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ABSTRACT

Presence of a broad range of co-existing water pollutants including heavy metals,
organic dyes, organic solvents and oils remains an unresolved environmental
challenge. Majority of the existing water purification technologies are expensive,
energy-intensive and ineffective, particularly for the removal of ultra- low
concentration of heavy metals. This calls for the development of novel sorbent

materials and new effective water purification technologies.

This thesis consolidates the development of multifunctional graphene-based
composites to achieve highly efficient removal of a broad range of water pollutants.
Three key aspects are addressed in this thesis: First, mastery of tailoring the
multifunctional surface chemistry properties of graphene-based composites is
underpinned through the simultaneous binary-heteroatom doping and reduction of
graphene oxide (GO), followed by a thiol-ene click reaction using amino-terminated
thiol molecules to create multifunctional graphene-based materials with tunable

surface chemistry.

Second, based on four functionalization strategies (hydrothermal, chemical
reduction, thermal and photoinitiated thiol-ene click), multifunctional groups are
covalently attached to the GO to address the limitations of commercial adsorbent,
activated carbon (AC). Precursors enriched with oxygen- (alginate), nitrogen-
(hydrazine and mixed polyamine blend), sulfur- (pentaerythritol tetrakis-
mercaptopropionate) as well as combined nitrogen- and sulfur- groups (cysteamine)

are used to demonstrate these chemical functionalization concepts for higher



mechanical strength, stability, better dispersion in water and enhanced sorption of
diverse classes of water pollutants. Magnetic iron oxide nanoparticles are also
incorporated to the graphene-based composites for easy separation after the
sorption process besides improving the sorption capacity of water pollutants. The
developed modification strategies are versatile, low cost, scalable, energy-efficient

and eco-friendly compared to highly-energy-intensive activation process of AC.

Third, sorption performance of the developed graphene-based composites is studied
in terms of the sorption isotherms, kinetics, selectivity, regenerability and real sample
analysis. Both hydrothermally- and chemically- reduced polyamine-modified rGO
composites follow the Freundlich isotherm models with a maximum sorption capacity
of 63.80 mg/g and 59.90 mg/g, respectively, achieved towards Hg?* ions. Langmuir
isotherm model is used to describe the interaction of graphene-based composites
with their respective contaminants studied and maximum sorption capacity attained
as the following: cysteamine-modified partially rGO (169.00 mg/g for Hg?* ions),
multithiol functionalized graphene bio-sponge (101.01 mg/g for Pb?* ions and 102.99
mg/g for Cd?* ions) and multifunctional graphene biopolymer foam (789.70 mg/g for
methylene blue, 107.00 mg/g for Hg?* ions and 73.50 mg/g for Cu?* ions). Meanwhile,
all the graphene-based composites developed are well-fitted using the pseudo-
second order kinetic models. Positive evaluation outcomes suggest that all the
developed graphene-based composites outperformed AC and some sorbents
reported in the literature in single and simultaneous pollutant removal studies using
milli-Q, river and sea water. Different innovative functionalization approaches are

demonstrated herein to engineer graphene-based composites with unique

Vi



multifunctional properties, which promise realistic water purification technology

solutions for efficient uptake of diverse classes of water pollutants.

Research studies completed in this thesis integrate the fundamental understanding
and application of knowledge on the surface, structural, chemical and thermal
characteristics of functionalized graphene-based composites to address the most
concerning water pollution challenges using cutting-edge and scalable water

purification technologies.

vii
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CHAPTER 1

1. INTRODUCTION

1.1 Background

“You never miss the water, till the well runs dry”. Recent water shortages have
reminded us that water is an indispensable fundamental component for life, including
food and energy supplies.! The demand for this precious, yet finite natural resource
continues to rise as a result of deteriorating water supply due to immense
industrialization and urbanization. About 70 % of our planet is water-covered, yet
one out of three people worldwide is still struggling to have access to safe drinking
water. This is because 96.5 % of water on the earth is made up of ocean that is
oversaturated with salt, thus undrinkable. Only about 1 % of the accessible surface
fresh water that exists as atmospheric water, lakes, rivers, ice and snow (Figure 1)
Is currently thriving to make up for the global water demand, as a result of over-
growing population, global climate change and water pollution.?2 Ocean desalination
seems to be promising to help curbing water shortages worldwide, however, this
technology comes with many pitfalls including large amount of energy consumption,
high carbon footprint, high cost, disruption of the marine ecosystem, and the creation
of water pollution apart from releasing harmful chemicals into the drinking water
supply.* Hence, the focus of the worsening water crisis has to be adjusted to
recovery of freshwaters from pollution rather than ocean desalination to maintain a

sustainable, clean and safe water supply globally.

