2770.2 | 11920.1
nZV10.1 mg/ Kg 13880.9 | 2943.6 | 10937.3

GT-Fe 0.1 mg/Kg 15104.8 | 2896.6 | 12208.3

GT-Fe 1 mg/ Kg 14168.6 | 2741.8 | 11426.8
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Table 14 Summary of the ICP-OES analysis results for Cr

Avg. | Avg. | Before
Cr Before | After | — After

(mg/L) | (mg/L) | (mg/L)

positive control 330.2 | 714 258.8
negative control 21.6 12.1 9.5
zeolite 0.1 mg / Kg + Cr (VI) 200 mg / Kg 240.7 | 85.2 155.5

zeolite-nZV10.2mg/Kg+ Cr (VI)200mg/Kg | 290.0 | 73.2 216.8

nZV10.1 mg/Kg+ Cr (VI) 200 mg/ Kg 2448 | 637 | 1812

GT-Fe 0.1 mg/ Kg+ Cr (VI) 200 mg/ Kg 249.2 | 73.6 175.6

GT-Fe 1 mg/Kg+ Cr (VI) 200 mg/ Kg 321.7 | 811 240.6
zeolite 0.1 mg / Kg 27.9 6.1 21.8
zeolite-nZV1 0.2 mg / Kg 23.9 4.5 194
nZV10.1 mg/ Kg 212 | 47 16.5

GT-Fe 0.1 mg/ Kg 21.6 4.7 16.9

GT-Fe 1 mg/ Kg 20.5 4.1 16.3
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In order to analyze the ICP results, as an attempt to relate them with
the plant growth and progress, the differences between the chromium

and iron concentrations were calculated as follows:

A = Concentration before — Concentration after ... (5)

The depletion in Cr can occur in two ways; fixation by nano iron
materials, and/or accumulation in the plant itself as reported in

another study [90].

Table 15 shows the ICP analysis results (A values) for Cr in a

descending order for samples to which Cr was added.

Table 16 shows the A values calculated in the same way for Fe in a

descending order.
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Table 15 The A values obtained from the ICP analysis for Cr(VI) in a

descending order

(A = Concentration before — Concentration after, at the
beginning of the planting (before), after two months of planting

(after)).

258.8 positive control (soil + Cr 200 mg / Kg)
240.6 GT-Fe 1.0 mg/ Kg+ Cr (V1) 200 mg/ Kg
216.8 zeolite-nZV1 0.2 mg / Kg + Cr (V1) 200 mg / Kg
181.2 nZV10.1 mg/Kg+ Cr (VI) 200 mg/ Kg
175.6 GT-Fe 0.1 mg/Kg+ Cr (VI) 200 mg/ Kg
155.5 zeolite 0.1 mg / Kg + Cr (VI) 200 mg / Kg
21.8 zeolite 0.1 mg / Kg

19.4 zeolite-nZV1 0.2 mg / Kg

16.9 GT-Fe 0.1 mg/ Kg

16.5 nZV10.1 mg/ Kg

16.3 GT-Fe 1.0 mg/ Kg

9.5 negative control
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Table 16 The A values obtained from the ICP-OES analysis for Fe in

a descending order

(A = Concentration before — Concentration after, at the

beginning of the planting (before), after two months of planting

(after)).

12208.3
12097.6
11920.1
11426.8
10937.3
9930.0
9703.1
9617.1
9458.9
9266.5
9255.8

6789.7

GT-Fe 0.1 mg/Kg
zeolite 0.1 mg / Kg
zeolite-nZV1 0.2 mg / Kg
GT-Fe 1.0 mg / Kg
nZV10.1 mg/ Kg
nZV10.1 mg/ Kg+ Cr (VI) 200 mg/ Kg
GT-Fe 1.0 mg/ Kg+ Cr (V1) 200 mg / Kg
GT-Fe 0.1 mg/Kg+ Cr (VI) 200 mg/ Kg
positive control (soil + Cr (V1) 200 mg / Kg)
zeolite-nZV10.2 mg/ Kg + Cr (VI) 200 mg / Kg
zeolite 0.1 mg / Kg + Cr (VI) 200 mg / Kg

negative control (only soil)
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From the results in Tables 13 - 16, the following conclusions arise:

a. The soil contained a relatively high Fe concentration as evident
from the values in Table 13 for the soil samples to which no Fe
nanomaterial was added (samples 1,2,8). The iron content was
also detected by the EDX and XRF analysis of the soil.

b. Upon addition of Fe nanomaterials, the Fe content of the soil
showed some increase, which is in line with the limited
amounts of added nano iron materials.

