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Abstract

Heavy metal pollution is very prevalent in our environment. The entire removal of heavy metal
and organic contaminants in natural water resources will not only affect the environment itself, but also
can block the toxic contaminant transfers in food chains. Currently, there are many studies being done to
remove these heavy metal ions from our water, such as reduction reactions, chemical precipitation,
reverse osmosis and electrolytic recovery. One of the promising techniques is adsorption. The focus of
this research is using graphene and its derivatives, such as silylated graphene oxide (GO), to adsorb heavy
metals, specifically, lead. This research describes chemical modification techniques to modify the GO
surface with functional groups, and the modified graphene will be used as a functional sorbent for waste
water treatment and natural water resource protection, especially for heavy metal removal. In this study,
N-(trimethoxysilylpropyl) ethylenediaminetriacetic acid (EDTA-silane) was linked to the graphene oxide
(GO) surface through a silanization reaction. EDTA is a widely used chelating agent, and modifying the
surface of GO with EDTA will add a chelating ability to GO. The results demonstrate that the EDTA-GO
compound is an ideal adsorbent for heavy metal removal with a higher adsorption capacity than the
carbon-based adsorbents currently in use. EDTA modification enhanced the adsorption capacity of GO
due its chelating ability. At pH 6.0 ~7.2, the adsorption capacity for Pb(ll) removal was found to be 486
mg/g, with adsorption completed within 20 minutes. A Langmuir adsorption model agrees well with
experimental data. The effects of solution conditions such as pH and metal ion concentrations were
investigated, along with adsorption and desorption behaviors of heavy metal cations. The desorption
behavior predicts that GO can be reused after washing with 0.10 M HC1. My results have demonstrated

potential applications for uses in the environmental restoration.
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1. Introduction

1.1 Heavy Metal Problem

There is a worldwide concern for the pollution of water. The world’s water
resources are being polluted due to the improper disposal of toxic metals and organic
pollutants. Excess metals such as cadmium, chromium, copper, lead, mercury and zinc
are an environmental concern, and need to be removed from the water, mainly because of
their toxicity. The metal ions come from wastewater discharged by many industries such
as metallurgy, tannery, chemical manufacturing, mining, battery industries. If the
wastewater from these industries is left untreated, these metal ions find their way into our
food chain through the waste that discharges into the bodies of water [1]. Consumption
of these metals result in nausea, convulsions, coma, renal failure, cancer and even subtle
effects on metabolism and intelligence [1]. Heavy metals are non-biodegradable and can
accumulate in living tissues, posing a threat to living species [2]. There is a worldwide
concern to minimize, if not remove, heavy metals contaminating our water systems.

The continuous increase ofthe world’s population has raised the demand for clean
water. In addition to the health of the world’s population, clean water is a critical
resource for a variety of key industries, including electronics, pharmaceuticals and of
course, food [3]. The world is facing incredible obstacles in meeting growing demands of
clean water, as the available supplies of freshwater are decreasing due to extended

droughts, population growth, more stringent health based regulations.



1.2 Existing Techniques

Techniques are being applied to remove these metal ions from the water, such as
reduction reactions [1], chemical precipitation, and electrolytic recovery [4]. Chemical
precipitation involves the addition of a base, such as NaOH or CaCC>3 to a solution of
heavy metal contaminated water. The addition of this base reacts with the metal ions in
the solution and precipitates a metal salt. This is very useful for high concentrations of
heavy metal contamination. Reduction reactions and electrolytic recovery are similar to
each other in that both methods make use of an electric current to remove the heavy metal
contamination in the solution. Among the above methods, the promising process for the
removal of metal ions from water and wastewater is in adsorption [2].
1.3 Adsorption Mechanism and Sorption Models

Adsorption is a reaction process that occurs on the solid surface of the adsorbent
that interacts with heavy metal ions and pollutant molecules. The efficiency of the
adsorbent to be able to adsorb the pollutants depends strongly on adsorbent’s surface
properties, chemical composition, surface charges and surface area. It is a surface
phenomenon that involves the adhesion of atoms, ions or molecules in solid, liquid or
gaseous phase to a surface. The phenomenon occurs due to a consequence of weak
interactions between the adsorbate and the adsorbent. If the attractive forces of the
adsorbent and the adsorbate are greater than the cohesive energy keeping the adsorbate
together, the adsorbate will drive towards a state of lower free energy. The bonding that
occurs between the adsorbent and the adsorbate can be due to Van der Waals forces

(physisorption), covalent bonding (chemisorption) or electrostatic forces. The adsorption



process is reversible, and the employed adsorbent can be regenerated by suitable
desorption process.

The mechanism of interactions of adsorbent and adsorbate are not homogenous all
across the solid surface, requiring the use of sorption isotherm models to help explain and
describe the adsorption process. There are two adsorption isotherms used in this study,
the Languir adsorption isotherm and the Freundlich adsorption isotherm. Both equations
and theorems will be discussed further, in the results section.

With these models, the data acquired by doing adsorption experiments can be
explained and reasonably compared among various sorbents, to help researchers have
informed decisions on the next novel technology for adsorption processes.