Glaciers

Oceans andice

/ ; /
I’ 4
96.5 % / 68.7 % ," Soil moisture 3.8%
Freshwater surface fresh water Others Swamps & marshes 2.6%
\ 25% 12% 10.1% Rivers 0.49%
N S | Biological water 0.26%
N Atmospheric water 3.0%

Total Global water Freshwater Surface water and other freshwater

Figure 1. Distribution of Earth’s water including total global water, fresh water,

surface and other fresh water.2-3
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Water pollutants vary in terms of their concentrations and types ranging from
biological pollutants and organic contaminants to inorganic pollutants, which co-exist
in waterways worldwide. Biological pollutants (e.g. bacteria, viruses, molds and
mildew) found in wastewaters often originate from faecal contamination and soil
pollution.> Nearly 30 % of water pollutants in sewage water are inorganic pollutants
including heavy metals and polyatomic compounds, which are often discharged from
electronic, pulp and steel manufacturing, mining, petroleum and agricultural
industries. Although heavy metals are not the main constituent that make up the
pollution in water, they are one of most concerning pollutants due to their high toxicity
even at low concentration, bioaccumulation and biomagnification in the food chain,
leaving long-term negative impact to the environment and human health.>6 While,
organic pollutants such as dyes, spilled oil, volatile organic compounds, pesticides,
pharmaceuticals and personal care products make up about 70 % in sewage waters,
they are introduced mainly from textile, printing, pharmaceutical and agricultural
industries.®> Despite that majority of the organic pollutants are organic compounds,
which are biodegradable, with no serious health risks linked to their exposure at low
concentrations, their removal is still crucial to prevent implications associated with
our endocrine hormones and mutagenocity.® Effluents from manufacturing factories,
agricultural farms and sewage water treatment plants containing these water
pollutants, not only dwindles the clean water supply in terms of quantity, but also its

quality that trigger alarming public health issues and deaths.> 78

It is vital to highlight that water pollutants do not present as a single entity,
rather these multi-pollutants co-exist in the water bodies, which makes the water
purification process a more complex and challenging task in reality. Critical
challenges as summarized in Figure 2 have been identified in water purification
including simultaneous removal of co-existing pollutants from different classes using
a single sorbent material and ineffective removal of heavy metals using existing
water purification technology. It should be highlighted that heavy metals are usually
present in trace levels (ppb range to less than 10 ppm) in various natural water
matrices.® Apparently, more stringent permissible limits especially for heavy metals

(Table 1) have been imposed by international organizations to regulate the standard

3
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of drinking water since exposure to these pollutants even at trace levels can

adversely jeopardize our health.19-12

Challenges in

Water N

Purification

Failure to meet more
stringent water
permissible limits

ineffective removal
B of heavy metals
present at low
concentration

simultaneous removal of &~
co-existing pollutants
from different classes
using a single sorbent

Figure 2. Current challenges identified in water purification.

Table 1. Permissible limits of selected heavy metals in drinking water.19 12

Heavy Permissible Limit (mg/L)
Metals US EPA* WHO* EC* Australia
Lead 0.015 0.01 0.5 0.05
Mercury 0.002 0.001 0.001 0.001
Arsenic 0.01 0.01 0.01 0.007
Cadmium 0.005 0.003 0.005 0.002
Copper 1.3 2.0 2.0 2.0

*US EPA: United States Environment Protection Agency, WHO: World Health

Organization; EC: European Community.

Current water purification technologies such as oxidation, precipitation, ion
exchange, photocatalysis, electrochemical treatment, capacitive deionization and
membrane filtration are only able to meet more than 99 % efficiency under ideal

operating parameters (pH, temperature and concentration of pollutants). Majority of
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these technologies are high cost, energy-intensive, low removal efficiency and often
generate secondary pollution.**> Among them, adsorption still appears as a highly-
desirable water purification technology owing to myriads advantages including cost-

effectiveness, versatility in field operation, less energy- and labor-demanding.t3-14

To date, a wide array of adsorbents such as metal oxides, metal sulfides,
metal organic framework (MOF), clay minerals, silica, biopolymers, synthetic
polymers, activated carbon (AC), carbon nanotubes (CNTs), graphene and its
derivatives have been studied with some of them demonstrating promising water
purification capability.24*> Among the adsorbents, AC has long been established as
a commercial adsorbent owing to its low cost, large specific surface area and high
porosity. However, it still suffers from some setbacks including energy-intensive
activation process, inconsistent quality due to the use of a broad range of raw
sources, high tendency to pore blockage and inefficient removal of water pollutants
at low concentrations.’” Although nanomaterials such as metal oxides have
demonstrated their superior adsorption performance to remove water pollutants,
drawbacks including poor recovery after the adsorption process and potential risk to
induce water security issues due to the remaining nanomaterials in treated waters
still present.t> 1819 These limitations (Figure 3) have compelled researchers to
develop new-generation adsorbents using a sustainable raw source to tackle the

technical issues encountered in the engineering of adsorbents.
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Figure 3. Current challenges identified in existing adsorbents.

