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Abstract

Chromium (Cr) is a heavy metal pollutant prevalent in freshwater resources.
It enters the human circulatory system through drinking water or food chain
enrichment and have harmful effects. Existing materials (e.g., bimetallic
materials, adsorbent materials, etc.) for Cr (VI) removal lack sufficient

adsorption capacity.

In this work, a new Cr (VI) removal material was designed and produced:
comprising reduced graphene oxide (RGO) as a support with a high specific
surface area, and a combination of Fe and Ni nanoparticles (NPs) as catalytic
reducing agents. Such a design permits the composite particle with three
integrated functions: adsorption, catalysis, and reduction, with RGO
enhancing Cr (VI) adsorption and Fe/Ni NPs enhancing catalytic reducing
efficiency. The use of a microchip mixer enhanced the mixing of GO and
subsequent decorating of RGO with Fe and Ni NPs. Ni-Fe/RGO exhibited an
adsorption capacity of 150.45 mg/g at pH=7 for Cr (VI), which is about 2 times
those reported for other materials under similar conditions. The capacity is

even higher at lower pH, e.g., 197.43 mg/g at pH 5

Taking into account the cost and reusability of RGO, a ternary system
consisting of iron, nickel and multi-walled carbon nanotubes (MWCNTS) were
synthesised; Fe and Ni perform the same function as Fe-Ni/RGO. Due to the
unusual one-dimensional structure of MWCNTSs, the Cr (VI) adsorption
capacity is about 20% greater than Fe-Ni/RGO, and the reaction rate is much
faster. Fe-Ni/MWCNTSs have a degree of reusability, with 91% of adsorption
capacity retained for reuse, and MWCNT is an inexpensive material for

industrial applications.



The ratio of constituents has a significant impact on its absorption capability.
The amount of work required to determine the optimal ratio rises exponentially
as additional components are added. Based on the reaction mechanism
analysis, a model has been developed in this thesis, and shown to accurately
predict the reaction curve and adsorption capacity for various Fe/MWCNTs
ratios. This (modelling) approach can significantly reduce the effort for future

study and has the potential to be applied to other comparable substances.

Keywords: Environment Remediation; Heavy Metal; Hexavalent chromium;

Catalytic reduction; Graphene Oxide; carbo nanotube; kinetics modelling.
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Chapter 1 Introduction

1.1 Research background: high demand of Cr (VI) removal

material

The freshwater supply is a valuable natural resource; it is essential for human
life and progress. With the fast rise of industry, waste gas, water, and solid
pollution become more severe. When garbage is dumped into the
environment, it may compromise water quality, soil quality, and human health
[1]. Today, the ecosystem around water resources has been continually
degraded. This pollution posed a grave danger to human existence and
development. The pollutants include many material kinds with distinct
characteristics. For instance, non-biodegradable plastics, heavy metals, and
synthetic chemicals [2]. These contaminants will build over time and render
water resources unusable if they reach a particular concentration. Heavy
metal contamination is one of the leading contributors of pollution [3]. Due to
its bioaccumulation and degradability, it has garnered significant interest.
Elevated heavy metal concentrations in the environment pose a grave hazard
to human health and other forms of life. Therefore, it is vital to remove heavy
metals from surface water and wastewater to safeguard human health and the

environment [4, 5].

In the subject of environmental contamination, the term heavy metal refers to
any metal or metalloid that is visibly hazardous to living creatures, such as
mercury, cadmium, lead, chromium, and cobalt [6]. Chromium (Cr) is a typical

heavy metal pollutant that is pervasive in the environment due to its broad
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usage in metallurgical, chemical, refractory, and cast iron processes [7]. The
predominant stable forms of chromium in the environment are trivalent
chromium (Cr (Ill)) and hexavalent chromium (Cr (V1)). Cr (lll) is a necessary
element for the human body, and its toxicity is moderate [8]. The toxicity of Cr
(V) is about one hundred times that of Cr (lll) [9], posing far greater
environmental and health hazards. It can enter the human circulatory system
through drinking water or food chain enrichment and have harmful effects on

people [10].

1.2 Motivation

The previous section has shown the great danger to humans of Cr (VI) in the
water environment. The removal of Cr (VI) from the aquatic environment is a
matter of great urgency. In recent years, many researchers have developed
various materials for the removal of Cr (VI) and some progress has been made.
However, Cr (VI) contamination has not been eliminated and still poses a
serious threat to human health [11]. This is due to the fact that current

materials have a number of disadvantages:

1. Low Cr (VI) removal capacity, resulting in the inability to reduce Cr (VI)

concentrations in water to below safety standards.

2. High production or application costs for some materials, e.g. requiring inert

gas protection for synthesis, not reusable, etc.

3. Some materials rely solely on physical adsorption or electrostatic action to
remove Cr (VI), without reducing it to the less toxic Cr (lll). There is a risk that
the adsorbed Cr (VI) will be re-released into the environment and cause

secondary contamination.
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4. The research effort is high, especially when searching for the best material

ratio.

The project aims to develop materials with high Cr (VI) removal capacity, at
low cost, to avoid potential secondary contamination, and to develop a model
that can predict the Cr (VI) removal capacity of new materials to reduce

workload.

1.3 Aim and objectives

This thesis aims to develop novel nano-composites that can efficiently reduce
hexavalent chromium for environmental remediation, and to develop

predictive models for further optimisation. Project objectives are:

1. Design and synthesis a novel three-in-one using iron nanopatrticles, nickel
and reduced graphene oxide. The material shall overcome the disadvantages

of previous bimetallic materials such as difficult collection, low removal

capacity of adsorbent-loaded monometallic materials, and exhibit great Cr (VI)

adsorption capacity.

2. Achieve further increase in Cr (VI) adsorption capacity by analysing the
adsorption principles of the triad of iron nanoparticles, nickel and reduced
graphene oxide materials, to develop low-cost multi-walled carbon nanotube-

based composites, by replacing reduced graphene oxide.

3. Develop a model by analysing the chromium adsorption process, to predict
the Cr (VI) adsorption capacity and adsorption profile of the Fe - multi-walled
carbon nanotube binary system, with appropriate experimental validation,
which could significantly reduce the effort required to find the optimal

components in the synthesis of the target material.



1.4 Thesis layout

The thesis is structured in 7 Chapters.

In Chapter 1, the current status of Cr (VI) pollution is introduced. Meanwhile,

the motivation and objectives of this study is stated.

In Chapter 2, existing methods for Cr (VI) removal are described and a range
of new materials for Cr (VI) removal that have recently been developed are
analysed. Current research advances in modelling for the removal of Cr (VI)

are analysed.

The three main components of the thesis are presented in Chapter 4-6. In
Chapter 4, the combination of iron and nickel nano bimetals with reduced
graphene oxide to form a new three-in-one material. The mixing process was
continued using microchip mixing technology in comparison to conventional
stirred mixing. The new three-in-one material achieved over 50% Cr (VI)

removal capacity improvement compared to literature reports.

In Chapter 5, a triple combination of iron nanoparticles, nickel bimetals and
multi-walled carbon nanotubes was synthesised to achieve reusability and 20
percent higher Cr (VI) removal capacity of the material compared to the

material in Chapter 4.

In Chapter 6, a model that can predict the Cr (VI) removal capacity and curve
of carbon nanotube-loaded iron nanomaterials was developed and validated

experimentally.

Conclusion and future work are presented in Chapter 7.



Chapter 2 Literature review

2.1 Cr (VI) reduction methods

To solve the above mentioned problem, a lot of advanced treatment
technologies have been applied for efficiently Cr (VI) adsorption, such as
chemical precipitation [12], ion exchange [13], adsorption, membrane filtration,
and electrochemical treatment [14]. Every single method to remove heavy
metal have its advantages and disadvantages. Combining serval reduction
methods is an excellent way to increase removal efficiency. The two most

widely used methods are introduced below:
2.1.1 Chemical precipitation

Because of its simple process and inexpensive capital cost, the chemical
precipitation method is a method that uses chemical reaction to convert a
dissolved heavy metal in waste water into a water-insoluble heavy metal
compound. Chemical precipitation is the most widely used process in the
industry [15]. However, chemical precipitation is usually adapted to treat high
concentration wastewater containing heavy metal ions, and it is ineffective
when the metal ion concentration is low. Moreover, chemical precipitation is
not economical and can produce a large amount of sludge to be treated with
great difficulties [16]. Chemical precipitation is distinguished by the type of
precipitate. It consists mainly of hydroxide precipitation method and sulphide

precipitation method.



Hydroxide precipitation

Hydroxide precipitation is a method of adding sulphides such as sodium
sulphide or hydrogen sulphide to waste water. The reaction between heavy
metal ions and sulphur ions produces insoluble metal sulphide precipitates. It
is the most widely used chemical precipitation technique due to its relative
simplicity, low cost and ease of pH control [17]. The hydroxide precipitation
process was evaluated using Ca(OH)2 and NaOH to remove Cr (VI) ions from

wastewater [18].
Sulphide precipitation

Sulphide precipitation is a method of adding sulphides such as sodium
sulphide or hydrogen sulphide to waste water. The reaction of heavy metal
ions between sulphur ions to produce insoluble metal sulphide precipitates.
Compared to hydroxide precipitation, the solubilities of the metal sulphide
precipitates are dramatically lower than hydroxide precipitates, and sulphide
precipitates are not amphoteric. Hence, the sulphide precipitation process can

achieve a higher metal removal over a broad pH range [16].
2.1.2 Adsorption

Adsorption is a method of physical and chemical adsorption of Cr(VI) in water
by means of porous solid adsorbents with special functional groups and large
specific surface area. The commonly used adsorbents are activated carbon,
zeolite, bentonite, humic substances, etc. According to the adsorption
mechanism, adsorption is generally classified into two types: physical

adsorption and chemical adsorption.
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For physical adsorption, adsorption between the adsorbent and the adsorbate
is through the intermolecular attraction, which is called the van der Waals

force [19].

Chemical adsorption refers to the chemical reaction between adsorbent and
adsorbed substances [19]. It needs a certain amount of activation energy to
form a chemical bond to cause adsorption. The affinity of the formed chemical
bond can vary difference, but it is significantly more potent than the van der

Waals force of physical adsorption.

The commonly used adsorbent types are activated carbon [20], multi-walled
carbon nanotubes [21], inorganic materials [22], and resins [23]. At present,
there are already some applications to practical industrial production. More

details about the applications of adsorbent materials is presented in 2.2.
2.1.3 lon exchange

The core of the ion exchange method is an ion exchanger. Free-moving ions
in an ion exchanger are exchanged with heavy metal ions in solution.
Commonly used ion exchangers are insoluble polymer compounds such as
dextran, resins and cellulose, all of which contain groups that can be
dissociated in water and which can exchange with contaminant ions in
agueous solutions. Anion exchange resins can exchange with chromate or
dichromate in water, thus effectively removing Cr(VI) from water; lon
exchange has high treatment capacity, high removal efficiency and fast
kinetics [13]. The removal of heavy metal ions by ion exchange resins is
influenced by certain variables such as pH, temperature, initial metal
concentration and contact time [24]. The driving force for ion exchange is the

difference in concentration between the ions and the affinity of the functional
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groups on the ion exchanger. In most cases, ions are adsorbed before they
are exchanged and have an adsorptive exchange effect. However, ion
exchange resins must be regenerated with chemicals after use, and
regeneration can cause serious secondary contamination. It is also expensive
and cannot be used on a large scale, especially when treating large quantities

of wastewater containing low concentrations of heavy metals.
2.1.4 Electrochemical treatment

Electrochemical treatment is mainly under the action of an external electric
field, by controlling the voltage or current through the electrons and ions in the

wastewater to remove the pollutants.

The principle of electrochemical chromium removal is mainly electrolytic
reduction and precipitation. Cr (VI) containing water into the electrolytic tank
with iron as the anode for electrolysis, under the action of direct current iron
loss of electrons in the anode area to generate Fe?*, Cr (VI) and Fe?* reaction
to generate Cr3* and Fe3®*; at the same time the cathode area water
electrolysis to generate OH- and Hz, Cr®* and Fe® and OH- reaction to
generate Fe(OH)s and Cr(OH)s precipitation, the Cr (Illl) and Cr (VI) are

removed simultaneously.

The method will not produce secondary pollution. Compared with other
traditional treatment methods, electrochemical methods are used in industrial
waste because of their good treatment effect, low operating cost, low sludge
generation, high degree of automation, ease of operation and management,
and the ability to remove multiple pollutants at the same time. However,
electrochemical technologies involving high initial capital investment and the

expensive electricity supply Meanwhile, electrochemical treatment often
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requires the addition of a large amount of salts as electrolytes to increase the
conductivity, resulting in high salt content in the treated water, which cannot

be directly recycled. These disadvantages restricted its development.
2.1.5 Membrane filtration

Membrane separation takes advantage of the differences in the properties of
different components in a given environment. Membranes are porous layers
that allow a certain type of fluid to flow through them but can confine specific
contaminants or particles based on their physicochemical properties and
molecular sites. A driving force such as a certain pressure difference,
concentration difference or potential difference is applied to both sides of the
membrane to allow Cr (lll) and Cr (VI) to selectively pass through the

membrane, thus achieving removal from the water.

Membrane filtration processes offer higher removal efficiency, no
contamination load and simple separation methods compared to conventional

techniques [25].

Yao et. al.[26] prepared magnetite films based on the oxidation of 316L

stainless steel and achieved 100% chromium removal at pH = 4.

However, in practice, it is easily contaminated by other materials in the
environment, has poor mechanical stability, high investment and poor
selectivity, and is generally not used for the treatment of large quantities of
wastewater, but mainly for the recovery of substances with high added

value[27].
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2.2 Cr (VI) reduction material

Although a large number of methods have been applied for the removal of Cr
(VI), methods such as electrochemical treatment, membrane filtration, ion
exchange etc. have too many limitations. Currently the most widely used
methods are chemical reduction and adsorption. Several types of materials
that have been widely investigated for chemical reduction and adsorption are

presented below.
2.2.1 Micro and nano iron particles

Iron is the most abundant transition metal and the fourth most abundant
element in the earth's crust [28]. The valence electron layer structure of Fe is
3d6 4s2, and the standard electrode potential of Fe?*Fe (90 Fe?*Fe = -0.440V)
is negative at 298.15K and 101.325KPa [29]. Therefore, the Fe (0) reaction
activity is intense. As an electronic donor, Electrons on its surface are passed
through electron transfer to metal ions with a standard electrode potential
higher than -0.440 V [30]. Hence zero-valent iron (ZVI) has been proposed as
a chemical precipitation agent to remove chromium contaminants [31-34]. For
example, Cr (VI) could be reduced by ZVI and form insoluble precipitates
Cr(OH)s with much lower toxicity in a neutral or alkaline environment. Notably,
ZV1 is non-toxic, inexpensive and easy to produce, which is good for large-
scale applications in industry. Hence different types of ZVI materials have
been used for the removal of chromium contaminants, including conventional

micrometre-sized ZVI and nanometre-sized zero-valent iron.

For evaluation of the chromium removal ability of different ZVI materials, Cr

(V1) adsorption capacity (mg/g) is used to assess their performance. Previous
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studies demonstrated that the environmental pH matters the ZVI's adsorption
capacity of Cr (VI) [35-37]. Because the primary Cr (VI) species in water are
Cr207%2 and HCrO4™ at low pH and CrO4?- at high pH [38], respectively. The
electrostatic force and competition between OH" and precipitation agents will
lend to lower Cr (VI) adsorption capacity at higher pH [39]. Hence, pH value
must be considered when comparing Cr (VI) adsorption capacity.
Conventional micrometre-sized ZVI presents the ability of Cr (VI) removal, but

a relatively low adsorption capacity limits its application [40].

Nano zero-valent iron particles have a smaller particle size and a larger
specific surface area than ordinary iron powders. If the specific surface area
of ordinary iron powder with a particle size of less than 10um is only 0.9m?/g
[41], for Nano zero-valent iron, it is from 10 to 450 m2/g [42]. Therefore, with
a much higher specific surface area, nanometre-sized zero-valent iron shows
a better Cr (VI) removal potential [35-37]. Nahuel et al.[43] used bare iron
nanoparticles to remove Cr (VI) and obtained an adsorption capacity of 47.2
+ 0.1 mg/g at pH =5 and 411 + 24 mg/g at pH=3, respectively. The adsorption
capacity of 60.03 mg/g at pH=6.8 was found by Chen et al.[44] and 10.06 mg/g

at pH=6.36 by Ali et al.[45].

These studies demonstrated iron nanoparticles has great potential as a Cr
removal agent; however, iron nanoparticles do not work well in practical

applications, mainly the main reasons for this are as follows:

Ageing: nZVI is extremely reactive and therefore the structure and chemical
properties of nzZVI change over time during preparation, storage and

application [46].
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Lack of directionality: iron nanoparticles is a strong reducing agent with poor
electron selectivity. iron nanoparticles is able to react not only with the target
pollutant, but also with other aqueous components (e.g. nitrate and organic
matter), depleting its reducing properties and reducing its reaction with the

target pollutant [47].

agglomeration: the agglomeration between nzZVI patrticles is exacerbated by
the high surface energy and strong magnetic effects, causing nZVI particles
to attract each other and aggregate into larger particles, reducing their mobility

in water and their effective surface area [48].

These reasons will decrease the adsorption capacity and may produce
secondary pollution [49]. Besides, the separation of iron nanoparticles from
the treated solution also presents a big challenge. In order to overcome these
disadvantages, over the years researchers have tried to modify iron
nanoparticles using a variety of different methods [50]. The current
modification methods for iron nanoparticles are mainly bimetallic [51],

surfactant modification [52], and sorbent support [53] methods.
2.2.2 Bimetallic nanoparticles

To counteract the agglomeration effect of pure iron and to increase the
adsorption quantity and rate, iron-based bimetallic compounds have been
studied. Bimetallic particles were first used with micro-scale iron [54]. Normally,
bimetallic particles are constituted with a corrosive metal such as iron or zinc
along with a noble metal such as palladium (Pd) [55], copper (Cu) [56], nickel
(Ni) [57] or cerium (Ce) [58]. The iron in bimetallic nanoparticles acts as the
reductant to generate hydrogen from water, while the second metal acts as a

catalyst [59]. As reported, the reaction rates of iron nanoparticles particles
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enhanced with Pd (FePd) and Ni (FeNi) are much higher than those of
monometallic nZVI [60, 61]. For example, the reaction rate of FeNi particles is
almost two orders of magnitude higher than monometallic nZVI for the
degradation of trichloroethylene [62]. Similar results are obtained for FePd

nanoparticles [63].