1.4 Examples of Adsorbent Material

With increasing demands for treating heavy metal environmental problems, the
development of high performance sorbents is an important research area [4]. The
composition, quality, physical and chemical properties and even the rarity of the raw
material are all factors that are taken into account when studying a novel adsorbent.
There are a variety of resources used for adsorbents, such as coconut husks [6,7],
charcoal [8], and even lichens and bacteria [10,11,12,13]. Each resource has its own
unique characteristics that give it both advantages and disadvantages over the other
possible adsorbents.

Peanut hull husks are a possible option as a sorbent [9]. Brown, et. al. (2000)
investigated the use of peanut hull husks as an adsorbent for Cu2+, Cd2+ Zn2+ and Pb2+
compared to raw peanut hulls to find a low-cost alternative for using commercial grade

ion-exchange resin.  Although the investigation proved that peanut hull husks are



effective adsorbents, the husks have a much lower capacity than the commercial grade
resin.

Biosorption is another method where researchers have been discovering new
adsorbents. This technique involves the use of biomass or biofilm to adsorb heavy metal
ions and other contaminants in aqueous solutions [10,11]. Most of the biomasses used
are different species of fungi and algae, which can then adsorb heavy metals through a
very complex mechanism. One advantage to having these biosorbents is that they are
quite effective in removing heavy metals from a wastewater streams that have a low
concentration of heavy metal ions. The idea of biosorption is still quite novel, and
additional research is being done to understand the mechanism and process through
which these biosorbents work.

Other adsorbents that have been used for adsorption of metal ions such as
activated carbon [14, 15, 16], and PV A beads [17] are not very effective. Some of these
adsorbents suffer from low adsorption capacities or low removal efficiencies of metal
ions. Therefore, scientists are still being driven to discover promising new adsorbents. An
ideal sorbent should have the ability to remove toxic contaminants from environments to
a safe level while doing so rapidly and efficiently. Tremendous effort has been made in
recent years to seek new sorbents. Discovering new and effective adsorbents using
carbon based nanomaterials are becoming more popular because they prove to be very
versatile for use in dealing with mineral and organic pollutants.

1.5 Carbon Nanomaterials and Carbon Nanotubes
The development of novel nanomaterials with increased affinity, capacity, and

selectivity for heavy metals and other contaminants as an adsorbent is an emerging



research area. The benefits from the use of nanomaterials may derive from their enhanced
reactivity, increased surface area and removal characteristics. The advantages of
nanoparticles as attractive sorbents are that they have much larger surface areas than bulk
particles, can be functionalized with various chemical groups to increase their affinity
towards target compounds [18]. These functionalization techniques can be performed
directly on the nanoparticle surface. The smaller the particle size, the higher the specific
area of the particle is for interacting with chemical adsorbates. Besides the size of the
sorbents, the adsorption properties are highly dependent on surface groups and surface
charges. A variety of nanomaterials are in various stages of research and development,
each possessing unique functionalities that are potentially applicable to the remediation
of industrial effluents, groundwater, surface water and drinking water [19].

Carbon nanotubules are tubes made up of rolled up graphene sheets [20]. Since
their discovery in 1991, carbon nanotubules (CNTs) have attracted great attention
because of their unique properties [21]. CNTs have become a foundation for future
applications to nanodevices, field emission, gas adsorption [22], composite
reinforcement, metal nanocomposites and catalyst supports [23], as they possess
exceptional mechanical properties, unique electrical properties, high chemical and
thermal stability and a large specific surface area. CNTs have been used for the
determination of heavy metal ions in aqueous environments because CNTs are an
effective adsorbent due to their porous and graphitic structure.

It has been shown that surface-attached functional groups such -COOH and-OH
have stronger attractive forces toward metal ions than bare CNTs, and other carbon

material surfaces [23]. These functional groups generate a rise in negative charge on the



carbon surface with oxygen atoms in functional groups donating a single pair of electrons
to metal ions, consequently increasing their cation exchange capacity. The sorption
capacities of metal ions by raw CNTs are very low, but are significantly increased after
being oxidized by HNO3, NaOClI, and KMnC>4 solutions.
1.6 Graphene and Its Derivatives (GO)

One interesting adsorbent that has a low cost with high efficiency is graphene.
Graphene is a single layer of carbon atoms packed into a honeycomb-shaped lattice. It is
derived from graphite, which is composed of multiple layers of these honeycomb-shaped

lattices, as shown in Figure 1

Figure 1. ldealized structure of a single layer of graphene

Graphene is the first free-standing two-dimensional atomic crystal that has been
found so far. It exhibits many remarkable electronic and mechanical properties. Since its
discovery in 2004 [26], graphene has become one of the most interesting topics in the
area of materials science and has attracted significant attention from scientists in diverse
fields such as chemistry and physics. Graphene has taken the center stage of research in
many critical areas due to its unique properties which include superior mechanical
strength, low density and high heat conductance. These unique physical and chemical

properties make it promising for potential applications in many fields including



nanoelectronics [27], sensors, hanocomposites, batteries and fuel cells, super-capacitors
and hydrogen storage [28].