Extracted from graphite, graphene is an atom-thick planar sheet 2D material
consisting of sp? hybridized carbon atoms arranged in a honeycomb lattice. It has
recently emerged as a new-generation adsorbent for removing noxious pollutants
from contaminated water bodies. Benefited from its cheap raw source (graphite),
graphene with its high specific surface area, remarkable mechanical strength and
tailorble surface chemistry appears as a promising candidate for new-generation
water purification technology. Nevertheless, graphene is bounded by several
limitations including its poor dispersion in water due to -1 stacking, which inhibits
the exposure of conjugated 1T region of graphene that can potentially attract aromatic
pollutants in water.?® The lack of functional groups on the graphene surface also
restricts its interaction with charged pollutants such as heavy metals and dyes in the
water.?® Meanwhile, graphene oxide (GO) and reduced graphene oxide (rGO) are
well-known derivatives of graphene, appear to have ovecome the water dispersion
issue faced by graphene. Depending on the degree of oxidation, GO and rGO are

grafted with certain levels of oxygen-containing groups (epoxides, carboxyl and
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hydroxyl groups) that can enhance their dispersion in water apart from attracting
pollutants in water.?® However, GO nanosheets may not be ideal to be practically
applied in water treatment owing to its high dispersion in water that leads to strong
colloidal stability in agueous systems, which poses difficulty in separation after the
sorption process. This results in poor material recovery and potential risk with
remaining nanomaterial in treated water that may trigger water security issue.??
Furthermore, oxygen functionalities found on the surface of GO are inadequate to
selectively and effectively remove heavy metals that are often present at low
concentration in water matrices.

Hence, to address these limitations, in this work, a comprehensive scope of
research gaps and strategies are delivered as illustrated in Figure 4. Key research
gaps are identified to address several critical challenges in water purification and
existing adsorbents, as well as the limitations in pristine graphene and its derivative
(GO) towards the formation of ultra-active, selective and high performing graphene-
based adsorbents. Rational material design approaches are strategized to focus on
the critical challenges as described in the following:

1. Dispersion: grafting of ionizable groups onto the graphene structure to
resolve the agglomeration issue of graphene in water

2. Activity: tailoring the surface and interface of graphene with functional
groups that can enhance the binding activity of modified adsorbents with the
water pollutants

3. Water security: engineering of 2D nanomaterials (graphene and GO
nanosheets) to 3D microstructure foam to minimize the water security risk
due to potential leaching of nanosheets in the treated water after the sorption
process

4. Recovery: tuning the hydrophilicity and hydrophobicity of a sorbent material
to reduce the colloidal stability of GO in water for greater separation after the
sorption process. Magnetic nanoparticles were also introduced into the
graphene composites for magnetic separation apart from its heavy metal ions

uptake capability.
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5. Selectivity: tailoring the surface and interface of graphene with functional
groups that can improve the selectivity towards specific classes of water

pollutants

To attain the desired surface, interfacial and structural properties of
adsorbents, functionalizing agents such as cysteamine, pentaerythritol tetrakis-
mercaptopropionate and polyamine blend (main constituents: multi-type of amino
groups including polyethylenepolyamine, triethyelenpolyamine and
tetraethylenepentamine) were introduced to functionalize GO with multifunctional
binding chemistry for trapping different classes of water pollutants. Ultimately, the
devised material design strategies pave a promising pathway with plethora of
benefits including scalable production, economical-feasibility, environmentally
sustainability, time- and energy-efficiency to prepare new-generation multifunctional
graphene adsorbents with high activity, selectivity and improved recovery that

outperform the commercial adsorbent (AC).

Dispersion
Grafting of ionizable groups

Poor dispersion in water o o for enhanced dispersion =
w % i \/ \/ ,"g? g
2 % i Tailoring surface and interfaceof ~ &
o Lack of functional groups % m graphene with specific functional &
= @ groups —
o
= 3 @
E H H i I\ E m
=5 ~ Potential risk with /'K Advancing 2D nanosheetsinto 3D  [frag
ppyl remaining nanosheets in treated water a%- microstructure S
.E g 2
. . e F -
= High colloidal stability in water o ) Tuning of hydrophilicity-hydrophobicity; =X
= (poor recovery after adsorption) . 53 magnetic separation

salbo

Lack of selectivity Tailoring surface and interface of graphene

towards removal of heavy metals with specific functional groups

Figure 4. Schematic diagram to address intrinsic limitations of graphene and GO

through material design strategies to tackle global water pollution challenges.
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1.2.Aim and Objectives