c. In all cases there is a depletion of Cr and Fe elements. This is a
strong indication that both elements are absorbed by the plant.

d. As Table 15 shows, the highest A value for Cr is observed for
the positive control to which no nano iron or zeolite material
was added, hence it is logical to assume that Cr in this case was
removed by accumulation into the plant, in line with previous
studies [90].

e. When nano iron materials are added to soil, the observed
amount of depleted Cr is seen to decrease. This could be
indicative that some Cr was immobilized on the nano iron
materials and migrated into the soil, and/or the discrepancies in

the results could be arising from sampling errors.
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f. Assuming that the smaller value of depleted Cr is due to
immobilization by nano-iron materials, it can be seen that
supported nano iron Z-nZV1 is more efficient than nZVI alone
as it showed a higher A value. This matches the observation in
the plant progress part.

g. It can be noticed that the lowest A value of Cr is observed for
the negative control sample, here, no Cr or remediation
substances were added to the soil.

h. The depression of iron amount can be assumed to arise from the
plant need for it as a nutrient. Plants require Fe to complete
their life cycle. The importance of Fe is due to the existence of
two stable, inter-convertible forms of this metal, which take part
in fundamental processes involving electron transfer reactions,

including respiration and photosynthesis [45].

3.4 Effect of iron nanoparticles on bacteria growth

In the following sections, the results of bacteria treatment with
different Fe NP samples at different concentrations are presented in a
descending order, with the highest bacterial growth being in the
bottom. In the relevant experiments, the effect of Fe NPs on 4 bacteria

types which are abundant in soil was examined. These bacteria types
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are two gram positive bacteria (Staphylococcus aureus and Bacillus
subtilis) and two are gram negative (Klebsiella pneumonia and
Escherichia coli). The Fe NP samples which were tested were nZVI,
GT-Fe, both in two different concentrations, in addition to Cr(VI)

solution, and Cr(VI) mixed with Fe NPs.

The control sample (empty) in all experiments was bacteria alone

without any added chemicals.

3.4.1 Staphylococcus aureus

The order of action of the tested solutions against this bacteria is

shown in Fig. 33.

Based on the obtained results and trend for bacterial growth and

inhibition, the following comments can be written:

1. The small concentration of Cr(V1) solution (10 mg/l) have a
small negative effect on bacterial growth.

2. GT-Fe NPs inhibit the growth of bacteria to the same extent
regardless of its concentration (GT-Fe 10 and GT-Fe 50 gave

the same result).
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3. nZVI inhibits the bacterial growth more than GT-Fe NPs, the
higher the nZV1 concentration, the higher the inhibition (nZVI
50 >nZVI 10).

4. The inhibition made by Cr + nZV1 was higher than nZV| alone
and Cr alone (Cr + nZVI>nZVI 50 > Cr 100), this may
confirm that Cr(V1) has an adverse effect on the bacteria that

adds to the adverse effect of nZV/1I.

/4“%\

nZV| 50

Cr 10, Cr 100, nZVI 10, GT-
Fe 10, GT-Fe 50, Cr+GT-Fe

Empty

Figure 33 Inhibition of S. aureus bacterial growth in a descending

order

nZVI 50 > GT-Fe 50~GT-Fe 10~nZVI 10 > Empty
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3.4.2 Klebsiella pneumonia

Based on the results, shown in Fig. 34, the following comments can be

written:

1. Cr(VI) solution at small concentration (10 mg/l) has no effect
on bacterial growth, when the concentration increased to (100
mg/l), a small inhibition in the growth was observed.

2. Higher concentrations of Fe NPs (nZV150, GT-Fe 50) have
higher negative effect on the bacteria growth than small
concentrations (GT-Fe 10, nZV1 10).

3. nZV150 has a higher inhibition than GT-Fe 50.

4. Both of Cr + GT-Fe and Cr + nZVI results are almost the same
as GT-Fe 50. This may be because Cr alone has a small effect

on the bacteria growth.
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ZNI5

GT-Fe 50, Cr+GT-
Fe, Cr+nzVI

Cr 100, GT-Fe 10, nZVI 10

Empty, Cr 10

Figure 34 Inhibition of K. Pneumonia bacterial growth by various

solutions in a descending order

nZVI150 > GT-Fe 50 > GT-Fe 10~nZVI 10 > Empty

3.4.3 Bacillus subtilis

According to the results, which are summarized in Fig. 35, the

followings can be concluded:

1. Cr(VI) solution has no effect on bacterial growth on either
concentrations.

2. GT-Fe in general is less toxic to B. subtilis than nZVI.

3. GT-Fe 50 and Cr + GT-Fe, nZV150 and Cr + nZVI, have the
same results, and this seems to confirm that Cr alone has no

effect on bacteria.
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4. GT-Fe NPs have the same results on both concentrations, but
for nZV1, nZV1 50 have a more negative effect on the bacteria
growth than nZV1 10.

nZV1 50,
r+nZ

nZVI 10

GT-Fe 50, Cr+GT-
Fe

GT-Fe 10

Empty, Cr 10, Cr 100

Figure 35 Inhibition of B. Subtilis bacterial growth by different

solutions in a descending order

nZVI150 >nZVI 10 > GT-Fe 50~GT-Fe 10 > Empty

3.4.4 Escherichia coli

Fig. 36 suggests that:

1. Small concentrations of Fe NPs (nZV1 10, GT-Fe 10) have no

effect on this bacteria.
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2. Higher concentration of Fe NPs have a negative effect on the
growth of bacteria, with GT-Fe 50 having the higher inhibition
than nZV1 50.

3. The effect of Cr(V1) is not very clear, but as the effects of Cr +
GT-Fe and Cr + nZVI are higher than GT-Fe and nZVI
respectively, it can be predicted that Cr alone has its own

negative effect on bacteria growth.

2
GT-Fe

GT-Fe 50

Cr10

Cr+nZVI

nZV| 50

Empty, GT-Fe 10, nZVI 10, Cr 100

Figure 36 Inhibition of E. coli bacterial growth in a descending order

GT-Fe 50 >nZVI 50> GT-Fe 10~nZVI 10~Empty
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Based on the collective results of the tested bacteria the following

conclusions can be made:

Cr(VI) solutions have little effect on the tested bacteria types at
low concentrations, and the detrimental effect is more obvious
at higher concentrations. This seems to confirm the data
reported in literature which suggest that Cr(\V1) can cause shifts
in the composition of soil microbial populations, and has
detrimental effects on microbial cell metabolism at high
concentrations [9].

nZVI (and Cr-nZVI) demonstrated the highest detrimental
effect on all the bacteria types.

GT-Fe NPs have less detrimental effects than nZVI. This might
be due to the fact that the organic groups coming from green tea
occupies an important portion of the nanoparticles and thus

reduces the Fe content in the nanoparticle.

The detrimental effects of various types of nanoparticles on bacteria

types were reported in literature. For examples, Ag, Cu, MgO, ZnO,

and TiO, NPs have been used to inactivate various biological agents

including B. subtilis [16]. Both Ag and Cu nanoparticles inactivated

B. subtilis and Escherichia coli, and B. subtilis was shown more
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susceptible to the treatment. Also, it was found that the inactivation is

depended on the concentrations of nanoparticles used [91].

It should be mentioned, however, that the reports on toxicities of
metal and metal oxide NPs can be contradictory [16]. For example,
some results show a lack of toxicity of nZVI on the cells of the Gram
negative strain tested (K. planticola), even at the higher concentrations
(10 mg/ml) after 24 h of exposure. In contrast, an inhibitory effect by
the nanomaterial was observed on the Gram positive strain (B.
nealsonii) [34]. nZV1 particles were also reported to inactivate gram-

negative E. coli [57].

Moreover, in a previous study, green-synthesized iron nanoparticles
were reported to show good antibacterial activity against Escherichia
coli and Staphylococcus aureus [26]. In other study, Fe,Os; NPs
showed no significant antibacterial activities against Escherichia coli
[54].

The size of nanoparticles can affect their antimicrobial activities [91].
Depending on synthesis methods for nZV1, and solution chemistries,

different shell compositions such as FeO, maghemite (y-
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Fe,Os)/partially oxidized magnetite could be formed. The observed
coating of iron oxides on bacterial membranes could block porins in
the outer membrane of gram-negative, preventing their uptake of
nutrients. For Gram positive bacteria, lipoteichoic acid, a component
of the cell wall, might have formed a chelating complex with nZVI.
Also, the anionic structures like in B. subtilis walls promote ferric
hydroxide formation [92].

To conclude, it is evident from this study that Fe NPs demonstrate
serious inhibition effects on the studied bacteria types. This leads to
the result that treating the soil with iron nanoparticles will seriously
affect its bacteria content. The extent of the effect will depend

significantly on the applied concentration.
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4. Conclusions

Both of nZVI and Z-nZVI materials are very effective in Cr(VI)
removal, for nZVI, equilibrium of Cr(VI) removal is approached in
about one hour of contact between liquid and solid phases. For Z-
nZV|1, the process was slower and more than four hours were required
to attain equilibrium. The data of Z-nZV1 obeyed pseudo first order
kinetics, with k; (rate constant) calculated as 3.4« 1073+ 0.2 1073

min™, and Qmax (Maximum sorbable amount) found as 24 + 1 mg/g.