When graphene is chemically oxidized, it exists in two oxidation states: graphene
oxide (GO) and reduced graphene oxide (RG). The oxidation of graphene creates
numerous oxygen-containing functional groups at the surface of graphene, such as
hydroxyl, epoxy, carbonyl and carboxyl groups, which together make the graphene
surface polar [27]. GO (Figure 2) is water soluble with low conductivity while RG has
good conductivity with poor solubility in water. The solubility of GO in water and other
solvents allows it to be uniformly deposited onto wide ranging substrates, such as thin
films [29]. The abundant functional groups on the surfaces of GO can be used as
anchoring sites for metal nanoparticles, making it possible to use them as a support for
producing graphene nanoparticle hybrids. Combinations of graphene and functional
nanoparticles may lead to materials with interesting properties for a variety of

applications.



Figure 2. ldealized structure proposed for graphene oxide (GO). Adapted from C. E.
Hamilton, PhD Thesis, Rice University (2009).

GO has been tested as a potential adsorbent for various organic materials such as
humic acid [31], ammonia [32], alcohols, aromatics and chloride compounds [33]. In
each of these cases, GO has been proven to be a better adsorbent than the previous
standard being used. These results further encourages our investigations to focus on
developing GO as a good lead for developing a novel adsorbent for heavy metals.

1.7 ldea of EDTA-GO

This thesis describes methods to introduce modify the GO surface to make the
adsorbent that much more efficient. If the objective of the adsorbents is to bind heavy
metals, then a chelating agent should greatly increase the functionality of GO. This
thesis  will discuss the effects of modifying the GO surface with
Ethylenediaminetetraacetic acid (EDTA) how this novel nanomaterial, EDTA-GO, can

used to develop better adsorbents in the future.

2. Materials and Methods

2.1 Synthesis of graphene oxide

Graphite purchased from Sigma-Aldrich was used for the preparation of graphene
oxide by a modified Hummers’ method. Graphite powders were first oxidized by sulfuric
acid. Then 5 g of the graphite powder was first treated with a solution by mixing 25 ml of
concentrated H2SO4 with 5 g K25208 and 5 g P205. The mixture was kept at 80 °C for 6
hours using a hotplate. Subsequently, the mixture was cooled to room temperature and

diluted with 1.0 L of de-ionized (DI) water and left overnight. The mixture was then



filtered and washed with de-ionized (DI) water to remove the residual acid. The product
was dried under ambient conditions overnight. The pre-oxidized graphite was then
subjected to oxidation by Hummers’ method. The pretreated graphite powder was put
into 250 mL of concentrated H2SO4 at 0 °C. Then 30 g of KMnCL was added gradually
to the acid solution with stirring, while the temperature of the mixture was kept below 20
°C by cooling. The mixture was then stirred at 35 °C for 4 hours and then diluted with
500 mL of DI water. Because adding water to concentrated sulfuric acid medium
releases a large amount of heat, the dilution was carried out in an ice bath to keep the
temperature below 50 °C.

After adding all of the 500 mL of DI water, the mixture was stirred for 2 hours,
and then an additional 1.5 L of DI water was added. Shortly thereafter, 40 ml of 30%
H202 was added to the mixture, and the color of the mixture changed into brilliant yellow
and began bubbling. The mixture was filtered and washed with 0.1 M HC1 to remove
metal ions, followed by 1.0 L of DI water to remove the acid. The produced GO solid
was dried in air at room temperature.
2.2 Silylation of graphene oxide

To silanize GO, 10 mg of GO was added to a three-neck flask with 50.0 mL of
ethanol and dispersed through ultrasonication for 60 min. Then 5 mL of a 1.0 wt%
ethanol solution of N-(trimethoxysilylpropyl) ethylenediamine triacetic acid (EDTA-
silane) was added and stirred for 12 hours at 60-65 °C for silylation. After the reaction
finished, 100 mL of methanol was added to dilute the unreacted silane molecules. The
product (EDTA-GO) was obtained by filtration and washed with methanol and water

sequentially.



To reduce EDTA-GO to EDTA-RGO, 100 mg of EDTA-GO was dried in a
vacuum oven at 80 °C for 12 hours and then dispersed into 50 mL of DI water and
reduced with hydrazine by a previously published method [37]. Upon reduction, the
solution changed from brown to black in color. The product EDTA-RGO was obtained
by filtration, then washed with methanol, water and HC1 sequentially and oven-dried for
further use.

2.3 Heavy Metal Solutions

The Pb  solution used in these experiments has a concentration of 1 mg/mL. To
make this solution, 0.673 g of PbCI2 was added to 500 mL of Di H20 in a plastic bottle.
Aside from these, 1 mg/mL solutions of Ca2+, Cd 25 Co2+ Cu2+, Mg2+ and Ni2+ were
made using the same method. Solutions were prepared at All of the metal salts were
obtained through Sigma-Aldrich.

2.4 Characterization of EDTA-GO and EDTA-RGO

Fourier transform infrared (FTIR) spectrometry, X-ray photoelectron
spectroscopy (XPS) and field emission analytical transmission electron microscopy
(TEM) were used to characterize the changes in structure and surface morphology of the
graphene after each treatment step. For FTIR (Perkin Elmer Spectrum One, USA),
EDTA-RGO, EDTA-GO, GO and RGO were separately pressed into pellets with
potassium bromide and then scanned from 500 cm'1to 4000 cm'lat a resolution of 4 cm’
I. The SEM images were taken on a Hitachi S-3400N scanning electron microscope with
a Bruker X-flash X-ray microanalysis system. In the XPS analysis (surface analysis
PHI5600, Physical Electronics Inc.), a monochromatic Al-Ka X-ray was used at 14 kV.