The aim of this PhD work is to explore new directions for the preparation, chemical
modifications and applications of advanced graphene-based composites with goals
of demonstrating their capability, for the development of ultra-active adsorbents to
remove water pollutants in providing sustainable clean water worldwide.
The detailed objectives are as the following:
« Objective 1: To identify limitations and research gaps of graphene-based
adsorbents with the commercial adsorbent for water purification
% Objective 2: To establish fundamental understanding on the surface
engineering and structural design of functionalized graphene-based materials
% Objective 3: To devise new, environmentally friendly, cost- and energy-
efficient methodologies for the preparation of advanced graphene-based
composites
% Objective 4: To evaluate the sorption performance of advanced graphene-

based composites towards the removal of water pollutants

1.3.Thesis Qutline

This thesis compiles the comprehensive outcomes of my PhD research structured

in the form of journal publications and summarized in the following chapters:

Chapter 1 presents a general overview of the challenges encountered in current
water pollution and existing adsorbents as well as strategies for water purification

through the engineering of graphene and GO. Key aim and objectives involved in
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this research work are also elaborated with detailed contents of each chapter

summarized in accordance with the listed objectives.

Chapter 2 reviews the recent progress of advanced graphene-based composites as
emerging sorbents for removing myriad classes of pollutants from water. This
chapter addresses Objective 1 with its corresponding outcomes as a review article
accepted for publication: Yap, P. L., Md J. N., Hassan, K., Tung, T. T., Tran, D. N.,
& Losic, D. (2020). Graphene-based sorbents for multipollutants removal in water: a

review of recent progress. Advanced Functional Materials.
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Figure 5. Graphical abstract of “Graphene-based Sorbents for Multipollutants
Removal in Water: A Review of Recent Progress”. Reproduced with permission.2°
Copyright (2020) Wiley-VCH.
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Chapter 3 underpins the fundamental understanding on surface engineering and
structural design of functionalized graphene materials through combined
modifications of chemical doping, reduction and thiol-ene click reaction. Findings
from this chapter fulfil Objective 2 and are consolidated in a published peer-reviewed
research article: Yap, P. L., Kabiri, S., Auyoong, Y. L., Tran, D. N. H., & Losic, D.
(2019). Tuning the multifunctional surface chemistry of reduced graphene oxide via
combined elemental doping and chemical modifications. ACS Omega, 4(22), 19787-

19798. doi: 10.1021/acsomega.9b02642

N-doping Thiol-ene Click Y @
NH; / N,H, HS(CH,),NH,
e ————— e}
)
J's
GO ® carbon N-rGO ® nitrogen Cys-N-rGO
@® oxygen >

Figure 6. Graphical abstract of “Tuning the multifunctional surface chemistry of
reduced graphene oxide via combined elemental doping and chemical
modifications”. Reproduced with permission.22 Copyright (2019) American Chemical

Society.

Chapter 4 reports the development of advanced graphene composites (polyamine-
rGO) through hydrothermal and chemical modification approaches with high
adsorption rate, remarkable working pH range and good selectivity towards mercury
(1) ions. This work achieves Objectives 3 and 4 with the related results combined in
a published peer-reviewed research article: Yap, P. L., Tung, T. T., Kabiri, S.,

Matulick, N., Tran, D. N. H., & Losic, D. (2020). Polyamine-modified reduced

11
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graphene oxide: a new and cost-effective adsorbent for efficient removal of mercury
in waters. Separation and Purification Technology, 238, 116441. doi:

https://doi.org/10.1016/j.seppur.2019.116441

Polyamine precursor
0

2 C// H,
HaNr S VoNH, / ”\\ngmm.z
+’ Hydrothermal/ { NH, e
R

Chemical Reductioin
\ e NH;
GO

_ngmuuz

‘ i ‘ it o S
’ Polyamine modified rGO Hg-polyamine-rGO

Figure 7. Graphical abstract of “Polyamine-modified reduced graphene oxide: a
new and cost-effective adsorbent for efficient removal of mercury in waters”.

Reproduced with permission.22 Copyright (2019) Elsevier.

Chapter 5 describes the rational design of advanced graphene composites
(cysteamine-clicked partially rGO) with multiple binding fuctionalities through an
optimized thermal thiol-ene click modification approach to achieve outstanding
adsorption capacity, good selectivity, high adsorption rate and regeneration ability
towards mercury (Il) ions. The investigations in this chapter meet Objectives 3 and
4 with the corresponding discoveries summarized in a published peer-reviewed
research article: Yap, P. L., Kabiri, S., Tran, D. N. H., & Losic, D. (2019).
Multifunctional binding chemistry on modified graphene composite for selective and
highly efficient adsorption of mercury. ACS Applied Materials & Interfaces, 11(6),

6350-6362. doi: 10.1021/acsami.8b17131.
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Figure 8. Graphical abstract of “Multifunctional binding chemistry on modified
graphene composite for selective and highly efficient adsorption of mercury”.
Reproduced with permission.1* Copyright (2019) American Chemical Society.