Especially for Cr (V1) removal, Chen et al [64] composited Fe-Ce bimetal oxide
and obtained a maximum adsorption capacity of 75.36 mg/g at pH=4. Wen et
al.[65] reported a Fe-Ce bimetal oxide with an adsorption capacity of 125.28
mg/g at pH=3. Fe-Ni bimetal synthesized in an ultrasound-assisted system
was proposed by Zhou et al.[66], this system enhanced the dispersion of
bimetals and demonstrated an adsorption capacity of 67.6 mg/g at pH=5.
Such bimetal material systems show better effects than the pure iron

nanoparticles system at similar pH conditions [67].

Despite bimetal material having significant advantages compared to the pure
iron nanoparticles system, there are some limitations to bimetal materials [61,
68]. (1) It trends to aggregate as powdered material, which hugely affects the
adsorption capacity. (Il) The bimetal metal material can only reduce heavy
metal to a lower valence state, such as Cr (VI) to Cr (lll). The Cr (lll) is not
immobilized, and it can continue to diffuse in the environment to generate
secondary pollution. (Ill) The nanoparticles are hard to collect back in practical

application, which will increase the operating costs.
2.2.3 Sorbent-supported materials

Although iron-based bimetallic particles substantially mitigate the
disadvantage of pure iron agglomeration and increase the adsorption capacity

to some degree, they do not completely eliminate it. However, it is difficult to
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recycle and reuse nanoparticles, and the trivalent chromium formed by their
reduction is also difficult to recover, and there is a risk of reversion to
hexavalent chromium. A number of materials based on adsorbents have been

researched in order to overcome the recycling issue.

Materials having a high specific surface area and a porous structure are
excellent adsorbent candidates. Including clay minerals, bio sorbent materials

and carbon-based compounds (graphene, carbon nanotubes).

On the adsorbent, some researchers added nanoparticles of iron. The
sorbent-supported materials combine the functions of iron nanoparticles
reduction and adsorption enhancement by sorbents. A variety of adsorbent
materials were used to support iron nanoparticles and were thoroughly

explored.
Clay minerals

Clay mineral is largely available in the environment, and it is also very cheap
material. Typically, a natural mineral consists of silica, alumina, and water [69].
As an adsorbent, clay mineral has non-hazardous, high specific surface area,
moreover, it contains interchangeable cations and anions [70]. Clay mineral

has gain high interests from researchers.

Zhao et al.[71] natural akadama clay for Cr (VI) removal from aqueous solution
at pH=2 and got an adsorption capacity of 4.29 mg/g. Most natural clays have
a low capacity for Cr (VI) adsorption and need to be modified to increase their
capacity. David et al.[72] use hexadecyltrimethylammonium bromide to
modify the bentonite and test adsorption capacity at pH=3, got results for

10.04 mg/g.
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The limited specific surface area of some of the natural clay materials limits
the further increase in Cr (VI) adsorption capacity. and Wang et al.[73] chose
natural halloysite nanotubes, a silica-aluminate clay with a hollow nanotube
structure, which has a higher specific surface area. It has also been modified
by hexadecyltrimethylammonium bromide and got adsorption capacity of 17.6

mg/g at pH=3.

Pure clays minerals and modified clays have enough absorption surface
points for Cr (VI) immobilization. However, the Cr is still in Cr (V1) and can be
released back to environment. To solve the problem, some researchers
loaded iron nanoparticles on its surface act as reductant. Li et al.[74]
synthesized bentonite-supported iron nanoparticles and obtained an
adsorption capacity of 7.3 mg/g at pH=6. Fu et al. [75] prepared sepiolite
supported iron nanoparticles and got a better adsorption capacity of 43.86
mg/g at pH=6. Lu et al.[76] combined bimetal and sorbent-supported material
together, by using Fe-Ni bimetal decorated on montmorillonite, obtained the
adsorption capacity about 65 mg/g at pH=3. About 50 precents better than

the results obtained with monometallic iron loading on clay materials

After iron nanoparticles added, the adsorption capacity got enhanced but it is
still can be increased by change higher specific surface area adsorbent, such

as bio sorbent materials, RGO and MWCNTSs.
Bio sorbent materials

The majority of bio sorbent materials are sourced from agricultural and forestry
raw materials. With low cost, little environmental pollution, due to its relative
high surface area, and surface reactivity, it has been investigated by

researchers [77].
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The researchers first used unprocessed bio sorbent material for Cr (VI)
removal experiments. Uysal and Ar [78] prepared adsorbent based on pine
sawdust and got adsorption capacity of 30.48 mg/g without pH control, the Cr
(V1) is . Altun et al.[79] tested rye husk and got adsorption capacity for 22.62
mg/g at pH=3. Gao et al.[80] collected particles between 150 and 380 um from
air-dried rice straw and obtained an adsorption capacity of 3.15 mg/g at pH=2.
Gonzalez et al.[81] tested grinded coconut husks at pH=2 and got adsorption

capacity for 6.3 mg/g.

Unprocessed bio sorbent materials are unable to reach higher Cr (VI)
adsorption capabilities due to restrictions such as their specific surface area
and charge. Researchers have attempted to improve the performance of bio

sorbent materials by modifying or processing them.

Activated carbon is also a kind of bio sorbent material, it has abundant
microporous structure, it is normally produced from organic raw material and
in a powder or particle form [82]. Khezami et al.[82] tested activated carbons
produced from wood, demonstrated an adsorption capacity of 95.1 mg/g at
pH=6. Wang et al.[83] researched on activated carbon prepared from coconut
shell, obtained an adsorption capacity of 45.2 mg/g at pH=3.5. These results

are significantly better than unprocessed bio sorbent materials.

Biomass sorbent materials remove Cr (VI) primarily by electrostatic attraction
and physical surface adsorption. The mechanism restricts the higher
adsorption capacity that may be reached, and the adsorbed Cr remains in the
Cr (VI) form, with the possibility of re-entering the environment. In order to
overcome these concerns, researchers loaded iron nanoparticles on bio

sorbent materials as reductant.
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Qian et al.[84] composited carboxymethyl cellulose supported iron
nanoparticles and demonstrated its adsorption capacity of 33 mg/g at pH=5.5.
Sharma et al.[85] studied cellulose supported iron nanoparticles at pH=3,

showing an adsorption capacity of 106.4 mg/g.

The adsorption capacity improved once iron nanoparticles was introduced as
a reductant, although it is still insufficient. This is because the specific surface
area of bio sorbent materials is lower than that of artificial synthetic materials:
such as RGO and MWCNTSs. In the meanwhile, it is impossible to eliminate all
impurities from bio sorbent materials, which has a negative impact on their

adsorption ability.
Carbon-based compounds

By far the most widely used carbon-based nanomaterials for heavy metal

removal are graphene and carbon nanotube-related materials

Reduced graphene oxide (RGO) is a recently developed adsorbent with a two-
dimensional single atomic layer structure, which possesses an exceptionally

high specific surface area [86].

It has been reported that higher Cr (VI) adsorption capacity can be obtained
when using graphene related material as a base supporting material, such as
RGO and graphene oxide (GO). Humera et al.[87] synthesized graphene-iron
nanoparticles and got an adsorption capacity of 162 mg/g at pH=4.25. Jie et
al.[88] found that graphene-iron nanoparticles’s adsorption capacity can reach
180.16 mg/g at pH=5. Li et al.[89] confirmed an adsorption capacity of 21.72
mg/g at pH=7 for graphene supported iron nanoparticles. Lv et al.[90]
decorated iron nanoparticles on magnetic FesOas/graphene and observed an

adsorption capacity of 66.22 mg/g at pH=8. Wang et al.[91] loaded Fe30a4 on
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PEI modified GO and obtained its adsorption capacity can change from

around 250 to 50 mg/g when tuning pH from 2 to 7.

Carbon nano tubes (CNTs) and multi-walled carbon nanotubes (MWCNTS)
are recently developed adsorbents with a one-dimensional tube structure,
they have attracted much attention because of their exceptionally high specific
surface area and strength [92]. Numerous different materials based on

MWCNTSs are synthesized and tested for Cr (VI) adsorption capacity.

Carbon nanotubes without treatment have a relatively low Cr (VI) adsorption
capacity. Ali Atieh et al.[93] found carbon nanotubes supported by activated

carbon and got an adsorption capacity of 9.0 mg/g at pH=2.

Researchers intend to boost the Cr (VI) adsorption capacity of carbon

nanotubes by modification.

Some researchers modified carbon nanotubes with organic solvent. Kumar et
al.[94] modified MWCNTSs by tetra n-heptyl ammonium bromide and obtained
85.83 mg/g adsorption capacity at pH=2.8. Sun et al.[95] immobilized HSO4
on MWCNTs-COOH and obtain 31.29 mg/g adsorption capacity at pH=2.0.
This organic solvent modified carbon nanotubes removal Cr (VI) by
electrostatic attraction, physical sorption, surface complexation. They lack
reducibility to reduce Cr (V1) to Cr (lIl). The constant presence of Crin the form
of Cr (VI) and the possibility of its re-release into the environment is a major

concern.

In order to reduce Cr (VI) to Cr (lll), reducing metals, such as iron, are
introduced into the system. Lee et al.[96] synthesized Magnetic iron oxide
MWCNTs and got adsorption capacity of 12.61 mg/g at pH= 3.0. Ma et. al.et

al.[97] decorated FeMnOx on MWCNTSs and observed an adsorption capacity
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of 47.25 mg/g at pH=2.0. Verdugo et al.[98] synthesized a- Fe203/MWCNTs
and confirmed adsorption capacity for 75mg/g at pH=6.0. Murali et al.[99]
synthesized ZnO-Functionalized MWCNTSs and the adsorption capacity reach

upto140 mg/g at pH=2.

As atrtificial synthetic materials, RGO and MWCNTs has much higher degree
of purity than clay minerals and bio sorbent materials. This facilitates the
achievement of higher adsorption capacities. At the same time, ROGs and
MWCNTs have several times the specific surface area of clay minerals and
bio sorbent materials, can provide more adsorption sites. The reported
literatures also show that materials based on ROGs and MWCNTs have a
higher adsorption capacity than other materials under similar conditions.
Although relatively high adsorption capacities have been obtained for iron
nanoparticles loaded with RGO and MWCNTSs. The analysis of the reduction
mechanism and atomic conversion of Cr (VI) shows that there is still a large
amount of iron not involved in the reaction and there is still room for
improvement in the adsorption capacity. Considering the improved adsorption
capacity of bimetallic particles compared to iron nanopatrticles, replacing the
loaded iron nanoparticles with bimetallic particles could be one of the ways to

solve this problem.

2.3 Simulation for Cr (VI) adsorption

Most of the Cr (VI) adsorption research is based on experiments. Researchers
fit their experiment data with either Langmuir and Freundlich isotherms or
Pseudo-First-Order and Pseudo-Second-Order equation. These fits can only

be used to help researchers analyse the mechanism of Cr (VI) removal.; they
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cannot be used to anticipate experimental outcomes or minimise workload
through simulation. Until now, only a few researchers made simulation for

predicting Cr (V1) adsorption capacity.

Mosai et al.[100] used PHREEQC (which stands for, pH, redox, equilibrium
written in the C language) geochemical modelling code coupled to parameter
estimation. Meanwhile used the observed results of pH (2-9) on the
adsorption of heavy metal onto generalized weak, medium and strong sites of
the agricultural soil to calibrate the model. They successfully predicted the
adsorption capacity of natural and man-made adsorbents in different pH value.
Because the natural clay was chosen as the adsorbent for this experiment,
the removal of Cr (VI) was limited to physical adsorption and did not involve a
chemical reduction reaction. The parameters related to the chemical reduction
reaction were not added to the model either. So, the model cannot be applied
to adsorbents with nanoparticles loaded on, which normally has higher

adsorption capacity.

Based on data obtained from Cr (VI) removal experiment by surfactant-
modified bentonite. Castro et al.[72] used response surface methodology to
developed a model. Response surface methodology is essentially a
combination of mathematical and statistical tools useful for planning
experiments, constructing models by examining parameter interactions, and
optimising processes [101] . The model successfully predicted the adsorption

capacity of Cr (VI) at different additions and pH values for this material.

However, as the response surface methodology is based on fitting the
mathematical models to existing experimental results and validation of the

models obtained through statistical techniques [102]. The model can only be



-21 -

applied to materials that provide the source of the model data and cannot be

used to predict a new material that has not been experimentally tested.

2.4 Summary of state-of-art work

From the previous literature review, chemical precipitation and physical
adsorption are the most widely used techniques for Cr (VI) removal due to
their excellent environmental suitability and low cost. Materials based on
chemical precipitation and physical adsorption are currently divided into three

categories.

1. Nano-iron based modifications or the addition of other metals to form
bimetallic materials. These materials lack directionality in their ability to reduce
Cr (VI). They also have a high degree of agglomeration due to van der Waals
forces and electrostatic gravitational forces. These limited their ability to
achieve higher Cr (VI) removal capacities. Also, due to its nano size, it is

difficult to be re-collected for use. The addition of adsorbents to these

materials that can adsorb the surrounding Cr (VI) can improve their directivity,

while some of the adsorbents may help to reduce agglomeration.

2. Natural clay or biomass based materials with some simple processing or
modification. This type of materials are relatively inexpensive, but due to its
natural properties, they are usually not very pure with relatively low specific
surface area compared to other materials. The expected high Cr (VI) removal
capacity cannot be achieved. It is worth noting that in some cases, very high
Cr (VI) removal capacities have been reported for these materials, but the

experimental conditions are mostly in strongly acidic solutions, which are not
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suitable for practical applications. Given the large effect of pH on Cr (VI)
removal capacity, it cannot be considered that practically high Cr (VI) removal

capacities have been achieved.

3. High surface area based materials (e.g. graphene, carbon nanotubes) with
nanometals (e.g. iron) attached to their surfaces. These materials have a
higher Cr (VI) removal capacity than the first two. Nanometals in these
materials tend to have smaller particle sizes due to the spatial site resistance
of the adsorbent. However, the smaller particle size means that they are more
susceptible to oxidation by the environment and thus lose their reducing
properties. The formation of bimetallic particles by adding a metal with a

higher reduction potential will help to maintain their reduction capacity.
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Chapter 3 Methodology

3.1 Materials and Instruments

Materials

Graphene oxide (GO) is synthesized by a modified Hummer’'s method using
graphite powder as a raw material [103]. MWCNTs and Nickel (II) chloride
hexahydrate are bought from Sigma-Aldrich (Dorset/UK). FeCls3-6H20 and
potassium dichromate (K2CrsO7) are bought from SLS (Scientific Laboratory
Supplies), nickel powder (average particle diameter 2.2-3.0 um), polyvinyl
pyrrolidone (PVP) and chromium (Ill) chloride hexahydrate (CrCls) are
purchased from Alfa Aesar. Sodium borohydride (NaBH4) is bought from
Fisher Scientific Ltd. 1,5-Diphenylcarbazide (DPC) is purchased from Sigma-

Aldrich. The chemicals are used as received without further purification.

Scanning Electron Microscope and Energy-dispersive X-ray

spectroscopy

Scanning Electron Microscope (SEM, SU8230, Hitachi) equipped with
Energy-dispersive X-ray spectroscopy (EDS) is used to characterizese the
bonding patterns and elemental distribution of the various components in a
multi-component material. It is used to confirm that the prepared sample

meets expectations.

In SEM testing, the electron beam is used as the illumination source, and the
focused electron beam is irradiated onto the sample in the form of a raster-

like scan to produce secondary electrons and backscattered electrons through
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the interaction between the electrons and the sample, which are then collected

and processed to obtain a magnified image of the microscopic morphology.

The principle of EDS is that each element has its own characteristic
wavelength of X-rays. The size of the characteristic wavelength depends on
the characteristic energy AE released during the energy leap, and the energy
spectrometer takes advantage of the different characteristic X-ray photon

energies of different elements to carry out compositional analysis.

Before SEM and EDX test, the sample was ground into powder form with a
mortar and pestle, then the sample was glued to the conductive adhesive on
the measuring table, after that gold was sprayed evenly on the surface of the

sample to enhance its conductivity.
Transmission electron microscope

Transmission electron microscope (TEM, FEI Tecnai TF20) is used to observe
the morphological changes in the components of the material before and after

Cr (VI) removal tests to help analyse the reaction mechanism.

TEM characterisation involves the projection of an accelerated and
concentrated electron beam onto a very thin sample, where the electrons
collide with the atoms in the sample and change direction, resulting in stereo
angular scattering. The magnitude of the scattering angle is related to the
density and thickness of the sample, so that different images of light and dark
can be formed, which will be displayed on the imaging device after
magnification and focusing. Due to the very short de Broglie wavelength of
electrons, the resolution of transmission electron microscopy is much higher

than that of optical microscopy.
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Before doing the TEM test, the ground sample was taken and dispersed in
ethanol solution, sonicated for more than 30 min, and a small amount of the
mixture was dropped onto an ultra-thin carbon grid and placed on a sample

bench for testing.
Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) experiments are performed
with Thermo Scientific Nicolet iIS10 FTIR Spectrometer (Thermo Scientific) to
characterise the type and content of residual oxygen-containing groups on

RGO and MWCNTSs.