The UV-Vis spectra were acquired with a Thermal Fisher Evolution 300 instrument.
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2.5 The Adsorption Experiments

A typical adsorption experiment was performed by mixing 20 mg of EDTA-GO
with a 100 mL Pb(ll) ion solution. The initial metal ion concentrations vary from 5 ppm
to 100 ppm, while the pH value of all Pb(ll) ion solutions was maintained at 7.2 with
NH4CI-NH3 buffer solution. The solution was left with a given time. At the end of the
given contact time, the mixture was filtered rapidly with 0.2pm membrane. The metal ion
concentration in the filtrate was determined by AA spectroscopy, UV-Vis spectroscopy
and ICP-MS. The amount of metal ions adsorbed by the adsorbents was taken as the
difference between the initial and final ion concentration of the solutions and the
adsorption capacity (qe, mg/g) of the Pb(ll) adsorbed onto EDTA-GO sorbent was

obtained on the basis of the following equation:

(Ct-~Cf)XV
a)

w

where Ci and Cf are the initial and final (equilibrium) concentrations (mg/ml) of the
Pb(Il) in the solution, respectively, V (ml) is the volume of Pb(ll) solution and w (g) is
the weight of EDTA-GO sorbent.

The filtered EDTA-GO solid was investigated with SEM EDAX to identify the
surface element components. The effects of pH on metal ions adsorption were measured
with the same procedure mentioned above but the pH values of the solution were adjusted

to 3.0, 4.5, 5.5, 7.2 and 8.2 with an HC1 buffer solution.

2.6 The Desorption Experiments

11



To perform desorption process, the preloaded-Pb EDTA-GO samples were
prepared through the same procedure mentioned above. The amounts of the loaded Pb(ll)

on EDTA-Go sorbent were calculated by the equation (2).

where C; and Cf are the initial and final (equilibrium) concentrations (mg/ml) of the
Pb(I1) in the solution. After filtered and quickly washed with pH=7.2 buffer solution,
dried in an oven, the Pb-pretreated EDTA-GO was mixed with 100ml pH=2.0, 30, 4.0,
5.0, 6.0 HC1 solution and pH=7.0 DI water, respectively. After four hours treatment,
Pb(Il) adsorbed onto EDTA-GO surface was desorbed and dissolved into HC1 solution.
Then the solution was filtered through a membrane and washed with pH=7.2 buffer
solution quickly. The filtered solution was carefully collected, diluted to 250.0 ml, and
used to test the desorption amount of Pb(Il) from EDTA-GO adsorbent. After dried in an
oven, the filtered HCl-washed EDTA-GO solid was studied with SEM EDXs. The
surface element ratio was calculated from the strength and the data reflect the surface
element enrichment.

As a control experiment, other related carbon materials, graphite, activated
carbon, GO, RGO, etc. were used to detect the adsorption and the desorption behavior in

the same procedure mentioned above.

2.7 SEM and EDX Experiments

12



About 0.2 mg of graphene, GO and EDTA-GO were added to a small scintillation
vial. X amount of 1 mg/mL PbCI2 solution was added to the vials and the mixture was
left on the bench top overnight. The mixture was then vacuum filtered through a 0.2 pm
membrane, and the solid sample was collected and dried in a vacuum oven overnight.
After the sample was dried, a small amount of the solid was placed onto a piece of copper
tape that was then arranged on a disc for SEM analysis. Each sample was scanned at
least three times at different cross sections of the sample under the SEM. The Bruker
EDX program was used to take a snapshot of the scans done by the SEM instrument and

also for the calculation of percent composition of the solid sample.

3. Results and Discussion

3.1 Characterization of GO, EDTA-GO and EDTA-RGO
3.1.1. FTIR Spectra

The FTIR spectra of the EDTA-RGO, EDTA-GO, GO and RGO are shown in
Figure 3. The presence of carboxyl groups was identified with the appearance of a peak at
3421 cm'l which was observed for all four graphene samples, and with the presence of a
peak at 1732 cm'l, which is characteristic of the C=0 stretching of both the carboxylic
and carbonyl groups of graphene. The 1732 cm'lpeak was observed for all of the four
graphene samples with almost the same strength and small shifts. This stable band
suggests that the carboxylic or carbonyl groups of graphene were not reduced to C-OH. A
weak signal at 1120 cm'1for EDTA-GO and GO suggests the presence of an epoxy group
on the graphene surface. Upon reduction with hydrazine, this peak disappeared for the

EDTA-RGO and RGO samples, indicative that the reduction process converts C-O-C on
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the graphene oxide surface to Ti-conjugation. This conclusion was also verified by energy
dispersive X-ray data, which will be discussed later.

Upon modification with EDTA-silane, the presence of ionized carboxyl groups from
EDTA chain was observed by the appearance of a new band at 1628 cm'Ll This band was
observed for the EDTA-GO and EDTA-RGO samples only and with the same strength.
The peak at 1732 cm'l which was assigned to the carboxylic groups of graphene, was
observed for the EDTA-GO and EDTA-RGO surfaces without shift.