Chapter 6 explores the assembly of advanced graphene composites by combining
GO, alginate, tetrathiol precursor and magnetic nanoparticles through a
photoinitiated thiol-ene click modification approach for efficient trapping of multi-
pollutants in water, including heavy metal ions, spilled oils and organic dyes.
Scientific discoveries from this chapter address Objectives 3 and 4 that generated
two published peer-reviewed articles as the following.

Yap, P. L., Auyoong, Y. L., Hassan, K., Farivar, F., Tran, D. N. H., Ma, J., & Losic,
D. (2020). Multithiol functionalized graphene bio-sponge via photoinitiated thiol-ene
click chemistry for efficient heavy metal ions adsorption. Chemical Engineering

Journal, 395, 124965. doi: 10.1016/j.cej.2020.124965

13



CHAPTER 1

" Alginate (Alg)
4TH-rGO-Fe O, /Alg

Figure 9. Graphical abstract of “Multithiol functionalized graphene bio-sponge via
photoinitiated thiol-ene click chemistry for efficient heavy metal ions adsorption”.

Reproduced with permission.1® Copyright (2020) Elsevier.

Yap, P. L., Hassan, K., Auyoong, Y. L., Mansouri, N., Farivar, F., Tran, D. N., &
Losic, D. (2020). All-in-one bioinspired multifunctional graphene biopolymer foam for
simultaneous removal of multiple water pollutants. Advanced Materials Interfaces,

2000664. doi: 10.1002/admi.202000664

Alg  ®Fe304-rGO-4S
-

AL
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Figure 10. Graphical abstract of “All-in-one bioinspired multifunctional graphene-
biopolymer foam for simultaneous removal of multiple water pollutants”. Reproduced
with permission.24 Copyright (2020) Wiley-VCH.
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Chapter 7 summarizes the development of advanced graphene composites in this
thesis and provides the futuristic direction of advanced graphene-based composites

as an emerging water purification technology.
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CHAPTER 2

LITERATURE REVIEW
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2. LITERATURE REVIEW

2.1. Overview and Significance of Work

In line with Objective 1, this chapter focuses on the recent progress of advanced
graphene composites as emerging sorbents for removing myriad classes of
pollutants from water. The rational design of advanced graphene sorbents is first
discussed based on different functionalization approaches, followed by a strategic
roadmap to unleash the underlying interaction mechanism between advanced
graphene sorbents with different classes of water pollutants. A structure-function-
performance relationship between the advanced graphene sorbents with the multi-
pollutants in the water is also established to understand the fundamental relation
between the adsorption properties (surface area, pore size, type of functional groups,
C/O, C/N and C/S atomic ratio) of advanced graphene sorbents with the sorption
performance of diverse pollutants in water. Finally, the reality, challenges and
opportunities of advanced graphene materials as emerging sorbents for sustainable

water purification technology are also discussed.
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Graphene-Based Sorbents for Multipollutants Removal in

Water: A Review of Recent Progress

Pei Lay Yap, Md Julker Nine, Kamrul Hassan, Tran Thanh Tung, Diana N. H. Tran,

and Dusan Losic*

The coexistence of multiple toxic water pollutants (heavy metals, organic
dyes, oils, and organic solvents) limits the sustainable supply of clean

water worldwide and urges the development of advanced water purification
technology that can remove these contaminants simultaneously. Since its
discovery, graphene-based materials have gained substantial attention toward
development of new-generation sorbents for water purification. Despite
several recently published reviews on water purification technology using
graphene and its derivatives, there is still a gap in the review considering
multiple water-pollutant remediation using advanced graphene materials. In
this review, in the first instance, a comparative structure—function—perfor-
mance relationship between graphene-based sorbents and the multipollut-
ants in water is established. A fundamental correlation is made between the
sorption performance for diverse pollutants in water with the more specific
adsorption properties (surface area, pore size, type of functional groups,
C/O, C/N, and C/S atomic ratio) of advanced graphene sorbents. Second, the
underlying interaction mechanisms are uncovered between different classes
of water pollutants using single graphene-based sorbents. Third, the rational
design of advanced multipollutant sorbents based on graphene is elaborated.
The reality, challenges, and opportunities of advanced graphene materials as
emerging sorbents for sustainable water purification technology are finally

realize that water pollution is complex in
reality, given that it is not dealing merely
with a single type of contaminant, but the
co-occurrence of more than a single pollu-
tant in the water systems.!?! Remediation
of multicontaminants is also further ham-
pered by incomplete water quality assess-
ments and inadequate data compilation
on purification technologies used for tack-
ling multipollutants in water. Therefore,
a paradigm shift from single pollutant to
multipollutant control is crucial to tackle
this water purification challenge,”?* which
calls for a comprehensive water quality
assessment and development of effective
water purification technologies to remove
these multipollutants.”?/

Conventional water purification treat-
ments combine physical (adsorption,
filtration, distillation, sedimentation, and
skimming), chemical (chlorination, oxi-
dation,  precipitation,  electrochemical,
hydrolysis, neutralization, ozonation, and
ultraviolet irradiation), as well as biological
(anaerobic and aerobic treatment conver-

MATERIALS Checkfor

presented in the last section.