The sample to be tested is irradiated with infrared light of continuously varying
frequency, and the molecular groups absorb the radiation of characteristic
frequencies, and their vibrational or rotational motion causes a change in
dipole moment, resulting in a jump in the vibrational and rotational energy
levels of the molecule from the ground state to the excited state, and obtain a

molecular absorption spectrum.

The FTIR instrument is equipped with Attenuated total reflection (ATR), which
allows direct measurement of the powder after grinding, without the need to
disperse the powder in solution. The sample powder was ground for 5 min and
then measured. The detection wavelengths ranged from 650 to 4000 cm™* with

a resolution of 2 cm™.
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BET surface area

BET surface areas are tested on Tristar 3000 (Micromeritics) to analyze the
effect of different components on the specific surface area of the material and

the pore size distribution within the material.

Nitrogen is used as the adsorbent and helium or hydrogen as the carrier gas.
The two gases are mixed in a certain ratio to reach a specified relative
pressure and then flow through the solids. When the sample tube is held in
liquid nitrogen, the nitrogen in the gas mixture is physically adsorbed onto the
surface of the sample, while the carrier gas is not. At this point an adsorption
peak appears on the screen. When the liquid nitrogen is removed and the
sample tube is brought back to room temperature, the adsorbed nitrogen gas
is desorbed, and a desorption peak appears on the screen. Finally, a known
volume of pure nitrogen is injected into the mixture and a calibration peak is
obtained. From the peak areas of the correction and desorption peaks, the

amount of sample adsorbed at that relative pressure can be calculated.

Before the BET test, the sample is ground to a powder and vacuum dried
overnight. The sample is placed in a sample tube and an appropriate amount
of liquid nitrogen is added to the liquid nitrogen tank so that the sample tube
is immersed in liquid nitrogen. It is necessary to ensure that the sample tube

is airtight when connected to the characterisation equipment.
Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-vis) spectra of samples are performed
with UV spectrophotometer UV-1800 (Shimadzu) to quantify the concentration

of Cr (VI) in solutions.
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In the UV test, a continuous spectrum of electromagnetic waves in the
ultraviolet-visible region is used as a light source to irradiate the sample. By
measuring the absorption of light at a specific wavelength or within a certain
wavelength range of the substance, qualitative and quantitative analysis of the

substance is carried out.

Before the UV test, The UV spectrophotometer needs to be preheated. Then,
after “auto zero” without sample and “baseline” with DI water, samples are
carried out to be tested. The detection wavelengths ranged from 200 to 800

nm with a resolution of 1 nm.
Dynamic light scattering

Sample size characterization is investigated by dynamic light scattering (DLS)
measurements using the Zetasizer Nano ZS (Malvern). This is used to

analyse the loading and agglomeration of metal particles.

Dynamic light scattering (DLS) is based on the Brownian motion of dispersed
particles. When particles are dispersed in a liquid, they move randomly in all
directions. The principle of Brownian motion is that particles in solution
continuously collide with solvent molecules, which causes particle motion.

Smaller diameter particles move at a higher velocity than larger particles [104].

During the measurement, a monochromatic light source is directed into the
sample through a polarizer. The scattered light then passes through a second
polarizer, after which it is collected. Due to the Brownian motion, the scattered
light fluctuates with time and the rate of fluctuation is related to the
hydrodynamic diameter of the particles in solution, from which the size of the
particles in solution can be calculated. Zetasizer Nano ZS ensures confidence

in the particle size by scattering and collecting at multiple angles.
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Based on the measurement principle of DLS, the measurement target has

certain limitations:

Samples can be dispersed relatively consistently in water. The solution
concentration must be low enough so as to reduce multiple scattering of light

between different particles.

The size of the particles to be measured is usually strictly limited by the
wavelength of the light emitted by the instrument, and for the instrument used

in this experiment, the test range is 0.3 nm to 10 ym.

The sample particles should not have more than three concentrated areas of
particle size distribution, otherwise the accuracy and validity of the data will

be affected.

For the measurement progress, firstly switch the measurement mode to "size",
then set the temperature, absorbance and other parameters of the solution in
"manual” of "measure”. Then disperse a small amount of sample in DI water
and shake for 1 minute. Control the concentration of the sample so that the
solution remains translucent. Add the rated volume of solution to the tube.

Place the tube into the instrument in the correct orientation and start the test.
X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to confirm the existence and

the valence states of elements before and after the Cr (VI) removal experiment.

In the XPS test, the sample is irradiated with X-rays, by measuring the kinetic
energy and the number of electrons escaping from 1 nm to 10 nm below the

surface of material in the range. The X-ray photoelectron spectrum is obtained.
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In this experiment, the milled sample powder is glued to the test bench by
means of conductive double-sided tape. The measured scan resolution is 1.0

e V, with high resolution scans of 0.1 e V in the Fe2p and Cr2p regions
X-ray diffraction

X-ray diffraction (XRD, Bruker D8 ) is used to characterize the crystalline
structure of the sample. In this experiment, the scan range is set to 10-

70 °26. Step size is 0.05°. And 1 seconds per step.

The wavelength of the X-rays is similar to the spacing between the atomic
planes inside the crystal, and the crystal can act as a spatial diffraction
grating for the X-rays. A beam of X-rays striking an object is scattered by the
atoms in the object, each of which produces scattered waves which interfere
with each other and as a result produce diffraction. The superposition of the
diffraction waves results in the intensity of the rays strengthening in some
directions and weakening in others. Analysis of the diffraction results leads

to the crystal structure.
Micromixer chip

Micromixer chip purchased from Dolomite is used to replace traditional
mechanical stirring in the synthesis of some samples to improve the

dispersion of the sample.
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Figure 3-1 Micromixer chip: the whole chip (a) and the mixing stage (b).

The chip depicted in Figure 3-1 is a static mixer and has three entrances and
one exit. Two entrances were connected to 2 syringes with two feeding
solutions, and one entrance was connected to an air bottle to produce small
solution drops in the chip. The primary means for enhanced mixing property
in this chip is to disrupt the laminar flow into controlled mixing stages by
physical forcing liquids to mix. There is 12 mixing stage for one whole mixing
process. At the beginning of each mixing stage, part of solution successively
goes through the 4 small conduits to another main tube, while the rest
continues to go through in the original main tube. The internal channel cross-
section size of the microchip is 125 um x 350 um (depth x width) and 50 um
x 125 um for the conduit. Similar processes occur 4 times in every mixing
stage. Meanwhile, it's a sinuous microchannel that could generate convection
at every turn to help the mixing. A pump was used to control the injection

speed. The injection speed was set to 10 uL/min for each syringe. At this
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speed, the back pressure is around 0.08 bar. Due to the speed limitation, the
production rate of the composite material is limited to 2.46 mg per hour. The
production rate is only limited to sample 4 and 5 in chapter 4. Not applied to

other samples in chapter 4 and all samples in chapter 5 and 6.

After the mixing stage, GO is well dispersed. More detailed description of the

micromixer chip is included in the Appendix A.

3.2 Methodology

Based on the literature reported above, a target material should have both a

high physical adsorption and chemical reduction capacity for Cr (VI).

The physical adsorption capacity increases the concentration of Cr (VI) in the
vicinity of the material and increases the directionality of the chemical
reduction capacity of the material. It also provides part of the Cr (VI) adsorption

capacity based on its own physical adsorption.

The chemical reduction capacity reduces Cr (VI) to Cr (lll), which is less
susceptible to re-oxidation in nature, preventing secondary contamination.
The chemical reduction method will provide the majority of the Cr (VI)

adsorption capacity.

With this requirement, multi-component materials are a potential development
direction. Some components provide physical adsorption capacity and some

components provide chemical reduction capacity.

From previous reports, new materials based on carbon, such as graphene and
carbon nanotubes, which have extremely high specific surface area, are good

materials for providing physical adsorption capacity. Nano iron particles, on
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the other hand, are an excellent choice for providing reduction capability. At
the same time, the loading of another metal with a higher reduction potential
(e.g. nickel) on the surface of iron nanoparticles to form bimetallic
nanoparticles can enhance its reactivity. Combining FeNi bimetals with
graphene to form a triple material is where high Cr (VI) removal capacities can

be expected.

In order to achieve the loading of FeNi bimetallic particles onto the RGO. The
FeNi bimetal is planned to be prepared by reducing Fe (lll) chloride
hexahydrate and Ni (ll) chloride hexahydrate with an excess of sodium
borohydride (NaBH4). Graphene oxide (GO) is also reduced by sodium
borohydride (NaBH4) to remove the oxygen-containing groups from the
surface. The reduction process is carried out in the presence of the dispersant
polyvinyl pyrrolidone (PVP) and is ensured by mechanical stirring or shaking.
Magnetic stirring should be avoided during the reduction of iron (1) to prevent
the effect of magnetism on the zero-valent iron. The three-in-one material is
reached by the co-precipitation of the FeNi metal particles with RGO so that

the FeNi metal particles are physically adsorbed by the RGO.

In the new material, the RGO predicted acts as a carrier for the FeNi bimetal,
and the presence of the RGO will reduces the agglomeration of the FeNi
bimetal to a certain extent. Meanwhile, FeNi bimetal and Fe loaded RGO wiill

be synthesised as a comparison.

In order to verify the adsorption capacity of the new material for Cr (VI), Cr (V1)
removal experiments need to be carried out. As literature reported [105], in an
acidic or neutral environment, 1,5-Diphenylcarbazide (DPC) couples with Cr

(V1) to form a purple solution with a significant absorption peak at Amax = 545
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nm. By measuring the absorption peaks at Amax = 545 nm by DPC with
different concentrations of Cr (VI) in the UV-Vis spectrum, a mathematical
relationship between the absorption peaks and Cr (VI) can be determined over
a range. This mathematical relationship can be used to determine the

concentration of Cr (VI) in solution.

In theory, in the Cr (VI) removal experiments, the RGO will adsorbs Cr (VI)
from the solution to the surrounding area, increasing the concentration of Cr
(V1) in the surrounding area and speeding up the reaction rate between Fe
and Cr (VI). At the same time, the RGO itself will provides a small amount of

Cr (VI) removal capacity through physical adsorption.

Fe will act as a reducing agent to convert Cr (VI) to Cr (lll). Nickel will be a
catalyst to accelerate the reaction between Fe and Cr. Cr (VI) reacts with Fe
(0) is expected form precipitates. These precipitates may encapsulate Fe (0),
preventing the rest iron from participating in the reaction. RGO will compete
with Fe in the attachment of precipitates and, relying on its ultra-high specific

surface area, may reduce the coverage of Fe by precipitates.

After the Cr (VI) removal experiment, the solids in solution will be collected.
After reduction and filtration, it will be used again for the Cr (VI) removal

experiment.

The results show that the material has almost lost its Cr (VI) adsorption
capacity, indicating that the material is not reusable. This is due to the fact that
a large amount of Fe was encapsulated by the RGO during the second

reduction, preventing it from participating in the Cr (VI) removal experiments.

Due to the unique tubular structure of MWCNTs and their extraordinarily high

specific surface area, it is tough to encapsulate FeNi bimetallic particles by
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MWCNTs. MWCNTSs will be used to replace RGO to achieve reusability and

expect a higher Cr (VI) adsorption capacity.

Most of the Cr (VI) removal materials currently being investigated are multi-
phase materials. Determining the optimal material ratios for Cr (VI) absorption
capability requires a substantial amount of effort. One of the potential avenues
of research is the partial substitution of conventional experiments with
computer simulations. Fe/MWCNTs, a high-purity and relatively easy-to-
simulate component material, was chosen for modelling in this investigation

as there are no relevant literature reports.

Cr (VI) removal experiments need to be carried out with pure Fe (0) and pure
MWCNTSs. The relevant fixed parameters for Fe (0) and MWCNTs can be
determined by fitting them to the equations based on the deformation of

classical reaction rate equation 3-1.

—d[CZiVI)] = —K[SC][Cr(VD)] -1

Where [Cr (VI)] is the hexavalent chromium concentration (mmol/L) at
timetand kits rate coefficient (L mmol™ min™), [SC] represents the
equivalent sample concentration at time t capable of reducing Cr (VI)

(mmol L™).

For Fe/MWCNTSs, the limiting factor for the Cr (VI) removal capacity is that
some of the iron is encapsulated in the precipitate and cannot continue to
participate in the reaction. Analysis of the products of the reaction of
Fe/MWCNTs with Cr (VI) by TEM and XPS may allow a quantitative

calculation of the encapsulation of Fe by the precipitates during the reaction.
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By introducing the quantitative analytical data of Fe encapsulation by
precipitates into Equation 2-1 and bringing in the relevant fixed parameters
obtained for the reaction of Fe and MWCNTs with Cr (VI), it may be possible
to quantify the reaction state of Fe/MWCNTSs with Cr (V1) at any given moment.
The component parameters can be adjusted to simulate different ratios of

Fe/MWCNTSs.

At last, the accuracy of the model will be verified by conducting Cr (VI) removal

experiments with different fractions of Fe/MWCNTSs.

3.3 Chapter summary

The Chapter present the materials and methodology to achieve design the
targeted nanomaterial that have both high physical adsorption and chemical

reduction capacity for Cr (VI).

As shown in Figure 3-2, the RGO with its very high specific surface area
provides a strong physical adsorption capacity and the FeNi bimetal provides
high chemical reduction capacity. By combining them together, lower
agglomeration of metal particles and higher Cr (VI) adsorption capacities can

be expected.

RGO in the form of flakes will encapsulate the iron nanoparticles, reducing the
Cr (VI) adsorption capacity and losing reusability. This can be avoided by

using MWCNTSs due to their special tubular two-dimensional structures.
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Most widely used Materials with ultra-high specific
reducing nanometal: surface area: rrduced graphene
iron oxide (RGO)

Highly efficient metal
catalyst: nickel

Fe-Ni/RGO

:

Cr (V1)
removal test

Mutil wall carbon nanotubes (MWCNTs) with

- . unique tubular structure can avoid Fe
No reuseability due to Fe is encapsulated by RGO being encapsulated.

.

RGO replaced by MWCNTs

Y

Fe-Ni/MWCNTs

Figure 3-2 Methodology for experiment part

For the simulation part, as shown in Figure 3-3, the experimental data for the
removal of Cr (VI) from pure iron and pure MWCNTSs will be obtained, and will
be fitted with to the reaction rate equation to obtain relevant parameters. The
structure of the reaction products of Fe/MWCNTs with Cr (VI) will also be
analysed to determine the mechanisms limiting the removal capacity of Cr (VI).
The mechanisms affecting the Cr (VI) removal capacity will be quantified and

then brought into the reaction rate equation, combing with the collected
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parameters to develop a model for predicting the Cr (VI) removal capacity.
After that, parameters in model will be adjusted to simulate different
Fe/MWCNTs material ratios, and the reliability of the model will be verified

experimentally.

Nano iron particle MWCNTs Fe/MWCNTs
Cr (V) Cr (VD) React with Cr (VI)
removal test removal test

¢ y
Product structure and Cr (VI)
Fit with (d[Cr(VD)])/dt=-k[SC][Cr(VI)] removal capacity limitation

and collect parameters mechanism analysis

'

Model for Fe/MWCNTs react with Cr (V1) built
based on (d[Cr(VI)])/dt=-k[SC][Cr(VI)]

Adjust parameters in model to simulate different Fe/MWCNTs
ratio

l

Verify with more Fe/MWCNTs Cr (VI) removal test results

Figure 3-3 Methodology for simulation part
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Chapter 4
Ni-Fe/RGO Nanocomposites for Hexavalent Chromium

Reduction in Aqueous Environment

In order to further increase the Cr adsorption capacity, this work attempts to
combine the advantages of bimetallic particles and adsorbent loading
materials onto the adsorbent. Since iron is the most often employed reducing
agent in the field of Cr adsorption and nickel is an excellent catalyst, iron-
nickel was selected to make the bimetal. As one of the substances with the

greatest specific surface area, RGO was selected as the sorbent.

4.1 Preparation of ZVI-NPS, Fe/RGO, and Fe-Ni/RGO

Composites

0.66 g 30 wt% FeCls-6H20 solution is added into 50 mL of deionized water
under magnetic stirring, forming FeCls solution. 0.04 g GO and 1.0 g PVP are
added into the obtained FeCls solution and stirred for 30 minutes. Then 21.58
mg nano-nickel powder is added and stirred overnight. The nickel powder
shall be surface oxidised by the oxygen in the water. After that, 40 mL of 18.75
mg/mL NaBHa4 is added dropwise into the system and stirred overnight. NaBHa4
worked as a reducing agent and is expected to reduce Fe (Ill), GO and nickel
oxide to Fe (0) NPs, RGO and Ni (0) NPs, respectively. The RGO is served
as the base material to support Fe/Ni bimetal. As H: is produced during this

step, careful control is needed. The reaction equation is listed below:

Fe(H,0)¢>" + 3BH,” + 3H,0 = Fe® L +3B(0OH)5 + 10.5H, 1
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For some samples, a micromixer chip (part number 3200401, Dolomite Centre
Ltd) is used to replace the magnetic stirring to enhance the mixing and
dispersion of GO, Fe (0) and Ni. The final product is collected by vacuum
filtration, washed with ethanol three times, dried in a vacuum oven overnight,
then collected and stored with nitrogen protection. A total of five samples are

prepared for the purpose of comparison, as given in Table 4-1.

Table 4-1 Detailed reaction conditions of different samples

Sample 30 Wt% Micromixer
GO Ni PVP NaBHa4

No. FeCl3-6H20 (Yes/No)

Samplel 0.66¢g 0.04 g \ \ 0.75g No

Sample2 0.66¢g 0.04 g \ 1.00 g 0.75g No

Sample3 0.66¢g 0.04 g 21.58 mg 1.00g 0.75g No

Sample4 0.66¢g 0.04 g \ 1.00 g 0.75g Yes

Sample5 0.66¢g 0.04 g 21.58 mg 1.00g 0.75g9 Yes
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4.2 Results and Discussion

4.2.1 Particle Stability, Size, Morphology and Elemental Analyses

Influence of mixing approach on composite particle stability

Filtration, Washing and Drying

Micromixer Chip

0000
CrFeNiC

Nickel Powder

Figure 4-1 Schematic illustration of the preparation process of Fe-
Ni/RGO composite and its adsorption/reduction of Cr (VI)

Fe-Ni/RGO composites with the ability to absorb/reduce Cr (VI) are
synthesized as shown in Figure 4-1. Different mixing methods are utilized in
this study to prepare samples, i.e., magnetic stirring and micromixer chip. The
sample solutions obtained by different approaches show different colour and

diaphaneity, as shown in Figure 4-2
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U

il

Figure 4-2 Image of solutions mixed by different approaches:
microchip (A) and magnetic stirring method (B).