In addition to the bands of the carboxylic groups, additional new bands were
observed on the EDTA-GO and EDTA-RGO samples. The band at 1162 cm'l
corresponds to the stretching vibration of Si-O-C and appeared in EDTA-GO. After
reduction with hydrazine, this band shifted to 1096 cm'l The presence of two new bands
at 2917-2800 cm'lis associated with the stretching of the methylene groups from the
EDTA-silane molecules. These two bands, combined with another new band at 1401 cm'
\ were contributed from the ycm group of EDTA. The peak of EDTA-GO and EDTA-

RGO at 1066 cm'lwas assigned to the formation of Si-O-C. The new peak at 2367 cm'1

was ohserved for EDTA-GO, but not for EDTA-RGO.
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Wavenumber(cm”)

Figure 3. FT-IR spectra of GO, EDTA-GO and EDTA-RGO

3.1.2 XPS Spectra

Additional evidence for the existence of silane groups on graphene surface was
seen in the XPS spectra (Figure 4). The silylation process was monitored by XPS of
powders of GO, RGO, EDTA-GO and EDTA-RGO, separately. Comparison of the XPS
spectra of EDTA-RGO and RGO (Fig. 4a) revealed the lack of a silicon signal in the
RGO sample and the presence of a silicon signal (Si2P 104.4 eV) in the EDTA-RGO
sample. This proves the existence of silicon on the graphene surface.

The Nis XPS data of EDTA-RGO were in accordance with the conclusions from
the Si2PXPS data. The NisXPS spectrum of RGO contained one peak at 401.2 eV, which
was assigned to N-Cs3 or N-Cg Nitrogen was introduced to the graphene surface

during the synthesis and reduction process. However, two peaks of Niswere observed in

15



the EDTA-RGO sample: one is the same as that for RGO, and the other at 400.7 eV was

presumably due to the tertiary amines ofthe EDTA.

EDTA-RGO
RGO
90 95 o 100 105 110393 396 399 402 405 408
Einding Energy / eV Bind ing Energy / eV
525 528 531 534 537 540280 282 284 286 288 290 292 294 296
Bind ing Energy / eV Binding Energy / eV

Figure 4. The XPS spectra of Si, N, O and C at RGO, EDTA-RGO

Two peaks in the Ois spectra were observed for both RGO and EDTA-RGO. The
Ois peak at 530.5 eV was likely contributed from the carboxyl or carboxylic acid groups,
and that at 533.3 eV was due to alcohol groups. In comparison to the QOis spectrum of
RGO, the EDTA-RGO sample clearly exhibited a peak with increased intensity
corresponding to the carboxyl groups (530.5 eV). In addition, the stronger intensity of the

carboxyl Qis signal at 530.5 eV, along with a weaker peak of Ois (C-OH) at 533.3 eV

16



from EDTA-RGO, demonstrated the presence of the -COOH groups of EDTA on the
EDTA-RGO surface, and it also confirmed that part of the alcohol groups on the RGO
surface were converted to C-O-Si groups through the silylation process.

The Cis spectra of RGO and EDTA-RGO both contained main peaks at 284.5 eV,
which were assigned to the binding energy of C-C and C-H of graphene. In addition, both
RGO and EDTA-RGO have two other peaks. The peak at 285.9 eV was assigned to
contributions from the C-OH groups, and the peak at 288.8 eV was due to the COOH
groups. The peak intensity at 285.9 eV of EDTA-RGO was less than that of RGO,
indicating that a considerable amount of C-OH had been converted to Si-O-C by the
silylation process. In addition, the peak intensity at 288.8 eV of EDTA-RGO was much
stronger than that of RGO, suggesting a considerable proportion of the carboxylic acid
groups from EDTA bound to the graphene surface through the silylation process.

3.1.3 SEM Analysis of EDTA-GO and EDTA-RGO

Figures 5a and 5b show SEM images of the EDTA-GO and EDTA-RGO sheets
on a gold surface. After the last reduction step, the lateral dimensions of EDTA-RGO
ranged from several hundred nanometers to several micrometers. It appeared transparent
and was folded over on one edge with isolated small fragments of graphene on its
surface. These observations indicate that the water-soluble graphene is similar to single
graphene sheets peeled off from pyrolytic graphite. We observed graphene oxide sheets
with lateral sizes of several hundred nanometers to 30 pm.

The elemental compositions of the EDTA-modified graphene were characterized
with energy dispersive X-Ray spectroscopy (EDXS). The presence of silicon on EDTA-

GO and EDTA-RGO (Figure 5¢ and 5d) was confirmed by the appearance of the Si
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signal at 1.82 KeV. In addition, variation of the EDXS count ratio of carbon to oxygen is
a reflection of the stepwise nature of the modification process. As shown in Figure 5c, a
higher EDXS count ratio of oxygen to carbon was observed on EDTA-GO, indicating the
presence of epoxy groups. Upon reduction with hydrazine, the strength of the oxygen
signal decreased compared to that of carbon, as shown in Figure 5d. These results
confirmed the conversion of graphene oxide into graphene after reduction with hydrazine
and that most epoxy groups had been removed during the reduction process. The same
phenomenon was also observed with the signal strength of sodium from EDTA-GO and
EDTA-RGO, potentially because some sodium cations were adsorbed on the hydrophilic
surface of GO. In contrast, after reduction with hydrazine, the signal strength of sodium
decreased compared with that of carbon. These results suggest that sodium cannot be
adsorbed on the hydrophobic surface and that the sodium cations were from the EDTA

group itself. These data also confirmed the presence of the sodium and COOH groups.
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Figure 5. The SEM images of EDTA-GO single sheet (a), EDTA-RGO single sheet (b)
and EDXS spectra of EDTA-GO (c) and EDTA-RGO (d).
3.2 Adsorptions properties towards Pb2+
3.2.1 Adsorption Capacities of Pb2+