The removal of Cr(VI) is high over a wide range of pH values
although the removal decrease in the alkaline medium. Generally, the
removal of Cr(VI) by Z-nZVI is more pH-dependent than that of

nZVI1.

Cr signals from the EDX mapping analysis appear to be associated
with the Fe signals, not with Si, indicating that Cr ions favors binding
to iron nanoparticles more than to soil particles.

XRD analysis of the sample of soil-Fe NPs after exposure to Cr(V1)
ions shows formation of iron oxides and iron oxyhydroxide, indicating

that Fe NPs has undergone corrosion.
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No negative effect of nZVI and GT-Fe on Corn growth at the lower
applied dose (0.1 mg/Kg) on soil fertility and plant nutrition was
observed, however, high concentrations of Fe NPs can be harmful to
the corn plants. Cr and Fe elements are highly depleted from soil,

most probably through uptake by plants.

Cr(VI) solutions at low levels had slight effect on the tested bacteria

types. GT-Fe NPs negative impact was lower than nZVI.

Similar studies are required to test the effect of Fe NPs on other plants
and optimize the amount of this material such that remediation of

pollutants can be achieved without harming the soil and plants.
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APPENDIX A — hnax. Scan & calibration curve for Cr (V1)
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Figure A-2 Maximum wavelength scan for Cr (V1) (Anax.=350 nm)



APPENDIX B --- ICP-OES ANALYSIS RESULTS

NOTE : Al — before, 2A1 — after.

Fe (mg/L)

6611.8

14130.4

13958.5

13579.5

15099.9

13596.7

14184.7

13850.4

13373.1

12967.8

11744.3

2A2

2A3

2A4

2A5

2A6

2A7

2A8

2A9

2A10

2A11

2A12

16129.1

17836.9

15658.2

14553.9

14222.8

13752.5

14117.8

13138.5

13966.7

13737.1

12904.7
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113845 2B2 138845

13764.6 2B3  15406.3

13755 2B4 134816

147922 2B5 11999

139288 2B6  16166.3

14805.1 2B7 142264

15443.2 2B8  437.85

13121.7 2B9  169.1

13978.7 2B10 139.91

14043.3 2B11 18451

15361.7 2B12 176.97

15586.7

17093 2C3  157.46

14795.8 2C4  268.49

16794 2C5  105.39

171605 2C6  95.17
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15108

15761.2

14466.6

15969.7

15626.2

13772.9

15954.6

14165.8

17010.7

16204.2

15268.3

15916.7

16637.2

15506.7

15758.1

15079.9

16566.8

14560

2C7

2C8

2C9

2C10

2C11

2C12

2D1

2D2

2D3

2D4

2D5

2D6

2D7

2D8

2D9

2D10

2D11

2D12

293.04

171.5

25191

204.26

144 .4

218.17

166.72

120.8

159.47

153.54

110.83

172.39

159.02

114.96

101.08

153.26

146.62

147.82
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129

16755.1 2E2 1255

18050 2E3 20948

17400 2E4 219.39

16238.3 2E5 253.16

16883.3 2E6 247.25

17016.7 2E7 217.17

14640.7 2 E8 206.39

16254.6 2E9 190.58

11003 2 E10 253.99

16320 2 E11 270.15

15404.2 2 E12 261.24




Cr (mg/L)

15.47

238.13

352.16

248.59

261.41

390.83

30.78

25

23.53

22.4

19.95

2A2

2A3

2A4

2A5

2A6

2A7

2A8

2A9

2A10

2A11

2A12

32.95

227.45

185.18

193.58

173.7

159.47

30.46

22.31

23.67

23.4

20.65
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131

205.09 2B6  194.33

320.73 2B7  246.02

3765 2B8 O

2467 2B9 O

2766 2B10 O

19 2B11 O

25 2B12 0

2117 2C2 O

25465 2C3 O

309.26 2C4 O

2696 2C5 O

289.78 2C6 O

33261 2C7 O

2582 2C8 O

2027 2C9 O

2345 2C10 O

19.82 2C11 O




132

1732 2C12 O

27163 2D1 O

1682 2D2 O

236.35 2D3 O

255 2D4 0

23417 2D5 O

22517 2D6 O

264.82 2D7 O

215 2D8 O

21.83 2D9 O

1932 2D10 O

2181 2D11 O

1883 2D12 O
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26467 2E6 O

299.67 2E7 O

2351 2E8 O

2749 2E9 O

1216 2E10 O

25 2E11 O

2129 2E12 O