The solution mixed by microchip shows high diaphaneity with yellow colour,
which means that the GO is dispersed very well. In contrast, the solution
processed by magnetic stirring presents an opaque colour, indicating the

instability and the presence of large GO agglomeration.
Particle size analysis

To determine particle size distribution, 15 mg of the sample solution is added
into 50 mL deionized water under sufficiently stirring, and a centrifuge is used
to separate the sediments and liquid. The upper liquid is tested by Zetasizer,
Malvern. As a comparison, Fe-Ni bimetal is also tested under the same
condition. Results are shown in Figure 4-3 and Table 4-2. Sample 1-3 show
two peaks. It is due to the magnetic stirring process, which could not disperse
GO sheets well and some of them became agglomerated. Some Ni (0) or Fe
(0) NPs are not fixed onto the RGO surface, resulting in the presence of the
second peak around 150 nm. For Fe-Ni bimetal material without RGO, the

aggregation results in the presence of the peak around 400 nm.
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Figure 4-3 (a) Particle size distribution measured by DLS and (b) Zeta
potentials of sample 5

Table 4-2 Size distribution determined by the intensity

Peak 1 Peak 2

Size (d.nm) % intensity Size (d.nm) % intensity
Sample 1 858.0 81.3 141.7 18.7
Sample 2 840.7 94.7 166.9 5.3
Sample 3 663.2 91.4 120.9 8.6
Sample 4 783.4 100 / /
Sample 5 737.0 100 / /
Fe-Ni bimetal 395.9 100 / /

As a comparison, sample 4 and 5 produced by the microchannel mixing show

only one distribution peak, which means a non-presence of loose and free Ni
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(0) and Fe (0) NPs in the system. Because GO is well dispersed in solution
and may provide enough points for Ni (0) and Fe (0) NPs to fix on, promoting
the formation of an integral three-in-one composite. The results demonstrated
that the microchip has a much better mixing and dispersing effect, so as to
enable the prepared samples with better properties. For sample 5, the zeta
potential decreases from 6.24 mv to -19.60 mv, and the pHZPC value is 5.34

mv.
Morphology and Elemental Analyses

The morphology and structure of the iron nanoparticles/RGO are observed by
SEM and TEM, respectively. Figure 4-4 (a) shows that sample 5 is unordered
stacking with a two-dimensional sheet structure; the size of the sheet is about

1 um, which is in good consistent with the DLS result. The thickness of the

sheet is less than 50 nm. The TEM images in Figure 4-4 (d) show the RGO

sheet has a length of the side of about 1 1 m, which is well consistent with the

SEM results. It also revealed that Fe-Ni nanoparticles are well loaded on or
connected to the sheet surface with a size of about 20-50 nm. In Figure 4-4
(e), there are no obviously lattice fringes in the HRTEM image. It indicates that
the Fe-Ni particles are amorphous. Because the sample being synthesized by

the liquid phase usually lends to a low degree of crystallinity or amorphous.



- 44 -

Figure 4-4 (a) SEM, (b) EDS images of sample 5, (c) EDS images of
Sample 2 (d) TEM and (e) HRTEM of Sample 5

Energy-dispersive X-ray spectroscopy (EDS) is used to analyse the elemental
information of the sample. The data for sample 2 and 5 are given in Figure 4-
4 (c) and Figure 4-4 (b) for comparison. Because nitrogen protection is not
used in the whole synthesis process, metallic particles can be inevitable
partially oxidised, leading to the presence of O in the EDS map. For sample 2
(Figure 4-4 (c)), Fe and O element shows a similar distribution, which is
different from that of C, suggesting that most of the oxidation is associated

with Fe. However, a much uniform distribution of Fe (0) and Ni (0) is observed
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for sample 5, Figure 4-4 (b). The use of a microchip, which has a better mixing
effect than traditional stirring, leads to a more uniform distribution of metallic

particles on RGO.
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Figure 4-5 (a) XRD patterns of sample 2-5 and (b) FTIR spectra of
sample 1-5

Figure 4-5 (a) shows XRD patterns of sample 2-5. A noteworthy diffraction
peak is found at 26.7° for all the samples, which belongs to the (002)
diffraction of RGO. [106] The Fe-Ni-B, and Fe (0) particles consist of a broad
peak in the 20 range of 40°~50° and no crystalline peak is observed, revealing
an amorphous structure.[107] The result is consistent with the HRTEM image
result. The amorphous structure is expected to enable samples with a higher

BET surface area.

FTIR spectra are also tested for all the samples to characterize the RGO, as
shown in Figure 4-5 (b). For sample 1, the peak at 1495 cm! shows that the
C=C skeletal vibration of the unoxidised graphitic [108], of which the C=C has
not been reduced to C-H. Absorption bands related to the oxygenated

functional groups dominate the FTIR spectrum. At 1081 cm, the alkoxy C-O-
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C stretching vibrationis observed [109]. Peaks at 1705 cm™ belong to the C=0
stretching vibration in carbonyl and carboxyl moieties [110]. The O-H
stretching vibration in water is at 3673 cm™ [111]. The spectrum shows there
are some oxygenated functional groups on it. As there is no surfactant added
for sample 1, it may be because that the aggregation of iron and GO prevented
the NaBHa4 from reducing GO. For sample 2, 3 and 4, there is only a tiny peak,
which suggests that nearly all the oxygenated functional groups on GO are
reduced. Sample 3 and 4 displays a similar result. For sample 5, the O-H
stretching vibration in water is at 3538 cm™. C=C skeletal vibration of the
unoxidised graphitic (1654 cm™) is observed. It means that sample 5 is not
entirely reduced, which is due to the reoxidation in the air during the drying or
storage process. Compared with sample 1, the disappearance or significant
decrease in the intensity of C-O-C, C=C and C=0 band in the spectra of
sample 2-5 is observed, indicating that the oxygen-containing functional
groups in the GO are effectively reduced. However, for all the samples, there
are still some oxygen-containing groups on the RGO surface, making the
reduced GO be slightly negatively charged. As the major Cr (VI) status is
HCrO4 and Cr2072" [112], this shall slightly decrease the adsorption capacity

due to the electrostatic force.
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Figure 4-6 XPS spectra of sample 5 before and after Cr (VI) adsorption
experiment: (a) wide scan, (b) high resolution spectra of Cr and (c)
high resolution spectra of Fe

Figure 4-6 (a) shows the XPS spectra of sample 5 before and after Cr (VI)
adsorption experiment. The main elements in sample 5 are C, O, Fe and Ni.
After Cr (VI) adsorption experiment, a new peak appeared around 577.8 eV
along with the peaks for Cr, as shown in Figure 4-6 (b). This pick represents
the Cr which is exist with Cr (lll) hydroxide. [113] This confirmed Cr (VI) is
reduced to Cr (lll) and adsorbed by the sample. In Figure 4-6 (c), before Cr
(V) adsorption experiment, the peak for Fe is around 706.2 eV, which
represents that Fe exists as Fe metal for zero-valent [114]. After Cr (VI)
adsorption experiment, the pick left moved, to around 711.3 eV which belongs
to Fe (OH)s [115]. This confirmed that the Cr (VI) is reduced by iron

nanoparticles.
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4.2.2 BET Surface Area Study
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Figure 4-7 BET results of samples (a) N2 adsorption isotherms; (b) pore
size distribution data.

The specific surface area of all samples is examined by Micromeritics Tristar
3000. Results are given in Figure 4-7. The adsorption-desorption isotherm
shows that all samples present multilayer adsorption characteristics [116]. The
interaction between the adsorbate molecules is stronger than that between
the adsorbate and the adsorbent. As the adsorption process progresses, the
adsorption appears self-accelerating [117]. The BET specific surface areas of
sample 1-5 are calculated as 10.5805 m2/g, 36.8913 m2/g, 45.4295 m2/qg,
47.4177 m2/g and 119.0778 m?/g, respectively. Sample 1 is made without any
surfactant and showed the lowest BET surface area, which thereby confirmed
its low dispersion. With polyvinyl pyrrolidone (PVP) as a surfactant, the BET
surface area of sample 2 and 3 are increased significantly. Though the
surfactant can considerably reduce the interfacial tension and improve the
separation of particles, there is still some agglomeration of RGO, Fe (0) and
Ni, as confirmed by the Zeta sizer results. Such agglomeration may hinder the

further increase of the surface area. Comparing sample 2 and 4 with sample
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3 and 5, the key factor affects their surface area is the presence of nickel
powder. Nickel powder increases the composite’s BET surface area
originating from its own high BET surface area and combines with Fe (0) to
reduce the possible aggregation of Fe (0). Meanwhile, samples with nickel
powder added have smaller pore width distribution. Sample 5 is dispersed by
the microchip, where GO is dispersed in solution very well and thus provides
enough points for Fe (0) and Ni to decorate on. It has the highest BET surface
area, up to nearly three times compared to that produced by magnetic stirring.
Combining the FTIR results, Sample 5 is much easier to be reoxidised with a

very high specific surface area compared to sample 1-4.
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4.2.3 Cr (VI) Adsorption Capacity Analyses
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Figure 4-8 (a) UV-vis spectra of solutions of Cr (VI) reaction with DPC,;
(b) calibration curve line of Cr (VI) concentration (A=545 nm); (c) Cr
(V1) adsorption capacity for sample 5 at different pH; (d) Cr (VI)
adsorption capacity with time and pseudo-second-order kinetic
model

UV-vis spectroscopy is used to determine the Cr (VI) concentration in a
solution based on a validated calibration curve. 1,5-Diphenylcarbazide (DPC)
method is used to measure the Cr (VI) concentration. DPC reacts in an acid
medium with Cr (VI) ions to give a violet solution, at Amax =545 nm, the violet
solution obtains a characteristic peak, shown in Figure 4-8 (a). DPC solution
is prepared in advance: 0.2 g DPC is dissolved in 100ml acetone which

contains 1ml 95% H2SO4 (1+1).
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The calibration curve is obtained by measuring a series of concentrations of
Cr (VI) solutions react with DPC solution. In detail, 23ml 0.008 mmol/L, 0.016
mmol/L, 0.020 mmol/L, 0.027 mmol/L and 0.040 mmol/L Cr (VI) solutions are
prepared and respectively react with 2ml DPC solution. Then the UV-vis
absorption is examined after 5 minutes at Amax =545 nm. A linear relationship
is shown in Figure 4-8 (b) for Cr (VI) concentration. i.e., y = 37.191x - 0.0916

with R2 = 0.9999, where y stands for absorption and x is Cr (V1) concentration.

20 mg of each sample is added into 40 mL of 2 mmol/L Cr (VI) solution with
mechanical oscillation. 0.5ml solution is drawn every time at the scheduled
time and added into a bottle which includes 2 ml DPC solution and adds water
to 25 ml. After 5 minutes, The UV absorption spectra of the solution are
measured to determine the remaining Cr (VI) concentration. In most of the
cases, the absorption became stable after 72 hours (Table 4-3). In the
beginning, all Cr species are in hexavalent form, the adsorption capacity can
be calculated by analysing the remaining Cr (VI) concentration. After 9 months,

the Cr (VI) concentration still kept stable as Table 4-3.
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Table 4-3 The Cr (VI) concentration of samples deduced for 72 hours.

pH Adsorption Adsorption capacity

percentage (mg/g)

Pure iron 7.0 7.99% 16.62
Sample 1 7.0 10.67% 22.19
Sample2 7.0 46.07% 95.83
Sample3 7.0 60.89% 126.65
Sample4 7.0 61.33% 127.56
Sample5 7.0 72.33% 150.45
Sample5 6.0 84.97% 176.74
Sample5 5.0 94.92% 197.43

It is evident that Fe (0) decorated on RGO has a much higher adsorption
capacity than pure iron nanoparticles. That is due to the great adsorption
ability of RGO. Cr (VI) is adsorbed to the RGO surface, where Cr (VI) can be
more efficiently reduced locally by the decorated nano iron. By comparing the
results of sample 2 and 4 with sample 3 and 5, it is clear that the addition of a
small amount of Ni can naturally increase the adsorption capacity for Cr (VI).
This is attributed to the high catalytic performance of Ni particles, which
reduces the activation energy needed for the Cr (VI) reduction. The use of the
micromixer chip also increases the reduction efficiency greatly as such a

device can uniformly mix GO, Fe (0) and Ni. Sample 5 shows the highest
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adsorption capacity, due to the combined effects of catalytic reaction and good

mixing ability of the micromixer chip.

The pH is a key factor affecting Cr (VI) adsorption. In practice, wastewater has
a pH ranging from 5 to 8. To reveal the pH affection on Cr (VI) adsorption, Cr
(VI) adsorption experiment for sample 5 is tested at pH=5, 6 and 7. Results
are shown in Figure 4-8 (c). Consisted with previous studies, lower pH is a
benefit for Cr (VI) adsorption. A higher reaction rate and adsorption capacity

are realized in lower pH.

The reusability and stability of samples are also investigated. The used
samples are collected from the solution by filtration, dispersed in water and
added excess NaBH4 to reduce the Fe20s to zero-valent iron. Then, after
filtration and drying, the Cr (VI) adsorption capacity for used samples under
the same condition as new samples is analysed. Results are shown in Table
4-4. The low adsorption percentage and adsorption capacity indicated that the
reused samples nearly totally lost Cr (VI) reduction ability. Because the Cr (llI)
hydroxide is absorbed by Fe-Ni/RGO after the first-time adsorption, and all
possible reduction points have been occupied by Cr (lll) hydroxide. After the
second time reduced by NaBHs4, some Cr (lll) hydroxide can still left and
occupy the reaction points for Fe-Ni/RGO. On the other hand, during the
second time reduction, RGO has possible to completely cover some Fe-Ni
bimetal particles and prevent it react with Cr (VI), this will lead to the decrease
of Cr (VI) adsorption capacity. Hence the samples cannot be reused easily but
keep the possibility. Future research will carry out to improve the property of

reusability.
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Table 4-4 Sample reusability and stability for Cr (VI) adsorption

Sample 2 Sample 3 Sample 4 Sample 5

Adsorption percentage for pH = 7.0

New sample 46.07% 60.89% 61.33% 72.33%
Reused sample  2.78% 3.86% 3.32% 4.31%
After 9 months  45.85% 60.54% 61.25% 72.10%

Adsorption capacity (mg/g) for pH=7.0

New sample 95.83 126.65 127.56 150.45
Reused sample  5.79 8.02 6.91 8.96
After 9 months  95.36 125.92 127.39 149.97

To verification the stability of samples, let samples stand in the reaction
solution for 9 months after the Cr (VI) adsorption experiment and then
characterised the Cr (VI) concentration in solution. Results are shown in Table
4-4. The Cr (VI) adsorption percentage and adsorption capacity keeps stable
after 9 months. This is due to that the generated Cr (lll) hydroxide being

absorbed by Fe-Ni/RGO is stable and difficult to disperse back to the solution.
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Table 4-5 Cr (VI) adsorption capacity reported by literature

Raw material pH Adsorption References
capacity(mg/g)

Iron nanoparticles 5.0 47.2 [43]

Iron nanoparticles 6.0 62.4 [118]

Iron nanoparticles 55 66.7 [119]

Iron nanoparticles/RGO 4.25 162 [87]

Iron nanoparticles/RGO 5.0 180.64 [88]

Iron nanoparticles/RGO 7.0 21.72 [89]
Fe20s/graphene 8 66.2 [90]
Fe-Ni/RGO 7.0 150.45 This work
Fe-Ni/RGO 6.0 176.74 This work
Fe-Ni/RGO 5.0 197.43 This work

Table 4-5 shows a comparison of the Cr (VI) adsorption capacity with iron
nanoparticles based materials reported in the literature. As the initial
concentration of Cr (VI), the ratio between Cr (VI) and reductant can vary in
the literature. The best way to evaluate the material is adsorption capacity
(mg/g) under similar pH. In practice, wastewater has a pH ranging from 5 to 8.
Considering this fact, the proposed particles (sample 5) in our study present
the highest adsorption capacity, benefiting from their extremely high BET

surface area and uniform distribution of Ni and Fe (0) NPs on the RGO surface.

To reveal the Cr (VI) adsorption kinetics of sample 2-5, adsorption capacity is
characterized with different times, shown in Figure 4-8 (d). The adsorption is
initially fast because of lots of sites available at first, then the adsorption speed

slows down with prolonging the time and reaches equilibrium after 72 hours.
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The results are researched by pseudo-first-order kinetic model and pseudo-
second-order kinetic model [120].
A linear form of the pseudo-first-order kinetic model is given as:
log(qe — q¢) = loggq, — Kit (4-1)
A linear form of the pseudo-second-order kinetic model is given as:

t 1t (4-2)

q: K,q%  qe

where q, and q; (mg/g) are the adsorption capacity of Cr (VI) at equilibrium
and t time (hour). K; (g/mg/hour) and K, (g/mg/hour) are pseudo-first-order
kinetic model and pseudo-second-order kinetic model rate constant

respectively.