In a typical experiment to detect the adsorption capacity of EDTA-GO adsorbent
for Pb(I1), 20 mg of EDTA-GO was mixed with 100 mL of pH 7.2 Pb(Il) solution with
various concentrations. The solution was left overnight and then vacuum filtered rapidly
with a 0.2 pm membrane. The metal ion concentration in the filtrate was determined by
AA, UV-Vis and ICP. Figure 6 shows the adsorption isotherms of Pb(ll) at its initial
concentration range of 0.005-0.1 mg/ml. Pb(ll) is more favorably adsorbed on EDTA-
GO and the adsorption capacity of Pb(ll) attained 535 mg/g at a equilibrium
concentration of 0.22 mg/mL, while the adsorption capacity for Pb(ll) at GO was 360
mg/g. These results are much higher that than obtained from activated carbon and nitric

acid treated CNTs.

Figure 6. Adsorption Isotherms of Pb(ll) onto EDTA-GO (black line), GO (blue line)

and RGO (green line) surface. Experiment conditions: Initial concentration 5~1 OOppm;
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sample dose: 20 mg/ 100mL; pH 7.2; temperature 20 °C; contact time 12 hours.

The experimental data for metal ions adsorption onto GO were analyzed using the
Langmuir adsorption isotherm model.

The Langmuir adsorption isotherm model is applicable to highly heterogeneous
surfaces. This model relates the adsorption of molecules on the surface of the adsorbent

to a concentration at a fixed temperature. The Langmuir equation states that:

From the linear form of this isotherm, the Langmuir equation can be written as follows:

1 1 1
- = 3 (4)
Qe Qmax Qmax~""InNe

where ge is the adsorption amount of metals on adsorbent (mg/g), gnex is the adsorption
capacity of metals on adsorbent (mg/g), Ce is the equilibrium concentration of metals
(mg/g), and Ki is the Langmuir adsorption constant, which is related to the adsorption
energy. The value for K] increases as the adsorption binding energy increases with the

decrease in temperature.

0.012-1:

0.008-

~ 0.004-
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Figure 7. Linearized Langmuir model for Pb(ll)

adsorption by EDTA-GO at room temperature

It can be seen from Figure 7 that the Langmuir model shows good agreement with
the experimental data, with the correlation coefficient values (R values) of 0.975 at pH
7. The parameter for qmex is 486 mg/g, which is related to the adsorption capacity that
increases with pH values.

Another model that is used in this investigation is the Freundlich adsorption
isotherm.  This model relates the concentration of a solute on the surface of the
adsorbent, to the concentration of the solute in a liquid solution. For Freundlich model,

the equation is (5):

ge = KfCg (5)

where ge is the adsorption amount of metals on adsorbent (mg/g), Ce is the equilibrium
concentration of metals (mg/g), and Kf and n are Freundlich constants related to
adsorption capacity and adsorption intensity, respectively.

From the linear form of this isotherm, the Langmuir equation can be written as follows:

logge = log Kf+ “logCe @
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Figure 8. Linearized Freundlich model for Pb(Il)

adsorption by EDTA-GO at room temperature

Also, our investigation demonstrates that Freundlich model fit the results with
correlation coefficient values of 0.933 (Fig. 6 and Table 1.), which is lower than that of
Langmuir models. So the Langmuir models show good agreement with the experimental
data, with the high correlation coefficient values of 0.975. These results demonstrate that
a monolayer adsorption process and each adsorptive site, such as -COOH, -OH and
EDTA groups, can be occupied by heavy metals ions only once in a one-to-one manner.
The maximum adsorption capacities of Pb(ll1) on EDTA-GO and GO are 486 mg/g and
367 mg/g respectively. These values are greater than that of most carbon-based
nanomaterials such as oxidized carbon nanotubes and activated carbon. This result is due
to the surface area and functional groups on GO surface. The oxidation process of
graphite during the synthesis of GO process introduces large amounts of oxygen
functional groups such as -OH, -COOH and C=0 onto the GO surface and most
importantly, the introduction of EDTA groups onto GO surface for chelating heavy metal

ions further increases the capacity of GO to hold onto heavy metals.
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Table 1. Values of the parameter associated with Langmuir and Frundlich Models

Langmuir Model Frundlich Model

Qe (mg/g) Ki(L/mg) R2 Kf (mg/g(mg/Dn) n R2
EDTA-GO 486 0.122 0.975 71.66 2.27 0.933
GO 367 0.035 0.92 10.69 1.29 0.80
RGO 278 0.031 0.98 7.38 1.35 0.75

3.2.2 Adsorption kinetics

Figure 9 shows the results from UV Spectroscopy after a sample of EDTA-GO
was treated with 0.5 mg/mL Pb(ll). Two different vials containing 2.3 mg of EDTA-GO
were mixed with 20 mL of 0.5 mg/mL Pb(ll). Two different methods of exposing the
EDTA-GO to the lead solution were performed to see if the type of exposure has any
effect on kinetics. One solution was mixed physically in the scintillation vial and the
other solution was mixed by sonication. The mixing of these solutions occurred for 15
minutes, then the solution was allowed to sit on the bench top. UV Spectroscopy samples
were taken at different time intervals to determine how much Pb2+ ions have been
adsorbed by the EDTA-GO.