1. Introduction

Majority of water resources such as rivers, lakes, groundwater,
and even oceans are drowning in pollutants, including broad
range of coexisting contaminants (dyes, spilled oils, organic sol-
vents, and heavy metals) generated from the discharge of waste-
water from industries, agriculture, and sewage that jeopardize
our health, and environmental sustainability.") It is essential to
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sions) operations at different treatment

levels (preliminary, primary, secondary, and
tertiary) that are necessary to recover clean water from wastewater
effluents containing different classes of multipollutants.l How-
ever, setbacks like high operation cost, large energy consump-
tion, poor removal efficiency, generation of secondary pollutants
and toxic side-products, have been identified with limited consid-
erations in many water purification strategies.*5 As presented
in Figure 1a, achieving higher quality of treated water requires
refining step to remove nitrogen, phosphorus, suspended solids,
refractory organics, heavy metals, and dissolved solids that remain
from primary and secondary treatments.*>%!

Under more stringent regulatory limits for water contami-
nants in controlling waterborne diseases, it has become more
challenging for the water industry to remove emerging pollut-
ants that are not easily detectable by our senses.’™ Majority of
the decontamination strategies are also particularly inefficient
to cope with the removal of heavy metals (classical example of
water pollutant), which are often present at very low concen-
tration in the water bodies, but adequately to cause chronic
diseases such as disorder of the kidney and nervous system,
cancer, lung, and liver damage when exposed to these noxious
pollutants at trace concentrations.*”) Among the advanced
water purification technologies, adsorption, membrane

© 2020 Wiley-VCH GmbH
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Figure 1. a) Water treatment priorities and processes that can be enhanced by nanotechnology. Reproduced with permission.!” Copyright 2018, Nature
Publishing Group. Number of publications devoted to key water purification technologies. Data extracted from Scopus by applying title-abstract-key-
words search function from 2005 to 2019 for comparison of b) different water treatment technologies based on search function (adsorption and water
treatment), (ion exchange and water treatment), (membrane filtration and water treatment), (advanced oxidation and water treatment) c) adsorption
in water treatment using different adsorbents based on search function (adsorption and water treatment and adsorbent), (adsorption and water treat-
ment and graphene), (adsorption and water treatment and activated carbon).

filtration, ion exchange, and advanced oxidation process have
captivated a great deal of interest recently due to their prom-
ising purification performances. Nevertheless, these tech-
nologies are associated with some drawbacks. For instance,
although the ion exchange process is efficient in water treat-
ment with no sludge generated, its process is very specific to
certain pollutants with a high cost required for the replacement
of the ion exchange resin in the long run. Despite that water
decontamination using membrane filtration can achieve high
removal efficiency by a simple separation process without gen-
eration of secondary pollution, its application is still limited
by high manufacturing costs, severe fouling, and high energy
consumption. Advanced oxidation process, on the other hand,
emphasizes the use of strong oxidants or ultra-violet (UV)
irradiation on a catalyst that often involves high operating cost
with inefficient utilization of generated reactive oxygen species.
This process is also limited to be applied for high concentra-
tion of dark colored wastewater containing organic pollutants
due to low light transmissions apart from its complex operating
procedures.’®>8l A steady rise in the number of publications
within these recent 1.5 decades (Figure 1b) clearly showed that
adsorption still remains as the most desirable tertiary water
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purification technologies. This could be attributed to its low
cost, energy efficient, high removal efficiency with promising
quality treated effluent, flexibility in field operations, reversible
nature that permits regeneration of adsorbents and feasibility
to tackle multiple pollutant classes.>* For adsorption, many
sorbent materials such as metal oxides, metal chalcogenides,
zeolites, metal organic frameworks (MOF), clays, polymers as
well as carbon materials including fullerenes, nanodiamonds,
activated carbon, carbon nanotubes (CNTs), graphene and its
derivatives have been extensively explored to mitigate water
pollution issues.”