Table 4-6 Pseudo-first-order kinetic model and pseudo-second-order
kinetic model results

Sample 2 Sample 3 Sample 4 Sample 5

Pseudo-first-order kinetic model

qe (Mg/g) 88.6785 117.3945 119.8971 144.8995
K, (g/mg/hour)  0.0640 0.1143 0.1956 0.3555
R2-adjusted 0.9731 0.9591 0.9086 0.9559

Pseudo-second-order kinetic model
de (MQ/Q) 100.9509 127.56231 127.30039 153.17131
K, (g/mg/hour)  0.0016 0.0026 0.0052 0.0084

R2-adjusted 0.9923 0.9828 0.9790 0.9926
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Table 4-6 shows the analysis results for the pseudo-first-order kinetic model
and pseudo-second-order kinetic model. Compared with the pseudo-first-
order kinetic model, the pseudo-second-order kinetic model got adjusted R?
closer to 1, which means that the pseudo-second-order kinetic model is more
suitable for the samples. This confirmed that the adsorption process is more

rely on chemical adsorption.
4.2.4 Cr (VI) Reduce Reaction Mechanism and kinetic model

The large capacity of the new materials can be attributed to several reasons.
First, the RGO is synthesized by GO reduction method, and it is unavoidable
that there is a small amount of oxygen-containing functional group left on RGO.
The oxygen-containing functional group can provide anchor points for Fe (0)
and Ni NPs and limit the excessive growth of the NPs [121], which thereby
increase the dispersion and stability of Fe (0) and Ni. Secondly, the located
Fe (0) and Ni NPs can prevent the aggregation of RGO via the increase of the
surface spacing of RGO. Thirdly, RGO has an extremely high specific surface
area and a strong adsorption capacity for Cr (VI). Once Cr (V1) is adsorbed on
the RGO surface, the nanoscale zero-valent iron will transport electrons to Cr
(V1) to reduce it to Cr (lll). For Ni-Fe bimetal, nickel powder acts as a catalyzer

for the redox reaction between ZVI and Cr (VI).
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Figure 4-9 Cr (VI) adsorption and reduction mechanism of samples with
RGO.

Schematically, the process is illustrated in Figure 4-9. The main reaction route
for iron nanoparticles reducing Cr (VI) is the electron transfer from

FeO(Ep,2+ g0 = —0.44 V) to Cr (VI)(Ep =1.36V) [122]:

crog /cr3t
2HCrO; + 14H* 4+ 3Fe®(s) - 2Cr3* + 8H,0 + 3Fe?* (4-3)
AS Epyst pozr = 077V < Eye, oo 0,3+, the generated Fe®* will also react with
Cr (V1) [123]:
HCrO; + 7H* + 3Fe?* - Cr(I11) + 4H,0 + 3Fe3* (4-4)
The electrons also transfer from Fe® to Fe3*:
Fe® + 2Fe3t - 3Fe?* (4-5)

After adding Ni, due to the catalytic action, the reaction activity of Fe® will be
much higher than that without Ni [62, 124]. The reaction mechanism is shown

below:
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Fe® + 2H,0 - Fe®* + H, + 20H~ (4-6)
2Ni® + H, — 2Ni® — H - (4-7)
HCrO; + 3Ni® — H - +4H* > Cr(IIl) + 4H,0 + 3Ni° (4-8)

At this stage, XPS results indicate that the Cr (IlI) will form insoluble Cr (ll1)
hydroxide and be absorbed by Fe-Ni/RGO. The absorption is stable and Cr
(1) will not be dissolved back in the solution for a long time. The absorbed Cr
(1) hydroxide will occupy some surface area of Fe-Ni/RGO and lead a
decrease of reaction rate. Meanwhile, the Cr (lll) hydroxide could cover up

some unreacted zero-valent iron to reduce the final adsorption capacity.

At low pH, the major Cr (VI) status is HCrOs and Cr2072".[38] The higher
removal efficiency at low pH is attributed to that the surface of the adsorbent
becomes highly protonated and positively charged. The adsorbent can attract
HCrO4 and Cr2072" via electrostatic force. With the increase of pH, less H*
and more OH~ hugely effected the reaction rate and equilibrium. Also, the
adsorbent’s surface will be negatively charged, which then highly decreases

the adsorption capacity.

As the Cr (VI) adsorption is not pure chemical or physical reaction, traditional
pseudo-first-order kinetic model and pseudo-second-order kinetic can not fit it

well enough, a new equation is needed for Cr (VI) adsorption.
The following results are considered:

All electrons are moved initially from Fe species and finally got by Cr species;

it can be considered as Fe is the only element capable of reducing Cr (VI)

The equation rate for the Cr (VI) reduction is based on the concentration of Cr

(V1) and samples.
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The conversion ratio between Cr (VI) and Cr (lll) is 1:1.

Considering the reaction mechanism mentioned above, a kinetic model is
proposed to describe the Cr (VI) removal, When the pH and temperature are

constant the rate of Cr (VI) reduction by samples can be found as:

AL~ wiscrterwn) e

Where [Cr (VI)] is the hexavalent chromium concentration (mmol/L) at
time t and k its rate coefficient (L mmol™ h™?), [SC] represents the equivalent

sample concentration at time t capable of reducing Cr (VI) (mmol L™).

Considering that Fe® is oxidised during Cr (VI) reduction, the equivalent
sample concentration on the surface of the samples decreases during the

reaction and can be calculated as:

[Cr(VD)]o — [Cr(VD)]; (4-10)
CsclS]

[SCle = Csc[S1(1 —

where Cs. is the removal compacity of Cr (VI) per unit gram of sample
(mmol/g), which is obtained by the adsorption capacity analysis experiment.
[S] is the sample concentration (g/L), Cs-[S] , represents the initial

concentration of [SC]. [Cr(VI)], is the initial hexavalent chromium

[Cr(vD]o—[Cr(VD)]¢
CsclS]

concentration (mmol/L). represents the fraction of [SC]
oxidised.

Integrate the above equations, results in:

_ [Cr(VD]o{Csc[S] = [Cr(VD]o} (4-11)
Csc[Slexp{k(Csc[S] — [Cr(VD]o0)} — [Cr(VD]o

[Cr(VD];
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where k and C;. are the model constant parameters and t is the reaction time

(hour). The fitting result of the kinetic model is shown below:
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Figure 4-10 The kinetic model curve for sample 2-5

Table 4-7 The kinetic model results

Sample 2 Sample 3 Sample 4 Sample 5

K (L mmol™*h™) 0.0798 0.1563 0.2807 0.5549
Csc (mmol/g) 1.7392 2.2914 2.3445 2.8483
RZ-adjusted 0.9822 0.9710 0.9507 0.9928

The results show the kinetic model has high adjusted R?, which confirmed the
reaction mechanism and model are reasonable for the reduction reaction. By
comparing the rate coefficient k between sample 2,4 and sample 3,5, it
indicated the added Ni nearly doubled the rate coefficient for both with and

without microchip samples, that is due to the catalyst effect of Ni. Also, from
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the model results, it indicated after microchip mixture and dispersion, the rate
coefficient k can get hugely increase. Combine with the above morphology
analyses, that is because microchip gives the sample more contact area

among Fe, Ni and Cr (VI).

4.3 Chapter summary

In this Chapter, a series of novel Ni-Fe/RGO composites were constructed for
effective removal of Cr (VI) in aqueous solution, where RGO acts as adsorbent,
Ni as the catalysis and Fe (0) as the reducing agent. They are brought together
by co-precipitation and physical adsorption. Intensifying the mixing through a
microchip leads to an improved dispersion and further enhanced Cr (VI)

adsorption capacity.

The added Ni nearly doubled the BET surface area compared with samples
without Ni. This is due to the high BET surface area of nano Ni and its
combination with Fe (0) NPs reduces the possible aggregation of Fe (0) NPs.
The Cr (VI) adsorption capacity and rate coefficient are enhanced with the

catalyzation of Ni and higher BET surface area.

The Ni-Fe/RGO composite exhibits the highest Cr (VI) adsorption capacity of

150.45 mg/g at pH=7 and 197.43 mg/g at pH=5.

The added nickel has a higher reduction potential than Fe, through anode
through electrochemical coupling, it enhanced the reduction activity of iron
nanoparticles, and reduced the loss of iron nanoparticles due to oxidation by
the surrounding environmental medium. Dispersants added during the
synthesis process and the spatial site resistance effect of RGO promotes the

dispersion of Fe (0) and Ni (0) NPs and prevents their aggregation.
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Meanwhile, the loaded Fe (0) and Ni NPs also prevent the aggregation of
RGO due to the increased surface spacing of RGO. The synergistic effects
enable the sample with a high BET surface area and Cr (VI) adsorption

capacity. The adsorption process fits the Pseudo-second-order kinetic model.

The microchip presents a better dispersal ability of GO in solution than
traditional magnetic stirring and thereby could avoid the agglomeration of GO.
Samples are demonstrated with enough points to load Fe-Ni bimetal, resulting

in much higher Cr (VI) adsorption capacity and rate coefficient.

Meanwhile, the materials are synthesized by a convenient and cheap method

without nitrogen protection compared with other reports
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Chapter 5
Ni-Fe/MWCNTs composites for Hexavalent Chromium

Reduction in Aqueous Environment

While Fe-Ni/RGO has a high Cr (VI) adsorption capacity, its cost makes it
unsuitable for industrial applications. In the meantime, it cannot be reused. A
study is currently being conducted on Fe-Ni/MWCNTSs in order to address
these issues. A MWCNT has a much higher surface area than RGO and is
significantly less expensive. As a result of RGO's second time reduction, a
large number of Fe-Ni particles are encased, which prevents their reuse. As
MWCNTSs possess a distinctive tube shape, Fe-Ni bimetal particles are difficult

to wrap around MWCNTSs, allowing Fe-Ni/MWCNTSs to be sufficiently reusable.

5.1 Preparation of Fe/MWCNTs, and Fe-Ni/MWCNTs

Composites

60 wt% FeCls solution is prepared by add a certain amount of FeCls into
deionized water and stir well. Firstly 0.32 g MWCNTs and 2.0 g PVP were
added into 50ml deionized water. After 30 minutes magnetic stirring, a certain
amount of 60 wt% FeClI3 solution and NiCl2:6H20 were added and magnetic
stirred overnight. In different samples, Fe-Ni ratios are adjusted, but the total

mass of Fe (0) and Ni remains the same at 0.2 grams.

Afterwards, 40 mL of 50 mg/mL NaBHa4 is added dropwise to the system and
stirred overnight. As a reducing agent, NaBHa4 reduced Fe (IIl) and nickel (I1)
to Fe (0) NPs and Ni (0) NPs, respectively. It is during this period that

mechanical oscillation replaces magnetic stirring in order to prevent Fe (0)
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NPs from being affected by the magnetic field. The production of H2 during

this step requires careful control. Here are the reaction equations:
Fe(H,0)¢** + 3BH,” + 3H,0 = Fe® | +3B(0H)3 + 10.5H, 1
Ni(H,0)¢*" + 3BH,™ + 3H,0 = Ni° | +3B(0OH); + 10.5H, 1

Following vacuum filtration, the final product is washed three times with
ethanol, dried overnight in a vacuum oven, and then collected and stored with

nitrogen protection. The whole preparation process is shown in Figure 5-1.

MWCNTs PVP

60wt% FeCl; solution

NiCl>-6H,0 powder NaBH; solution

,dropwise

30 minutes ovemight magnetic
magnetic stirrin Sirine
stirring

overnight mgchapnical oscillation

samples collected after

ied i wash with ethanol and
dried in vacuum oven over < vacuum pump

night filtrate 3 times

Figure 5-1 Schematic illustration of the preparation process of Fe-
Ni/MWCNTs composite

After the Cr (VI) adsorption capacity experiment, the sediment should be
collected by vacuum filtration. The collected sediment is named as M3A. In

order to obtain M3R, disperse half of the M3A in 25 ml DI water containing 1.0
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g PVP and under mechanical oscillation overnight. Then dropwise exceed

NaBHa4 solution with mechanical oscillation. The sediment was collected by

vacuum filtration, washed with ethanol three times, and dried in vacuum oven

overnight. The collected sediment is named as M3R.

For the purpose of comparison, seven samples are prepared as shown in

Table 5-1.

Table 5-1 Detailed reaction conditions of different samples

60 wt% Fe: Ni
MWCNT
Sample FeCls NiCl2.:6H20 PVP NaBHs  (weight
solution ) )
M1 1.033ml 0.32¢g \ 29 29 \
M2 1.278ml 0.32¢ 0.534 ¢ 29 29 2:1
M3 1.606ml 0.32¢ 0.268 g 29 29 51
M4 1.760ml 0.32¢g 0.156 g 29 29 10:1
M5 0.968ml 0.32¢g 0.808 g 29 29 11
M6 1.839ml  0.32g 0.078 g 29 2g 20:1
M7 1.452ml 0.32¢ 0.404 g 29 29 3:1
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5.2 Results and Discussion

5.2.1 Particle Size, Morphology and Elemental Analyses

Particle size analysis

A centrifuge is used to separate the sediments from the liquid after adding 15
mg of the sample solution to 50 mL deionized water under ultrasonic
dispersion. It is tested by Zetasizer, Malvern, for the upper liquid. Figure 5-2
and Table 5-2 illustrate the results. There are two peaks in all samples. A
larger size range indicates that MWCNTSs have been stacked in an unordered
manner. As can be seen from the purchase company data, it is clearly shorter
than the length of MWCNTs (2500 nm). MWCNTs are curved rather than
straight, which explains this phenomenon. According to the TEM results, Ni
and Fe (0) NPs about 50-80 nm in diameter are present in the smaller size

range.

Peak 2 has a smaller diameter than M3 for M3A. This is due to Fe (0) being
consumed by Cr (VI) during the reduction process of Cr (VI). In addition, peak
2 intensity for M3A increased from 6.9% for M3 to 20.9%. This is indicative of
Fe-Ni bimetal falling off the surface of MWCNTSs following Cr (VI) reduction.
As can be seen from Table 5-2, peak 2 for M3R is larger than peak 2 for M3
and M3A. As a result, Fe-Ni nanoparticles agglomerate during the second
reduction of Fe-Ni/MWCNTSs. It is anticipated that the agglomeration of Fe-Ni
nano will negatively affect the adsorption capacity of Cr (VI). The intensity of
peak 2 for M3R decreased from 20.9% to 16.9%, indicating that part of the

Fe-Ni bimetal that was lost in M3A decorated back on the surface of MWCNTSs
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during the second reduction of Fe-Ni/MWCNTSs. The reusability of samples

can be enhanced by this method.

50
—M1
—— M2
40
= —— M3
o —— M4
é_-“i 30 - M5
o -
2 ]
(3 Sl —E T
£ —— M3A
10
0 - \' L T
100 1000 2000

Size (d.nm)

Figure 5-2 Particle size distribution measured by DLS

Table 5-2 Size distribution determined by the intensity

Peak 1 Peak 2
Size (d.nm) % intensity Size (d.nm) % intensity
M1 515.5 91.3 81.30 8.7
M2 555.0 90.7 66.46 9.3
M3 461.5 93.1 64.91 6.9
M4 544.2 86.6 46.01 13.4
M5 261.5 92.6 51.31 7.4
M6 919.7 91.2 55.24 8.8
M7 473.6 92.3 50.96 7.7
M3R 370.0 83.1 96.46 16.9
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M3A 684.3 79.1 54.85 20.9

In Table 5-2, M2-7 has a relatively smaller peak 2 compared to M1. This
means that the FeNi bimetallic particles have a lower degree of aggregation
compared to the monometallic iron nanopatrticles. This has a positive effect

on the final Cr (VI) removal capacity.
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Morphology and Elemental Analyses

Figure 5-3 (a) SEM image and (b) TEM image for M3, (c) TEM image and
(d) HRTEM image for M3A. (e) EDS image for M3.

TEM and SEM were used to examine the morphology and structure of the
Fe/MWCNTSs. Figure 5-3 (a) illustrates M3 as an unordered stacking of
MWCNTs and Fe-Ni particles. The diameter of Fe-Ni particles is
approximately 50-80 nm, which is consistent with the DLS result. MWCNTs
have a length greater than 1um.

In Figure 5-3 (b), most of the diameter of Fe-Ni bimetal is between 60 nm and

70 nm, which is in good agreement with the results for DLS in Table 5-2.
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Compared to Figure 5-3 (b) and (c), the diameter of Fe-Ni particles decreased
from 60-70 nm to around 50 nm after the Cr (VI) adsorption test. This is
because part of the Fe (0) is consumed by Cr (VI) during the reduction process.
This is also confirmed by the results of DLS. Figure 5-3 (d) illustrates how Fe-
Ni bimetal is decorated on the surface of MWCNTSs in the HRTEM image for
M3A.

Figure 5-3 (e) illustrates the use of energy-dispersive X-ray spectroscopy
(EDS) to analyse the elemental composition of the sample. It is observed that
Fe, Ni, and C are distributed uniformly. It is inevitable that metallic particles
can be partially oxidised because nitrogen protection is not used throughout

the whole synthesis process.
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Figure 5-4 (a) XRD patterns of M3 and M3A and (b) FTIR spectra of
sample M1, M3 and M3A

Figure 5-4 (a) illustrates the XRD patterns of M3 and M3A. M3 and M3A exhibit
a diffraction peak at 25.1°, which corresponds to the typical (002) diffraction
of MWCNTSs [125]. M3 exhibits a double peak at 31.6°, 35.2° and 48.1°, 49.2°

caused by the inevitable oxidation of Fe (0) [126]. The peak at 35.1° for M3A
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indicates the presence of Fe(OH)s [127]. The peak at 62.9° indicates the

presence of Cr (OH)s [128].