Even at the 5 minute interval, both sonicated solutions have a better adsorption
capability than the non-sonicated solution by a significant amount. Flowever, as time

passed, the Pb ions were able to adsorb to the entire surface of EDTA-GO. After two

23



hours, both solutions reached a plateau and proved that the maximum capability for the
EDTA-GO mixture to adsorb Pb ions from the aqueous solution was at around 100%.
This proves that the sonication of EDTA-GO with PbCI2 only increases its adsorption
capability in an immediate short term effect. After about 2 hours of exposure to the
solution, the 100% adsorption will still occur whether or not sonication was the method

used to mix the solutions (Figure 9).
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Figure 9. Graphical representation of the adsorption capability of EDTA-GO measured
after different time intervals.
3.2.3 Effect of pH on adsorption capacity

After testing the maximum adsorbtion capacity of Pb2+ ions, the pH level of the
solution was varied to see the dependence of the adsorption capacity. Five scintillation
vials containing about 2.3 mg of EDTA-GO were mixed with varying pH levels (3, 4.5,
5.5, 7 and 9). Figure 10 shows the effect of pH on the ability of the EDTA-GO mixture
to adsorb Pb2+ions. These data are based on a standard curve of Pb2+ ion adsorption.
The data was analyzed by UV-Vis spectroscopy and translated into this graph.
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Figure 10. Graphical representation of the adsorption capability of EDTA-GO measured
at different pH levels.

Adsorption of Pb ions steadily increase as pH increases. This is due to the
absence of H+ions that are normally present at low pH levels. This absence allows for
the carboxyl groups on the ends of the EDTA-GO sheets to attract the Pb2+ ions in the
solution. The less abundant the H+ ions are, the surface of EDTA-GO allows for more
binding of the carboxyl groups to the heavy metal ions. The pH range selected is
important to know because at much lower pH levels than 3, the EDTA-GO-M complex is
not very stable. Any higher than 8 and Pb(ll) ions are more likely to form the Pb(OH)2
complex.

3.3 EDXS Analysis of Graphene, GO and EDTA-GO with Pb2+ion treatment

25



Graphene, GO and EDTA-GO were all exposed to Pb(Il) to observe their
adsorption capacities. All three samples were analyzed through SEM and EDXS. The
samples were run before and after exposure to PbCb. Each spectra shows intensity in
units of cps/eV, which is the amount of energy the instrument has measured in over a
certain time, on the y-axis. On the x-axis, the peaks shown in the spectra are related to an
element’s Ka value. The Ka of an element is defined as the strongest x-ray spectral line
observed when exposed to enough energy for maximum x-ray emission. In Figure 11,
the EDXS spectra show three standard samples of graphene, GO and EDTA-GO. These
samples exhibit the atomic composition of the sample that is being analyzed by EDXS.
Graphene shows a strong peak for carbon and nothing else. EDTA-GO has peaks for C,
O, and Si to represent how EDTA is bonded to GO. GO has C and O and some

background noise peaks that are insignificant to be noted as the presence of another

element.
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Fi°gure 11. EDXS spectra of Graphene, GO and EDTA-GO before exposure to Pb>* ions.
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Figure 12. EDXS spectra of Graphene, GO and EDTA-GO after exposure to Pb2+ions.
These same layers of graphene, GO and EDTA-GO were then exposed to 1
mg/mL Pb(ll) and left on the bench top overnight to react. The layers were then dried

and analyzed through SEM and EDXS (Figure 12). The graphs show that graphene with
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no functionalization has no capability to adsorb any lead. This is expected, since there
are no O-groups available on the surface to attract any heavy metal ions. On the other
hand, GO and EDTA-GO have significant peaks indicating the presence of lead on the
surface of the adsorbent layer. The ability of EDTA-GO to be able to adsorb lead is
visibly much higher compared to the ability of GO.

Now that the layers can be applied to adsorb heavy metals, a desorption
experiment was done on the samples and then analyzed by EDXS again to be properly
evaluated if the sample can be reused. The desorption experiment was done by washing
the sample with 0.1 M HC1 while running through a vacuum filter. The acid restores the
metal salt, leaving the complex back to its original state. Figure 13a and 13b show the

EDXS result after washing the EDTA-GO and GO layers with HCL.
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Figure 13. EDXS spectra of GO (a) and EDTA-GO (b) after applying HCI

Both samples clearly confirm that after treatment with only 0.1M HCI, there is a
very little presence of Pb(ll) ions on the surface of either GO or EDTA-GO. This proves
that it is possible to reuse the EDTA-GO layer after being exposed to a solution of Pb(ll)

ions. The ability of EDTA-GO to be “recycled” makes it a very economical material to
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be used repeatedly when adsorbing Pb(Il) ions or other divalent heavy metals in aqueous
solutions. This is an exciting development for a material that is able to adsorb Pb(Il) ions
and then release these ions after washing with an acidic solution. A summary of the
experiments can be seen in Figure 14. By proving that these graphene derivatives are
reusable, it is definitely an area of great interest due to its environmental impact and

economic feasibility.