Activated carbon (AC) holds the longest track record among
the carbon-based materials in purification with its first use
to decolorize sugar, to remove foul odor and taste dated back
to 1500 BC. It is available in several forms including granule,
powder, pellet and block that is able to eliminate pollutants
ranging from industrial to municipal wastewaters owing to its
low cost, large surface area (500-2500 m? g') and highly porous
structure."” Textural properties of AC including pore size, sur-
face area, and pore volume are highly dependent on the activa-
tion process as well as the raw sources (coals, nutshells, wood,
and bamboo) used to generate it."” Due to the varied quality
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and inconsistency on the grade of AC that can be generated
from a wide range of raw sources, their adsorption performance
in water treatment can be greatly affected. Another disadvan-
tage of AC can be related to its highly energy-intensive activa-
tion process with large amount of heat energy required and its
high tendency to experience pore blockage by larger pollutants
within its pore structure, which could limit the diffusion of sub-
sequent smaller contaminants, ™! Meanwhile, graphene and its
derivatives appear to be rising stars in water purification owing
to their remarkable adsorption properties such as high theo-
retical specific surface area (2600 m* g™'), superior mechanical
strength, tailorable surface chemistry and flexibility to be used in
various forms (powder, film, suspension, hydrogel, or sponge).”
Based on the published record since 2005 to 2019 (Figure Ic),
graphene has gradually been showered with attention in water
treatment despite that its emergence in water purification is still
at its infancy compared to other existing adsorbents.

Recent reviews show that the full potential of graphene as
the supersorbent of the century is yet to unlock with myriads
of promising developments toward improving the global water
quality issues." The use of advanced graphene sorbents is
expected to reduce the alarming water pollution and deliver
clean water globally, particularly in dealing with the removal
of multipollutants in water!>* Although a great deal of reviews
on environmental applications of graphene related materials
have been recently published, majority are targeted toward
specific and single class of water pollutants including heavy
metals,"? dyes, ™ organic solvents,™ and oils!>12bc1310.05] yith
no reviews focused on multipollutant control using graphene-
based sorbent materials to date. As accentuated by several crit-
ical reviews, an enormous knowledge gap still exists to link the
surface chemistry and physicochemical properties of advanced
graphene sorbents with sorption performance for multiple pol-
lutant control in water purification."<' Therefore, in this
review, we primarily focus on the multipollutant remediation
in water using advanced graphene sorbents, which has not
been discussed previously. We highlight the rational design of
these advanced graphene sorbents based on their functional
groups to capture multipollutants in water, followed by estab-
lishing the fundamental structure-function-performance rela-
ticnships with broad classes of pollutants (heavy metals, dyes,
organic solvents, and oils). In particular, correlation has been
made between their adsorption properties (surface area, pore
size, type of functional groups, Cj/O, C/N, and C/S atomic ratio)
with the maximum sorption capacities achieved for sorption of
multipollutants using a graphene sorbent. Finally, the reality,
challenges and opportunities of graphene-based materials as
emerging sorbents for progressive and sustainable water purifi-
cation technology are addressed.

2. Interaction Mechanisms for Multipollutants
Removal

2.1. Graphene as Emerging Sorbent for Multipollutant Water
Remediation: Insights of Interaction Mechanisms

Graphene, the pristine building block of graphite, is made up
of crystalline and honeycomb graphene layers consisting of
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sp’-hybridized carbons. Processes involving exfoliation and
functionalization of graphite are necessary to introduce sp’
domains by breaking its thermally and chemically stable sp
aromatic structure in order to add and activate the functionality
of this carbon allotrope. These processes allow the introduc-
tion of defects, dopant-atoms, and functional groups to attract
multiple classes of pollutants in water. Recent focus of water
remediation materials has been shifted to the fabrication of
highly porous and low density 3D macrostructures from 2D
graphene nanosheets to increase the trapping capacity toward
various type of water pollutants (heavy metal ions, dyestuffs,
oil, and organic solvents spills)."<] By adopting the design of
3D macrostructures (sponges, membranes, beads, and fibers),
adsorption properties in terms of robustness, flexibility for field
operations and easy recovery can be greatly enhanced. Further-
more, these 3D graphene macrostructures also prevent nano-
materials from agglomeration besides providing adequate room
to accommodate more incoming pollutants and enabling mass
transport of pollutants within the sorbent structure. <]

Pore-filling, m-x, cationic-m, hydrogen bonding, hydro-
phobic, and electrostatic interactions are important physical
interactions take place at the outer surface of the adsorbents.
Pore-filling mechanism is mainly responsible for adsorption of
organic pollutants such as oils and organic solvents. Besides
giving rise to high surface area, the creation of pores within
the sorbent network allows the water contaminants to diffuse
and fill the pores, which are initially air-filled as shown in
Figure 2."¥ Key features of the pore structure including pore
type, pore size, and pore volume determine the access and
entrapment of the pollutants within the pores of adsorbents.®l