The FTIR spectra of samples M3 and M3A are shown in Figure 5-4 (b). A
distinct peak at around 1623 cm™ belongs to the coprecipitated sediment of
Cr (OH)s and Fe (OH)s, which corresponds to coordinated or adsorbed H20
in M3A [129]. This confirmed the sediment contains Cr (lll) and Fe (lll) in the
form of Cr (OH):z and Fe (OH)s. The distinct peak at around 3363 cm™
represents the stretching and bending vibration of the -OH on MWCNTSs in
M3A [130]. The -OH should be generated through the Cr (VI) adsorption. Due
to the adsorption of Cr (VI), -OH should be generated as a result of Cr (VI)'s
strong oxidizing ability. Furthermore, the minor peak at around 2350 cm for
all samples is attributed to the C-H stretching in carbon nanotubes [131]. As a
result of the synthesis of MWCNTS, there should be residual C-H. The fact
that there is no other obvious peak for M3 indicates that most of the oxygen-

containing groups are reduced by NaBH4 during sample synthesis.
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Figure 5-5 XPS spectra of M3 and M3A: (a) wide scan, (b) high resolution
spectra of Cr and (c) high resolution spectra of Fe

Figure 5-5 (a) shows the XPS spectra of M3 and M3A. Samples are primarily
composed of C, O, Fe, and Ni. As shown in Figure 5-5 (b), after Cr (VI)
adsorption experiment, a new peak appears around 570.0 eV along with those
for Cr. The pick represents Cr that is present with Cr (lII) hydroxide [132]. XRD
results confirmed that Cr (V1) is reduced to Cr (Ill) and adsorbed by the sample.
Before Cr (VI) adsorption, on Figure 5-5 (c), Fe's peak is around 716.5 eV,
which indicates that Fe exists as a zero-valent metal [133]. Following Cr (V1)
adsorption, the pick left moved to around 711.5 eV, which belongs to Fe (lll)

[134]. Results from XPS are consistent with those obtained from XRD.
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5.2.2 BET Surface Area Study
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Figure 5-6 BET results of samples (a) N2 adsorption isotherms; (b) pore
size distribution data.

Micromeritics Tristar 3000 is used to determine the specific surface area of all
samples. The results are shown in Figure 5-6. According to the adsorption-
desorption isotherm, all samples exhibit multilayer adsorption characteristics
[135]. There is a stronger interaction between the molecules of the adsorbate
than between the molecules of the adsorbent and the adsorbate. The
adsorption process appears to self-accelerate as it proceeds [136]. M1, M3
and M3R have specific surface areas calculated as 23.6197 m?/g, 82.2434

m?/g and 30.7797 m?/g, respectively.

When comparing M1 and M3, the presence of nickel powder has a significant
impact on their surface area. The nickel powder increases the composite's
BET surface area due to its own high surface area and combines with Fe(0)
to reduce the likelihood of Fe aggregation. In contrast, samples that contain

nickel powder have a smaller distribution of pore widths. A comparison of M3
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and M3R. As a result of the aggregation of Ni (0) and Fe (0) during the Cr (VI)
adsorption experiment and the second time reduction process for Fe (lll), the
BET surface area decreased distinctly. The result is consistent with DLS
results. It should be noted, however, that the BET specific surface areas of all
samples are considerably lower than those of pure MWCNTSs (more than 200
m?2/g). This is due to the disordered stacking of MWCNT, which is consistent
with the SEM results. After these samples were ultrasonically dispersed in
water, a different situation occurred, as the unordered stacked MWCNTSs will
be dispersed in some degree in order to provide a greater amount of surface

area for absorption of Cr (VI).
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5.2.3 Cr (VI) Adsorption Capacity Analyses
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Figure 5-7 (a) UV-vis spectra of solutions of Cr (VI) reaction with DPC,;
(b) calibration curve line of Cr (VI) concentration (A=545 nm); (c) Cr
(VI) adsorption capacity at different pH; (c) Cr (VI) adsorption
capacity with time and pseudo-second-order kinetic model; (d) Cr
(V1) adsorption capacity at different pH;

The Figure 5-7 (a) and (b) illustrate the DPC method used to measure Cr (VI)
concentration in 2.3.3. When DPC reacts with Cr (VI) ions in an acid medium,
a violet solution is formed, at Amax =545 nm, which exhibits a characteristic
peak. For Cr (VI) concentration, Figure 5-7 (b) illustrates a linear relationship.
In other words, y = 37.191x - 0.0916 with R? = 0.9999, where y represents
absorption and x represents Cr (VI) concentration.

Using phosphoric acid (HsPOa4) solution, pH buffers for pH values 4.8, 5.6, and
6.2 are prepared and pH is adjusted by dropwise addition of sodium hydroxide

solution (NaOH). An amount of 15 mg of each sample is added to 34 mL of



-77 -

pH buffer (pH=5.6), followed by ultrasonic dispersion to ensure that the
sample is fully dispersed. Afterwards, 6 mL of 20 mmol/L Cr (VI) solution was
added to the solution in order to make the total solution 3 mmol/L Cr (VI). The
solution should be oscillated mechanically. Each time at the scheduled time,
0.5 ml of solution is drawn and added to a bottle containing 2 ml of DPC
solution and 22.5 ml of water. A UV absorption spectrum is measured after 5
minutes in order to determine the amount of Cr (VI) remaining in the solution.
The absorption became stable after 20 minutes in most cases (Table 5-3).
Initially, all Cr species are in hexavalent form, and the adsorption capacity can

be calculated by analysing the remaining concentration of Cr (VI).
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Table 5-3 The Cr (VI) concentration of samples deduced for 20 minutes.

pH Adsorption Adsorption capacity Fe: Ni
percentage (mg/g) (weight)

Iron nanoparticles 5.6 5.42% 22.56 \
MWCNTSs 5.6 4.80% 19.95 \
M1 5.6 32.35% 134.57 \
M2 5.6 52.07% 216.60 2:1
M3 5.6 53.95% 224.43 5:1
M4 5.6 40.95% 170.37 10:1
M5 5.6 35.22% 146.50 1:1
M6 5.6 39.88% 165.89 20:1
M7 5.6 52.52% 218.46 3:1
M3R 5.6 49.38% 205.41 5:1

Likewise, pure MWCNTs and iron nanopatrticles are also tested under the
same conditions for Cr (VI) adsorption capacity analyses. As shown in Table

5-3, pure MWCNTSs and iron have very low Cr (VI) adsorption capacities.

Fe (0) decorated on MWCNTSs has a significantly higher adsorption capacity
than pure MWCNTSs and iron nanoparticles. The combined action of MWCNTSs
and iron nanoparticles is responsible for this result. As a result of the high
specific surface area of MWCNTSs, as Cr (VI) is adsorbed to the surface of

MWCNTSs, it can be more effectively reduced by the decorated nano iron
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located close to the surface. Comparing M1 with other samples, it is clear that
the addition of a certain amount of Ni can naturally increase Cr (VI) adsorption
capacity. Due to the high catalytic performance of Ni particles, the activation
energy required for the reduction of Cr (VI) is reduced. The adsorption
capacity of M4,5,6 is lower than that of M2,3,7. This is due to an unsuitable
Fe-Ni ratio. As a result of Ni occupying too much of M5, Fe (0) is unable to
reduce Cr (VI) to Cr (lll). In the case of M4,6. Ni is insufficient to serve as an
effective catalyst. According to Table 5-3, the ideal ratio for Fe-Ni is
approximately 5:1. Because of the best Fe-Ni ratio in the catalytic reaction,

M5 exhibits the highest adsorption capacity.

The reusability of samples is also examined. To reduce Fe203 to zero-valent
iron, the used samples are filtered from the solution, dispersed in water, and
added excess NaBH4. Following filtration and drying, the adsorption capacity
of Cr (VI) for used samples is determined under the same conditions as for
new samples. The results are presented in Table 5-3. After one reuse of M3R,
the adsorption capacity decreased to 205.41 mg/g, as opposed to 91% the
first time. Due to the agglomeration of Fe-Ni nanoparticles during the second
reduction of Fe-Ni/MWCNTSs, the adsorption capacity is reduced. As a result
of the agglomeration, the BET surface of Fe-Ni bimetal will decrease, as well
as the reaction point for Fe(0) and Cr (VI). As a result of the experiment, it

appears that these samples can be reused to a certain extent.

The pH of the solution plays an important role in Cr (VI) adsorption. In practice,
wastewater has a pH range of 5 to 8. In order to determine how pH affects Cr
(V1) adsorption, Cr (VI) adsorption experiments were conducted at pH = 4.8,

5.6, and 6.4. The results are presented in Table 5-4, which are in consistent
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with previous research [137], As pH increases, the Cr (VI) adsorption capacity
decreases. The highest adsorption capacity is observed for M3 at pH = 4.8 for

256.87 mg/g.

Table 5-4 pH Affection on Cr (VI) adsorption

Adsorption percentage Adsorption capacity (mg/g)

pH=5.6 pH =438 pH=6.4 pH=56 pH=48 pH=6.4

M1 32.35% 38.00% 29.38% 134.57 158.06 122.24
M2 52.07% 59.10% 47.45% 216.60 245.87 197.40
M3 53.95% 61.75% 49.78% 224.43 256.87 207.09
M4 40.95% 47.54% 36.16% 170.37 197.77 150.42
M5 35.22% 42.25% 32.08% 146.50 175.77 133.45
M6  39.88% 48.84% 35.62% 165.89 203.18 148.18

M7 52.52% 59.28% 48.44% 218.46 246.61 201.50
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Figure 5-8 pH Affection on Cr (VI) adsorption

To verify the stability of samples, let samples stand in the reaction solution for
two months after the Cr (VI) adsorption experiment, and then characterize the
Cr (VI) concentration in solution. The results are presented in Table 5-5. The
Cr (VI) adsorption percentage and adsorption capacity remain stable after
three months. After three months, most samples retain more than 95% of their
adsorption capacity. The reason for this is that the Cr (1ll) hydroxide produced
is stable and difficult to disperse back into the solution once it has been

absorbed by Fe-Ni/MWCNTSs.
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Table 5-5 Sample stability for Cr (VI) adsorption

pH Adsorption Adsorption After 3 Adsorption
percentage capacity (mg/g) Months Capacity
left
M1 5.6 32.35% 134.57 131.03 97.37%
M2 5.6 52.07% 216.60 205.97 95.09%
M3 5.6 53.95% 224.43 217.16 96.76%
M4 5.6 40.95% 170.37 164.59 96.61%
M5 5.6 35.22% 146.50 141.84 96.82%
M6 5.6 39.88% 165.89 155.83 93.93%
M7 5.6 52.52% 218.46 212.68 97.35%

A comparison of Cr (VI) adsorption capacity with MWCNTs or CNTSs related
materials is shown in Table 5-6. In literature, the ratio between Cr (VI) and
reductant varies according to the initial concentration of Cr (VI). As discussed
previously, higher pH has a negative impact on adsorption capacity, and the
best way to evaluate the material is to determine its adsorption capacity (mg/g)
under similar pH conditions. Compared to the list literature, this study
demonstrated a significantly higher adsorption capacity for Cr (VI) even at

negative pH levels. Under similar conditions, Fe-Ni/MWCNTs had a 20%

higher Cr (VI) adsorption capacity than Fe-Ni/RGO.
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Table 5-6 Cr (VI) adsorption capacity reported by literature

Raw material pH Adsorption References
capacity(mg/g)
CNTs supported by activated 2.0 9.0 [93]
carbon
ionic liquid functionalized 2.8 85.83 [94]

oxidised MWCNTs

MWCNTs-COOH-immobilized 2.0 31.29 [95]
HSO4

Magnetic iron oxide MWCNTs 3.0 12.61 [96]
FeMnOy decorated MWCNTs 2.0 47.25 [97]

o- Fe203/MWCNTs 6.0 Around 75 [98]
ZnO-Functionalized MWCNTs 2.0 Up to 140 [99]
Fe-Ni/RGO 6.0 176.74 This work
Fe-Ni/RGO 5.0 197.43 This work
Fe-Ni/MWCNTs 4.8 256.87 This work
Fe-Ni/MWCNTs 5.6 224.43 This work
Fe-Ni/MWCNTs 6.4 207.09 This work

The adsorption kinetics of Cr (VI) are determined by determining the
adsorption capacity of samples at different times, as shown in Figure 5-7 (c).

Initially, adsorption is rapid due to the enormous number of available sites, but
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it slows down with the passage of time and reaches equilibrium after 20

minutes.

The results are analysed using pseudo-first-order kinetic models and pseudo-

second-order kinetic models.

This pseudo-first-order kinetic model can be expressed linearly as follows:
log(ge — q¢) = logq. — Kyt

The pseudo-second-order kinetic model can be expressed in linear form as

follows:

t 1 t

q: K.q%2  qe

where g, and q; (mg/g) represent Cr (VI) adsorption capacity at equilibrium
and t time (hour). K; (g/mg/min) and K, (g/mg/min) represent pseudo-first-
order kinetic model and pseudo-second-order kinetic model rate constant

respectively.
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Table 5-7 Pseudo-first-order kinetic model and pseudo-second-order
kinetic model results

M1 M3 M3R

Pseudo-first-order kinetic model

de (Mmg/g) 149.9628 221.5793 203.0504
K; (g/mg/min)  0.1252 0.1755 0.1719
R?-adjusted 0.9860 0.9904 0.9855

Pseudo-second-order kinetic model

e (Mg/g) 169.6151 249.879 229.4719
K, (g/mg/min)  0.0020 0.0023 0.0024
R2-adjusted 0.9316 0.9766 0.9801

Table 5-7 displays the results of the analysis for the pseudo-first-order kinetic
model and the pseudo-second-order kinetic model. As compared to the
pseudo-first-order kinetic model, the pseudo-second-order kinetic model
obtained an adjusted R? that is closer to 1, which indicates that the pseudo-
second-order kinetic model is more appropriate for the samples. In this study,
it was confirmed that the adsorption process is not physical, but chemical in

nature.
5.2.4 Cr (VI) Reduce Reaction Mechanism and kinetic model
The mechanism for Fe-Ni/MWCNTSs can be summarized as follows:

First, Cr (VI) is absorbed by MWCNTs due to their large surface area,

increasing the concentration of Cr (VI) in the vicinity of Fe-Ni/MWCNTSs. The
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purpose of this step is to test whether MWCNTs and Cr (VI) are physically

attracted to each other.

Additionally, in this area, decorated Fe (0) reduced Cr (VI) into Cr (Ill) under
the catalysation of Ni (0). In the meantime, Fe (0) is oxidised into Fe (lll) and
Fe (OH)s. The results of XPS and XRD support this conclusion. Under
experimental conditions, Cr (OH)s and Fe (OH)s are insoluble [138]. The

reaction equations for this step are as follows:

iron nanoparticles’ primary mechanism for reducing Cr (VI) is the electron

transfer from Fe%(Ey, 2+ /0 = —0.44 V) to Cr (VI)(E, +=136V)[122]:

croz /cr3

2HCrO; + 14H* + 3Fe®(s) » 2Cr3* + 8H,0 + 3Fe?*

As EFOe3+/Fe2+ =077V <E} s+, the generated Fe?* will also react with

HCrO4 /Cr

Cr (V1) [123];

HCrO; + 7H* + 3Fe?* - Cr(IIl) + 4H,0 + 3Fe3*

The electrons also transfer from Fe® to Fe3*:

Fe® + 2Fe3t - 3Fe?*
By adding Ni, the reaction activity of Fe(0) will be much higher than without Ni
as a result of the catalytic action [139]. Below is a diagram of the reaction

mechanism:
Fe® + 2H,0 - Fe?** + H, + 20H™

2Ni® + H, - 2Ni® — H -
HCrO; + 3Ni® — H - +4H* - Cr(III) + 4H,0 + 3Ni°
Lastly, Cr (OH)s and Fe (OH)s sediment are absorbed by MWCNTs and

residual Fe (0). As a result of the layer, the rate of Fe (0) reduction and the
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absorption of MWCNTs will be decreased. Based on the proportion of the

layer covered area, the degree of decrease varies.

In conclusion, after all Fe (0) has been absorbed or consumed, residual
MWCNTs continue to absorb Cr (VI) until they reach their maximum
absorption capacity. Neither Cr (OH)z nor Fe (OH)s will dissolve back into

solution for an extended period of time.

The major Cr (VI) status at low pH is HCrO4 and Cr2072" [38].The higher
removal efficiency at low pH is due to the highly protonated and positively
charged surface of the adsorbent. Electrostatic force can attract HCrO4 and
Cr2072" to the adsorbent. As pH increases, the reaction rate and equilibrium
are hugely affected by less H* and more OH~. In addition, the surface of the
adsorbent will be negatively charged, which drastically reduces its adsorption

capacity.

As Cr (VI) adsorption is not a pure chemical or physical reaction, traditional
pseudo-first-order kinetic models and pseudo-second-order kinetics cannot
adequately describe it, so we use the equation discussed in 2.3.4 above.

This equation can be expressed as follows:

_ [Cr(VD)] 5 iR R A%, (5-1)
= CocISTexp(k(Cic[S] — [Cr(VD]ot)} — [Cr(VD],

[Cr(VD)],

Where [Cr (VI)] represents the hexavalent chromium concentration (mmol/L)
attime t. k represents rate coefficient (L mmol™ min). C.[S], represents the
initial concentration of [SC]. [S] represents the sample concentration (g/L).
Cs;c represents the removal compacity of Cr (VI) per unit gram of sample

(mmol/g). where kand (. represent the model constant parameters
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and t represents the reaction time (s). Below is the fit result of the kinetic

model:

M3
e M3R
M1

>
n

»>
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PNNNNN
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1 M 1 M 1 M 1 M 1 M
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Figure 5-9 The kinetic model curve for M1, M3 and M3R

Table 5-8 The kinetic model results

M1 M3 M3R
K (L mmol™ min?) 0.0178 0.1734 0.1650
Csc (mmol/g) 2.8162 4.3445 3.9733
R2-adjusted 0.9981 0.9974 0.9972

As a result of the results, the kinetic model exhibits a high adjusted R?, which confirms
that the reaction mechanism and model are reasonable for the reduction reaction. By
comparing the rate coefficient k between M1 and M3, it was determined that Ni (0)

added to M3 increased the reaction coefficient by a considerable amount, which is the
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result of Ni's catalyst effect. In the meantime, Comparing M3 and M3R, the decrease
in K and C¢. is due to aggregation of Fe (0) and Ni (0) during the second reduction of

Fe-Ni/MWCNTs.