Counts

Energy / KeV

Figure 14. A graphical representation of the summary of EDTA-GO and GO adsorption
and desorption experiments.
3.4 GO and EDTA-GO Adsorption With Other Divalent Heavy Metals

Aside from lead, there are other heavy metals present in the environment that is a
cause for water pollution. Our investigation led to the study of other heavy metals that
can also possibly be adsorbed by the EDTA-GO complex. The adsorption capacities of
EDTA-GO for Ca2+ Cd2+ Co2+ Cu2+ Mg2+ Ni2+ were tested. To do so, we prepared

solutions that contained ions of Ca2+ Cd2+ Co2+, Cu2+, Mg2+ Ni2+ each with a

29



concentration of 1 mg / 1 mL from their respective metal salts. About 0.01 g of EDTA-
GO samples were treated with 100 pL of 1 mg/mL of these different metals, and then the
treated sample was analyzed through SEM and EDX. The same exact experiment was
done for GO as a point of comparison. The EDX spectra for each sample was averaged
and compiled into a graph. The graph shows the atomic weight percent of the metal in
the sample. This amount was calculated by a method in the EDX program that would
estimate the percent composition of an element by weight from the data from its scans.
Using these data, we are able to estimate the amount of a certain heavy metal that is
present on the surface of the EDTA-GO. The averages from six scans per sample were

used to come up with the data for the graphs.
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Figure 15. A graphical representation of how the adsorption of Pb(ll) ions compare to
the adsorption of various metals on the surface EDTA-GO.

In comparison to the GO surface, the amount of heavy metals on the surface that
is adsorbed by EDTA-GO is significantly higher than the capacity of GO, as expected
(Table 2). The amount of Pb(Il) present on either sample is considerably greater than the

amounts of the other heavy metals adsorbed on the surface of the graphene derivative.
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Although the other metals were not adsorbed as much as lead, the amounts on the surface
are certainly comparable to other studies done in adsorbing these metals through other
techniques.

Table 2. Average results of At. Wt % calculated by EDX after 6 scans / element

At. Wt. % Pb Ca Cd Co Cu Mg Ni
Before HC1

EDTA-GO 1535 1.25 3.06 1.67 3.53 133 5.40
GO 1282 1.13 2.63 1.46 2.91 0.32 1.35
After HC1

EDTA-GO 116 O 0 0 0 0 0
GO 235 0 0 0 0 0 0

3.5 Competing substrates for EDTA-GO surface

In an effort to simulate a real-world environment, a mixture of 0.01 mg and 100
pL of each of the heavy metals that have been analyzed were added to a scintillation vial
and left overnight. SEM and EDX analysis were done on the sample after drying
overnight. The EDX data (Table 3) shows that in comparison to the individual
adsorption calculations done, the results showed a significant drop in the capability for
EDTA-GO to adsorb lead (Table 2). This suggests that among these heavy metals, there
iIs a competition for the surface of EDTA-GO. As our research shows, lead is still being
adsorbed more easily than the other metals.

Table 3. Average results of At. Wt % calculated by EDX after 6 scans

At. Wt. % Pb Ca Cd Co Cu Mg Ni
EDTA-GO 1061 155 2.32 2.6 0.91 0.63 2.28
Conclusion
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Heavy metal contamination in our water resources is very prevalent and needs to
be remediated. This kind of pollution negatively affects a lot of industries that require
clean freshwater, especially the food industry. Many different techniques are being
implemented to remove heavy metal contamination from our water systems however
adsorption is one of the most efficient and economically favored processes that is
available. Because of its ease in functionalization and modification, graphene has been
the adsorbent of choice for this project. We oxidized graphene to establish functional
groups on its surface in order to greatly increase its adsorption capabilities. We have
silylated GO with EDTA and synthesized EDTA-GO. EDTA-GO was treated with Pb(ll)
and analyzed using UV-Vis, SEM and EDX to measure its adsorption capability. The
data fit the Langmuir and Freundlich models for sorption isotherms, and the resulting
data showed that EDTA-GO has a maximum adsorption capacity of 535 mg/g, compared
to the maximum GO adsorption capacity at 360 mg/g. The maximum adsorption capacity
of EDTA-GO is much higher than activated carbon or oxidized CNTs. EDTA-GO was
also exposed to other heavy metals to investigate its adsorption capability. It was able to
successfully adsorb a small amount of the heavy metals it was exposed to (Ca2+, Cd 2+
Co2+, Cu2+, Mg2+ and Ni2+), but it had a significantly higher affinity for lead. Our
investigation proves that this novel compound, EDTA-GO, can be further developed and
researched to enhance its already astounding abilities to adsorb lead, and hopefully begin

atrend in the removal of heavy metal pollution in our water resources in the future.
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