5.3 Chapter summary

In this Chapter, a new Fe-Ni/MWCNTs composite for the efficient removal of
Cr (VI) in aqueous solution was fabricated, in which MWCNTSs serve as an
adsorbent, Ni (0) as a catalyst, and Fe (0) as a reducing agent. They are

brought together by co-precipitation and physical adsorption.

Compared to the sample without the addition of nickel, the added Ni tripled
the BET surface of Fe-Ni/MWCNTs and the Cr (VI) removal capacity

increased by 50 percent.

Fe-Ni/MWCNTs composites exhibit the maximum Cr (VI) adsorption at pH =

4.8 and pH = 5.6 with 256.87 mg/g and 224.43 mg/g, respectively.

In the Fe-Ni/MWCNTSs, The added nickel has a higher reduction potential than
Fe, which promotes the electron transfer of Fe(0) as the anode through
electrochemical coupling, which not only enhances the reduction activity of
nZVI; the nickel nanopowder is also able to catalyse the hydrogenolysis
reaction and improve the hydrogenation reaction of nZVI; at the same time, it
also reduces the loss of nzZVI due to oxidation by the surrounding

environmental medium.

MWCNTs reduce the agglomeration effect of Fe-Ni bimetal nanoparticles
through spatial site resistance. It functions as an adsorbent to enrich Cr (VI)
surrounding the material, which increases the directionality of the chemical

reduction capacity of the material, and also provides part of the Cr (VI)
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adsorption capacity based on its own physical adsorption. Fe (0) reacts with
Cr (Vl) to form Cr(OH)3 and Fe(OH)3 precipitates. These hydroxide
precipitates and encapsulates Fe (0), preventing all iron from participating in
the reaction, which is slowed down by the physical adsorption ability of the

MWCNTSs to adsorb some of the hydroxide precipitates onto its surface.

Additionally, under comparable circumstances, the results of Fe-Ni/MWCNTs
are about 25 percent superior to those of Fe-Ni/RGO samples. Meanwhile Fe-
Ni/MWCNTs exhibit some reusability, with 91 percent of adsorption capacity

remaining for reused sample.
The following factors contribute to these outcomes:

1. According to DLS measurements, the dissociative Fe-Ni bimetal particle
diameter for Fe-Ni/MWCNTSs is about half that of Fe-Ni/RGO. The spatial site
resistance of MWCNTSs has a better effect on reducing the agglomeration of
iron nanoparticles. As a result, the BET surface area and reaction points for
bimetallic Fe-Ni on MWCNTs are fourfold increased. Surface area and

reaction sites have a positive impact on adsorption capacity and reaction rate.

2. Both MWCNTs and RGO exhibit unordered stacking in SEM images;
however, because the RGO sheet is significantly larger than the Fe-Ni bimetal
particle diameter, it may be possible to completely encapsulate some Fe-Ni
bimetal particles and prevent them from reacting with Cr (VI), resulting in a
reduction in Cr (VI) adsorption capacity. Fe-Ni enters the system prior to the
dispersion of RGO, which results in a greater amount of Fe-Ni bimetal being
wrapped in RGO and a loss of reusability. In comparison, the diameter of
MWCNTSs is substantially smaller than that of Fe-Ni bimetal particles. It is

difficult to encapsulate Fe-Ni bimetallic particles with MWCNTSs.
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Chapter 6
Fe/MWCNTSs ratio and modelling for Fe/MWCNTS adsorption

prediction

In recent years, a large number of iron-decorated materials have been
investigated for their ability to remove heavy metal particles [140, 141]. The
majority of these materials have a similar mechanism: iron acts as a reductant,
while the base material acts as an adsorbent for Cr (VI). A huge amount of
effort is necessary to analyse the adsorption capacity of various combinations,
particularly to determine the optimal ratio for each component. A model that
predicts the adsorption of a combined substance based on the data for two

separate components would save a great deal of time and effort.

In this chapter, a model to predict the Cr adsorption capability of different ratios
of Fe/MWCNTS composites is made. Prior to modelling, experiments were
conducted with pure Fe and pure MWCNTSs to gather the essential data for
modelling, and the Cr adsorption capability of Fe/MWCNTS composites with

varying ratios was examined to validate the model.

6.1 Preparation of iron nanoparticles and Fe/MWCNTs

Composites

Different amount of 30 wt% FeCls-6H20 solution is added into 50 mL of
deionized water under magnetic stirring, forming FeCls solution. 0.32 g
MWCNTs and 2.0 g PVP are added into the obtained FeCls solution and

stirred for 30 mins. The ratio of Fe-MWCNTSs is adjusted in different samples.
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After that, 40 mL of 50 mg/mL NaBHa4 is added dropwise into the system and
stirred overnight. NaBH4 worked as a reducing agent and is expected to
reduce Fe (lll) to zero valent iron. In this period, magnetic stirring is replaced
by mechanical oscillation to avoid Fe NPs affected by magnetic field. The
MWCNTSs is served as the base material to support iron nanopatrticles. As Hz
is produced during this step, careful control is needed. The reaction equations

are listed below:
Fe(H,0)¢** + 3BH,” + 3H,0 = Fe® | +3B(0OH); + 10.5H, 1 (6-1)

The final product is collected by vacuum filtration, washed with ethanol three
times, dried in a vacuum oven overnight, then collected and stored with
nitrogen protection. A total of eight samples are prepared for the purpose of

comparison, as given in Table 6-1.

Table 6-1 Detailed reaction conditions of different samples

MWCNTs-
60 wt% FeClI3
Sample MWCNTs PVP NaBH4 Fe mass
solution
ratio
M1 1.033 ml 0.32¢g 29 29 15
M11 1.936 mi 0.32¢g 249 29 0.8
M12 1.549 ml 0.32¢g 29 29 1
M13 0.775 ml 0.32¢g 29 29 2
M14 0.516 ml 0.32¢g 249 29 3
M15 0.310 ml 0.32¢g 249 29 5

M16 0.194 ml 0.32¢g 29 29 8
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Figure 6-1 (a) UV-vis spectra of solutions of Cr (VI) reaction with DPC;
(b) calibration curve line of Cr (VI) concentration (A=545 nm)

UV-vis spectroscopy is used to determine the Cr (VI) concentration in a
solution based on a validated calibration curve. UV-vis spectroscopy is a
common analytical method, it analyses the amount of discrete wavelengths of
ultraviolet or visible light that a sample absorbs to a standard or blank sample.
This attribute is impacted by the sample's composition, and by evaluating the
amount of light absorbed at different wavelengths, it is possible to determine

the composition and concentration of the sample's constituents [142].

1,5-Diphenylcarbazide (DPC) method is used to measure the Cr (VI)
concentration. DPC reacts in an acid medium with Cr (VI) ions to give a violet
solution, at Amax =545 nm, the violet solution obtains a characteristic peak.
DPC solution is prepared in advance: 0.2 g DPC is dissolved in 100ml acetone

which contains 1ml 95% H2SO4 (1+1).
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The calibration curve is obtained by measuring a series of concentrations of
Cr (VI) solutions react with DPC solution. In detail, 23ml 0.008 mmol/L, 0.016
mmol/L, 0.020 mmol/L, 0.027 mmol/L and 0.040 mmol/L Cr (VI) solutions are
prepared and respectively react with 2ml DPC solution. Then the UV-vis
absorption is examined after 5 minutes at Amax =545 nm. A linear relationship
is shown in Figure 6-1 (b) for Cr (VI) concentration. i.e., y = 37.191x - 0.0916
with R2 = 0.9999, where y stands for absorption and x is Cr (V1) concentration.
Based on the R-value particularly close to 1, this linear equation can be used
to calculate the concentration of Cr (VI) at different UV sorption values in the

concentration range of 0.01-0.04 mmol/L

15 mg of each sample is added into 34 mL PH buffer (Ph=5.6), ultrasonic
dispersion to make sure the sample fully dispersed. Then, 6 mL of 20 mmol/L
Cr (VI) solution added into the solution to make the whole solution to be 3
mmol/L Cr (VI) initially. Put the solution under mechanical oscillation. 0.5ml
solution is drawn every time at the scheduled time and added into a bottle
which includes 2 ml DPC solution and adds water to 25 ml. After 5 minutes,
The UV absorption spectra of the solution are measured to determine the
remaining Cr (VI) concentration. In most of the cases, the absorption became
stable after 60 minutes (Figure 6-2). In the beginning, all Cr species are in
hexavalent form, the adsorption capacity can be calculated by analysing the

remaining Cr (VI) concentration.
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Table 6-2 The Cr (VI) concentration of samples deduced

pH Adsorption  Adsorption capacity MWCNTs-
percentage  (mg/g) Fe mass
ratio
Iron nanoparticles 5.6 5.42% 22.56 \
MWCNTs 5.6 4.80% 19.95 \
M1 5.6 32.35% 134.57 1.5
M11 5.6 28.07% 116.77 0.8
M12 5.6 29.38% 122.24 1
M13 5.6 33.74% 140.35 2
M14 5.6 33.78% 140.54 3
M15 5.6 30.16% 125.47 5
M16 5.6 24.30% 101.07 8
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Figure 6-2 (a) Cr (VI) adsorption capacity with time for MWCNTs and
iron (b) Cr (VI) adsorption capacity with time for M1, M14 and M15.

It is evident that Fe decorated on MWCNTs has a much higher adsorption
capacity than pure MWCNTs and iron. That is due to the combined action
between MWCNTSs and iron. Due to the high specific surface area of MWCNTSs.
Cr (VI) is adsorbed to the area close to the MWCNTSs surface, where Cr (VI)

can be more efficiently reduced locally by the decorated nano iron.

At low pH, the major Cr(VI) status is HCrOs and Cr207%".[38] The higher
removal efficiency at low pH is attributed to that the surface of the adsorbent
becomes highly protonated and positively charged. The adsorbent can attract
HCrO4 and Cr2072" via electrostatic force. With the increase of pH, less H*
and more OH~ hugely effected the reaction rate and equilibrium. Also, the
adsorbent’s surface will be negatively charged, which then highly decreases

the adsorption capacity.
The following results are confirmed:

e All electrons are moved initially from Fe species and finally obtained by
Cr species; it can be considered as Fe is the only element capable of

reducing Cr (VI)
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e The equation rate for the Cr (VI) reduction is first-order.

e The conversion ratio between Cr (VI) and Cr (Ill) is 1:1.

Considering the reaction mechanism mentioned above, a kinetic model is
proposed to describe the Cr (VI) removal, When the pH and temperature are
constant, as the rate equation common form is a power law [143] , the rate of

Cr (V1) reduction by samples can be found as:

—d[CZiVI)] = —K[SC][Cr(VD)] (6-2)

Where [Cr (VI)] is the hexavalent chromium concentration (mmol/L) at
time tand kits rate coefficient (L mmol™ min™), [SC] represents the
equivalent sample concentration at time t capable of reducing Cr (VI)

(mmol L™1). This parameter is fitted using experimental results as follows.

Considering that Fe® is oxidised during Cr (VI) reduction, the equivalent
sample concentration on the surface of the samples decreases during the

reaction and can be calculated as:

[Cr(VD)]o — [Cr(VD], (6-3)

[SCle = GielSI1 = =)

where C;. is the removal compacity of Cr (VI) per unit gram of sample
(mmol/g), which is obtained by the adsorption capacity analysis experiment.
[S] is the sample concentration (g/L), Cs-[S] , represents the initial

concentration of [SC]. [Cr(VI)], is the initial hexavalent chromium

[Cr(vD]o—[Cr(VD]¢

concentration (mmol/L). 2 IS]
SC

represents the fraction of [SC]
oxidised.

Integrating the above equations results in:
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_ [Cr(VD)] ks e L% (6-4)
"~ CiclSTexp{k(Cc[S] — [Cr(VD]oD)} — [Cr(VD],

[Cr(VD)],

where k and C;. are the model constant parameters and t is the reaction time

(min). The fitting result of the kinetic model is shown below:
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Figure 6-3 (a) Cr (VI) adsorption capacity with time for MWCNTs and
iron (b) Cr (VI) adsorption capacity with time for M1, M14 and M15. The
not obvious points are independent experiment data points, lines are
equation (4-4)

Table 6-3 The kinetic model results
MWCNTs Iron M1 M14 M15

k (L mmol™ min~!) 0.1014 0.1902 0.0178 0.0232 0.0330
Csc (mmol/g) 0.3760 0.42658 2.8162 2.9484 2.5737

R?-adjusted 0.9937 0.9929 0.9981 0.9911 0.9867

The results show the kinetic model has high adjusted R?, which confirmed the
reaction mechanism and model are reasonable for the reduction reaction. By

comparing the rate coefficient k between sample MWCNTS, iron and M1, M14,
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M15 it indicated the mixture of MWCNTs and iron significantly enhance the

rate coefficient.

6.3 Modelling for Fe/MWCNTS adsorption prediction

6.3.1 Mechanism analysis

The effect of Cr(OH)s and Fe(OH)s precipitation covering Fe(0) on the reaction
was introduced based on the relevant fixed parameters of Fe(0) and MWCNTSs.
A model was developed for predicting the predicted adsorption capacity of

different ratios of Fe/MWCNTSs.

With the Cr (VI) reduction reaction mechanism analysis above, we can build
a model to predict the adsorption capacity of Fe/MWCNTSs at different ratio.

The following mechanism are confirmed:

Firstly, Cr (V1) is absorbed by MWCNTSs to its surface area, this increased the

Cr (VI) concentration in the area close to Fe/MWCNTSs.

Secondly, in this area, decorated Fe (0) reduced Cr (VI) to Cr (Ill) in the form
of Cr (OH)s which is insoluble in the pH range experimented [144]. Meanwhile,
Fe (0) is oxidised to Fe (lll) as Fe (OH)s. Which is also insoluble in experiment

condition [145] . The reaction equations as below:
2HCrO; + 14H* 4 3Fe®(s) — 2Cr3* 4+ 8H,0 + 3Fe?* (6-5)
HCrOy + 7H* 4+ 3Fe?* - Cr(III) + 4H,0 + 3Fe (III) (6-6)

Fe® + 2Fe (I11) » 3Fe?* (6-7)
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Thirdly, Cr (OH)s and Fe (OH)s sediment are absorbed by MWCNTs and
residual Fe (0). The layer will decrease the rate for Fe (0) reduction and
MWCNTs absorption. The decreased degree is depending on the layer

covered area proportion.

Finally, after all Fe (O) is covered or consumed, residual MWCNTSs continue
to absorb Cr (VI) to its surface area until the maximum absorption capacity is

reached.

The above mechanisms or processes are modelled using reaction kinetics as

described earlier in Section 4.2.
6.3.2 Key parameters identification and estimation

In order to simulate the experiment, we need to confirm some important

parameters first.
Definition and estimation of As

A, is defined as the covered area of Cr (OH)s and Fe (OH)s sediment for per

gram of Cr (VI) reduced to Cr (llI).
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Figure 6-4 (a) Thickness of Cr (OH)s and Fe (OH)s sediment layer; (b)
MWCNTSs inner diameter.

From Figure 6-4 (a) the thickness of Cr (OH)s and Fe (OH)sz sediment is about

2.5 nm. This is useful for defining parameter A,

The molar mass of Cr, Cr (OH)s and Fe (OH)s are 52.00 g/mol, 103.02 g/mol

and 106.87 g/mol respectively.

From the equation 6-2, 6-3 and 6-4, the molar ration of reduced Cr (VI), Cr

(OH)z and Fe (OH)z are 1:1:1.

Density of Cr (OH)3 and Fe (OH)s respectively: 3110000 g/m?3 and 3400000

g/m3.

For per gram of Cr (VI) reduced to Cr (lll), the volume of generated Cr (OH)s

and Fe (OH)s sediment is Ag:

8 8

. 1g+103.02-5+ 1g+106.87 -2
52.00—2— % 311000085  52.00 -2 % 3400000 -2~
mol m3 mol m3

As the absorption layer thickness is 2.5 nm, for per gram of Cr (VI) reduced to

Cr (1), the covered area of Cr (OH)s and Fe (OH)s sediment Ay is

1g%103.02-2- 1g+106.87 -2
+

mol mol
52.00-2 - 311000085  52.00 —2— % 3400000 -2
S 2.5 nm

Specific area for MWCNTs and iron

Due to the extremely high length to diameter ratio, the inner area of MWCNTSs
is hard to competitive adsorb Cr (OH)3 and Fe (OH)s sediment with iron. Only

the outer surface area for MWCNTSs is active area. From Figure 6-4 (b), the
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inner diameter of MWCNTSs is about 4.6 nm. By checking the diameter range

with Table 6-4, the outer surface area for MWCNTS is about 118.494 m?/g.

Table 6-4 Adsorption pore distribution report for MWCNTSs

Pore Diameter Range (nm) Cumulative Pore Area (m?/g)

231.8-39.7 16.000
39.7-16.3 48.889
16.3- 5.9 990.711
59- 46 118.494
46- 3.6 149.244
3.6- 29 195.706
29- 26 218.081
26- 23 245.568
23- 1.8 269.389

From the zeta sizer results in Table 6-4, iron particle average diameter is about

55 nm.

With a density of 7874000 g/m? and in sphere, the specific surface area for

iron particle is about 13.85 m?/g

Initial concentration of Cr (V1) is 156 g/m?
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6.3.3 Simulation equation derivation

Based on previous mechanistic analysis of the reaction of Fe/MWCNTs with
Cr (V1) in section 6.3.1. The reaction between Fe and Cr (VI) produced
Cr(OH)s and Fe(OH)s precipitates, which prevented further reaction of Fe with

Cr (VI).

Section 6.2 demonstrated that the reaction curves of pure Fe (0) and pure
MWCNTs with Cr (VI) fit the deformation equations of function 6-2 to a high

degree and collects relevant fixed parameters based on Fe (0) and MWCNTSs.

D]~ _iscrteron) ©2

Section 6.3.2 quantified the distribution and thickness of the Cr(OH)3 and
Fe(OH)3 precipitate adsorption layers on the surface of MWCNTs and iron

particles.

This led to the introduction of relevant immobilisation parameters based on Fe
(0) and MWCNTs and the effect of Cr(OH)s and Fe(OH)s precipitates covering
Fe (0) on the reaction. A model based on function 6-2 was developed to

predict the predicted adsorption capacity of different ratios of Fe/MWCNTSs.
The details are given below.

The model is divided into two parts:

Part 1

Part 1 is for Cr (VI) absorbed by MWCNTSs; Part 2 is for Cr (VI) reduced to Cr
(111 by Fe (0). Both are modelled using the reaction kinetic rate equation (6-2)
described earlier and reproduced below, but with different fitting parameter

values.:



-104 -

d[C:i—(tw)] = —k[SC],[Cr(VD)] (6-2)

The R?-adjusted for MWCNTSs and iron are 0.98599 and 0.99162 respectively,
so this equation can be used to build a model for Fe/MWCNTS.

Part 1 is for Cr (VI) absorbed by MWCNTS; it is divided into two stages: before

and after iron leaves the reaction.
For the first stage:

d[cr(VD],

dt = —Kuwenrs[SCle [Cr(VD)]4

Kywents iS the rate coefficient (L mmol™ min™t) for MWCNTS, obtained from

Table 6-3.
Kywents = 0.1014 L/(mmol * min)

[Cr(V]D)], is the average Cr (VI) concentration for the whole bulk, except for

absorbed by MWCNTSs.
[SC]; represents the equivalent sample concentration at time t.

From equation 4-3:

[Cr(VD]o — [Cr(VD)],
CsclS]

[SC]e = Csc[SImwenrs(1 —
Csc is the removal compacity of Cr (VI) per unit gram of sample (mmol/g), got
from Table 6-3
Csc = 0.37598 mmol/g

B is defined as the mass ratio of MWCNTSs: iron. It is a constant parameter for

each sample.

[STmwents 1S the sample concentration (g/L)
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s 15mg B
= *
[SImwenrs 40ml 1+B

[Cr(VD)]o—[Cr(VD)]s
Cscls]

AS

represents the fraction of [SC] oxidised.

In this model, it can be defined as the covered area fraction of MWCNTSs and

iron, so:

Cr(VD]o — [Cr(V])], Ape
[CrC )]C(’);C[.S[] rhl ) = C;C[S]MWCNTSA_AI\:O

[SC]: = CS*C [S]MWCNTS(1 -

Amo and Ay, are the uncovered surface area of MWCNTSs at the initial time

and t time, respectively.

As MWCNTSs specific outer surface area: 118.49 m?/g

B
Avo =1 118.49 m?
mo = 15mg » 7=+ 118.49m"/g

At t time, the ratio of uncovered MWCNTSs surface area and iron area is:

Mywenrs * 11849 m? /g
Mg, * 13.85m?/g

The total ratio of molar rate in equations 6-5, 6-6 and 6-7 for Fe (0) and Cr (VI)

is 1:1.
The molar mass of Cr and Fe are 52.00 g/mol and 55.85 g/mol, respectively.

Ageo and Ap,, are the uncovered surface area of iron at initial time and t time,

respectively.

At time t, the mass of residual iron

M M 156-2 [Cr(VD],) 2585 g/mol 40 ml
= — —_—— * *
ret = Mpe = (156 25 = [T (VDo) * 5550 mol * 40 ™
Ageo = 15mg * * 13.85m?/g

1+B
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Expected for covered by sediments, the total surface area of iron also

decreased with the consumption of iron, at t time the area is

Mge; 2
AFeO*( e)

Fe
The iron particle can be treated as always being a sphere; mass and surface
area are the cubic and quadratic of diameter, respectlvely |s the power of

mass to the surface area.

At t time, the generated sediments are absorbed by MWCNTs and iron with

the ratio of their total surface area.

( |

[Cr(vD]e Ao
156 Mo \3
Amo + Apeo * (Miit) )
F t\=
AFet - AFeO * (MFee)

M
[cr(vD]; Apeo * (MFet)
_J‘ Fe * Ag * 40ml » d[Cr(VI)],;
1

56

So, for part 1:

dCr(vDl; _

Ay
—KywentsCac [STuwenrs —— [Cr(VD)];
dt Amo

Especially, after Ag,; decreased to 0, iron will no longer join the reaction, only

MWCNTSs absorb Cr (VI) to its surface area, it is the start of stage 2:
Define when Ag,: = 0, [Cr(V)]; = [Cr(VI)];

d[Cr(VD)] .
— 1= —KywentsCselSIuwents I [Cr(VD]4
dt Apmo
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Kywentss Cocy [Slmwents, Amo @and [Cr(V1)], is the same as before.

From Table 6-2, the adsorption capacity for MWCNTSs is 19.95 mg/g, for per

m? of MWCNTSs surface area, the adsorption amount is

meg _B
19.95 2 *15mg*5,_}_1

Amo

([Cr(VD]s — [Cr(VI)];) * 40ml is the absorbed Cr (VI) mass after ¢

So:
[Cr(VD]s { AMO ]
AMt :AMO _f 2 *AS*40ml$d[CT(VI)]t
156 M. .\3
LAMO + AFeO * (Mieet) J
([Cr(VD]s = [Cr(VD)]1) * 40ml
- mg B
Amo
Part 2
For part 2:

d[Cr(VD)], _ d[Cr(VD]4
dt B dt

* R — Kpo[SC][Cr(VD)],

From Table 6-3:
Kr, = 0.1902L/(mmol * min)

[Cr(VD]o — [Cr(VD)],

[SC]e = Csc[S]re(1 — Ceo[S]

) = Csc[S]

Csc = 0.42658mmol/g

15mg 1
*
40ml 1+B

[Slre =
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1
Apeo = 15mg * T35 13.85m?/g

MFet)g
MFe

Apet = Apeo * (

2
Mper\3

f[Cr(VI)]l Apeo * ( Mzt)
1

56

* Ag * 40ml » d[Cr(VI)];

2
3

Amo + Apeo * (%Il;it)

[Cr(VD)], is the concentration of Cr (VI) close to the area close to

Fe/MWCNTSs.
R is the volume rate for whole bulk to the area close to Fe/MWCNTSs

From Figure 6-2 (a), under the same condition, the time for MWCNTSs and Iron
to arrive Cr (VI) adsorption equilibrium point is similar. However, in the
Fe/MWCNTSs system, there is a much higher Cr (VI) concentration near iron
due to the absorption of MWCNTSs. It indicates iron will always arrive

equilibrium point before MWCNTSs; the time is the t;, mentioned before.

So, the equation for part 2 will not affect the Cr (VI) concentration curve for

the whole bulk; we do not need to find the exact value for R.
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Simplification

For part 1, stage 1

d[Cr(V])];
dt
=2.382x107* « 55" [Cr(VD)], * (1
(
[cr(vD]: 0.01987
fise

B *118.49 + 13.85 =| 1

_ (156 = [Cr(VD)],) * 2.864

\

1000

2
3

Fxd[Cr(VI)],

At the particular time, when Az, <0

(156 — [Cr(VD)],) * 2.864 2

¢ 1000 )3
f’“ 1+B
B 1 (156 — [Cr(VD)],) * 2.864 2
5 _ S
1562+ 11849 + 7 * 13.85 * (1 00 )3
T+5

* ((156 — x) * 0.01987dx = (1 —

(156 — [Cr(VD)]s) * 2.864)%

1000
1+B
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For part 1, stage 2

d[Cr(V])];
dt
=2.382x107* « 55" [Cr(VD)], * (1
( )
flerwnis 0.01987 T

2
3

B 11849 +13.85 | 1120 [Crl((l)/é())]s) x 2.864

\ 1+B J

([Cr(VD], — [Cr(VD],) 0.134)

B
B+1

6.4 Modelling results analysis

This model is based on the software “DigiDiss”, a dynamic digital simulation
of dissolution software developed by Jia [146]. Some researchers obtained
great high consistency between DigiDiss modelling and experiment data and

proved it can be applied for predicting bulk particle dissolution [147, 148].

Based on the reaction mechanism discussed above, the reaction for Cr (VI)
adsorption capacity experiment on the solid liquid interface, it is possible to

simulate the experiment by DigiDiss.

A 5*5*1 liquid phase and a 5*5*4 solid phase are imported into a 5*5*5 bulk.
Pixel width is set to 0.0342m to make the volume for one pixel is 40ml. The
Time step is set to 0.1s to obtain an accepted time for running the whole
progress. The comparison between experimental data and simulation data is

shown below:
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Table 6-5 Comparison between experiment and simulation data

MWCNTs:Fe Adsorption capacity (mg/g) Relative

(weight) Experiment data Simulation data error
Pureiron O 22.56 21.6 4.26%
MWCNTs o 19.95 19.95 0.00%
M1 15 134.57 132.26 1.72%
M11 0.8 116.77 111.35 4.64%
M12 1 122.24 119.87 1.94%
M13 2 140.35 137.37 2.12%
M14 3 140.54 136.66 2.76%
M15 5 125.47 121.57 3.11%
M16 8 101.07 95.62 5.39%

150

= Experiement data

= e Simulation data
> 1401 ="
£ ° * .
21301 *
% n
[ ]
& 1204 * .
[&] ]
C
2 110- .
o
2 .
3 100 -
<€ °

0.1 0.2 0.3 0.4 0.5 0.6
Fe amount (weight)

Figure 6-5 Comparison between experiment and simulation data
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From Table 6-5 and Figure 6-5, it can be shown that for all samples with iron
addition, the experimental and simulated data patterns for various MWCNTSs
and iron ratios are quite comparable. In most cases, the relative error is less
than 5%. Due to the fact that not all Cr (OH)3 and Fe (OH)s sediments were
absorbed by MWCNTSs and iron throughout the experiment, more iron was
engaged in the process and the adsorption capacity was enhanced. The

experiment data are always slightly above the simulation data.

According to modelling results, the model is in high agreement with
experimental results at different Fe-MWCNTS ratios and can be used to
predict the Cr (VI) adsorption capacity at different Fe-MWCNTS ratios. Cr (VI)
adsorption capacity correlates favourably with iron mass. At a weight ratio of
around 2.3 for MWCNTs to iron, samples exhibit the maximum Cr (VI)
adsorption capability. When the ratio was less than 2,3, the Cr (VI) adsorption
capacity increased as iron weight rose. When the ratio exceeded 2.3, the Cr

(V1) adsorption capability declined as iron weight increased.
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Figure 6-6 Comparison of adsorption curve by simulation (lines) and
concentration collected by experiments (points)

In Figure 6-6, the line is for simulation adsorption curve; the points are data
collected from experiments. The simulation results demonstrated an excellent
agreement with the experimental results in terms of final adsorption capacity
and adsorption curves, and could be used to forecast the adsorption capacity

and curves for various ratios of Fe/MWCNTSs.

As can be seen from Figure 6-5, the trend in Cr (VI) adsorption capacity with
the ratio of Fe to MWCNTSs is in high agreement between the experimental
and simulated data. Meanwhile, in Figure 6-5, Cr (VI) adsorption curve by

simulation shows excellent agreement with experiment data.
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6.5 Chapter summary

Most of the Cr (VI) removal materials currently being investigated are multi-
phase materials. Determining the optimal material ratios for Cr (V1) absorption

capability requires substantial amount of effort.

In this Chapter, Fe/MWCNTs was chosen for modelling. A comparison of the
experimental results with the simulated data shows that the model and
experimental results show the same trend in Cr (VI) removal capacity as the
proportion of Fe and MWCNTSs in the material changes. The variation of Cr
(V1) concentration with time at different times in the model is also highly

consistent with the experimental results.

This model provides a convenient method for predicting the Cr (VI) adsorption
capacity for Fe-MWCNTSs two-phase material at different ratios. Moreover, in
recent years, a large number of iron-decorated materials has been researched
to deduct heavy metal particles [140, 141], and most of them have a similar
mechanism to this experiment. This model can provide a convenient method

for researchers to optimise the materials design with minimized experiments.
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Chapter 7 Conclusions and Future work

7.1 Conclusions

To develop novel nano-composites that can efficiently reduce hexavalent
chromium for environmental remediation, this work designed and synthesized
two novel materials, i.e., reduced graphene oxide (RGO)-based and multi-
walled carbon nanotube (MWCNT) based bimetallic nanocomposites, and
one predictive model for further optimisation. The results show that Fe-
Ni/MWCNTs nanocomposite can achieve 50% improvement in Cr (VI)
removal capacity compared to the reported materials under similar conditions,

while achieving reusability.

For RGO based nanocomposites, Fe-Ni bimetallic particles are loaded onto

reduced graphene oxide through co-precipitation and physisorption method.

In this nanocomposite, combination with the dispersant, the spatial barrier
effect of RGO reduces the agglomeration of Fe-Ni bimetallic particles. It
functions as an adsorbent to enrich Cr (VI) surrounding the material, which
increases the directionality of the chemical reduction capacity of the material,
and also provides part of the Cr (VI) adsorption capacity based on its own
physical adsorption. Fe functions as a reducing agent to convert Cr (VI) to Cr
(1), which is less susceptible to re-oxidation in nature, preventing secondary

contamination.

The added nickel has a higher reduction potential than Fe, which promotes
the electron transfer of Fe (0) as the anode through electrochemical coupling,
which not only enhances the reduction activity of iron nanoparticles; the nickel

nanopowder is also able to catalyse the hydrogenolysis reaction and improve
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the hydrogenation reaction of nZVI; at the same time, it also reduces the loss

of nZVI due to oxidation by the surrounding environmental medium.

In the reduction process, Cr (VI) reacts with Fe (0) to form Cr(OH)s and
Fe(OH)s precipitates. These hydroxide precipitates and encapsulates Fe (0),
preventing all iron from participating in the reaction, which is slowed down by
the physical adsorption ability of the RGO to adsorb some of the hydroxide

precipitates onto its surface.

The experiments show that the capacity of Cr (VI) adsorption is more than 50
percent greater compared to reported literatures under similar conditions. At
the same time, a micromixer chip was used for some of the samples instead
of the traditional mechanical stirring to disperse the multisystem components
during the synthesis. The results show a more homogeneous distribution of
FeNi bimetallic particles on the RGO in the samples made after micromixer
chip dispersion. The Cr (VI) removal capacity of the samples was increased
by 50% compared to the conventional mechanical stirring. However, because
FeNi bimetals are easily encased by RGO during secondary reduction,

FeNi/RGO is not reusable.

For MWCNT based nanocomposites, multi-walled carbon nanotubes were
utilised, instead of RGO, together with Fe-Ni bimetallic particles, to achieve
reusability. Due to the unique tubular structure of MWCNTs and their
extraordinarily high specific surface area, it is difficult to encapsulate FeNi
bimetallic particles by MWCNTs. Also, for the agglomeration of iron
nanoparticles, MWCNTs have better spatial resistance than RGO, and the
particle size of the metal particles in Fe-Ni/MWCNTSs is only half that of Fe-

Ni/RGO.
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The results demonstrate that the FeNi/MWCNTs material achieves about 25%
greater adsorption capacity and faster equilibration time than FeNi/RGO, while

retaining excellent recyclability.

Throughout the synthesis of FeNi/MWCNTs, no special experimental
environment is required (e.g. inert gas protection) and the synthesis method
can be scaled up. The most expensive of the raw materials, MWCNTS, are
already industrially available at an acceptable price and will soon decrease in
price due to the application of several new synthesis methods. Therefore,

FeNi/MWCNTSs have the potential to be used industrially.

To optimize the nanocomposite design, the effect of Cr(OH)s and Fe(OH)s
precipitation covering Fe (0) on the reaction is introduced based on the
relevant fixed parameters of Fe (0) and MWCNTSs. A reduction and adsorption
model is developed for predicting the adsorption capacity of different ratios of
Fe/MWCNTSs. The predicted trend in Cr (VI) adsorption capacity with the ratio
of Fe to MWCNTs is in high agreement with the experimental data. This shows
that the model could be used to forecast the adsorption capacity and curves
for various ratios of Fe/MWCNTSs. This model can be extended to other binary
materials with similar mechanisms of reducing metals and adsorbents, greatly
reducing the experimental effort required to find the optimum ratio of Cr

removal materials and components.

7.2 Future work

On the experimental side, there is still potential to increase the adsorption
capacity as not all iron involved in the reaction. Future research needs to focus

on getting as much Fe involved in the reaction as possible rather than being
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encapsulated by hydroxide precipitation and thus isolated from the reaction.
Based on FeNi/MWCNTs, modification of MWCNTSs to give them greater
adsorption to hydroxide precipitates is a possible direction. Alternatively,
materials with special adsorption to hydroxide precipitation may be sought for

binding to FeNi bimetals.

In terms of simulation, extending the predictive model from the current
Fe/MWCNTSs to other two-phase materials is a possible direction. The analysis
of the reaction mechanism of the bimetallic particles is also focused on, in an
attempt to build up a predictive model and to establish a basis for further

predictive modelling of three-phase materials.
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Appendix A

Micromixer structure and working mechanism

The micromixer chip has two designs bonded onto each wafer. One is a set
of mixing stages, and the other provides a fluidic pathway for liquid to pass

into and out of the mixing stages [149]. The structure is shown below:
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The primary means for mixing in this chip is therefore disrupting the laminar

into controlled mixing stages by physically forcing liquids to mix.

During the mixing stage, part of the liquid flows from the main tube 1 to the
main tube 2 through the small conduit. The remaining liquid continues to flow

in the main tube 1, repeating the previous split when it meets the next small

conduit.
Main tube 2
.f\:_\—:@/ Part of liquid flows
e S - X , to tube 2 through
‘\\ ' Main tube 1 the small conduit
Mixing stage Cross section

The micromixer chip is a static mixer (no moving parts), which at low flow rates

creates lamination of the flow streams as shown in the diagram below:

The mixing stage disrupts the streams laminar and reduces diffusion
distances and hence improves mixing time. At high flow rates swirling occurs

in the flow streams, reducing mixing time further.
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