Figure 3 provides the general interaction mechanisms
between the binding sites of the advanced graphene sorbents
with different classes of water pollutants (heavy metals, dyes,
oils, and organic solvents). m~7 interaction involves noncova-
lent attraction that exists between organic pollutants carrying
aromatic rings and graphene sorbents with its conjugated sys-
tems in the sp’ -hybridized domains.™ Cationic-x binding
mechanism is a type of noncovalent attraction between a posi-
tively charged pollutant and negatively charged electron cloud
of & system of the advanced graphene sorbents.”" While,
hydrogen bonding; a type of dipole-dipole interaction, exists
between a hydrogen atom covalently bonded to highly electron-
egative atoms (nitrogen, fluorine, and oxygen) on the function-
alized graphene sorbents with another electronegative atom
bearing a lone pair electrons. This attractive force is greatly
portrayed when the functional groups (e.g., fluorine-, oxygen-
and nitrogen-containing groups), grafted on the sp* domains of
graphene interact with the polar organic contaminants. Hydro-
phobic interaction occurs between nonpolar organic mole-
cules such as oils and nonpolar solvents with the hydrophobic
binding sites of graphene sorbents. Electrostatic interaction
(coulombic force) can significantly contribute to the adsorption
of oppositely charged pollutants including cationic heavy metal
ions and ionic organic dyes on the binding sites of advanced
graphene sorbents.

On the other hand, chemical interaction (ion exchange, sur-
face complexation, and Lewis acid-base interactions) invelves
stronger attraction between the contaminants and the sorbents
with the formation of inner complexes. Taking ion-exchange
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Figure 2. Physical adsorption mechanism of oil to fill the pore space within the 3D porous graphene structures such as graphene aerogel as a typical
example to demonstrate influence of pore structures on oil sorption. Reproduced with permission.!¥! Copyright 2018, American Chemical Society.

mechanism as an example, it describes a purification and
separation process when the dissolved ions (inorganic pollut-
ants) in an aqueous solution are exchanged with other ions of
similar electrical charge on the sorbent. Surface complexation
considers the interfacial equilibrium achieved between the bulk
species (pollutants) with active surface groups on an adsorbent.
Lewis acid-base interaction can be regarded as a concept that
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covers a broader range of phenomena including the hard-soft
acid base theory (HSAB), coordinate bond formation, and
electron pair donor-acceptor reactions.?!l A good example to
exemplify this concept is by Kumar et al. that demonstrated
strong interaction between Hg?* ions (soft Lewis acid, elec-
tron pair acceptor) with sulfur-, and nitrogen-containing func-
tional groups (soft Lewis bases, electron donors) on graphene

o

interaction é
@ carbon @ oxygen @ nitrogen ’ fur b

Figure 3. Overview of main interaction mechanisms between the doped atoms and functional groups showing a representative advanced graphene
sorbent with ability to remove multiple water pollutants (heavy metals, dyes, oil, and solvents) from different polluted water systems. Images are not
drawn to scale. Adapted with permission.l’l Copyright 2019, American Chemical Society.
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adsorbents leads to the formation of coordinate bond.”? Since
the interaction mechanisms that involve multipollutants are
complex, interaction mechanisms of the multipollutant sorbents
reviewed in this section is individually discussed for each class
of pollutant to give a better perspective on how the specific class
of pollutant can be bound to the active sites of the sorbents.

2.2. Interaction Mechanism: Heavy Metals

Graphene-based sorbents offer a broad range of sorption
approaches to capture heavy metal ions including electrostatic
interaction, surface complexation, ion exchange, and cationic-r
interactions. This can be achieved through specific design using
functionalization including high-binding functional groups,
elemental doping or creating defects with structural design to
enhance adsorption performance. Introduction of defects on the
graphene surface was found to effectively enhance the adsorp-
tion ability of heavy metals as evidenced by the vacancy defects
created in graphene quantum dots for binding of cadmium,
mercury and lead through charge transfer?¥ Similar findings
also showcased that the single vacancy defect introduced to
graphene can greatly enhance the adsorption of cadmium with
substantial amount of electrons transferred from cadmium to
graphene.””) Meanwhile, doping of nitrogen/sulfur atoms in
graphene has significantly increased the adsorption of heavy
metals such as cadmium, mercury and lead, which could be
related to van der Waals forces and electrostatic interactions.
Electrostatic attraction and coordination between doped
nitrogen atoms and Pb** ions were responsible for the removal
mechanisms of nitrogen-doped graphene aerogels that was
hydrothermally fabricated.!””! In comparison to the defects and
dopants crafted on the sp® domains of the graphene network,
functional groups including oxygen-, nitrogen-, sulfur-, metals/
metal oxides/ metal sulfides-containing groups are among the
most explored for the uptake of heavy metal ions.

Many studies evidently demonstrated that the grafted func-
tional groups on the graphene structure can selectively immo-
bilize specific heavy metals that lead to enhanced heavy metals
removal. Taking graphene oxide (GO) as an example, the plen-
tiful oxygen functional groups (—COOH and —OH) on GO
are responsible for the adsorption of heavy metal ions through
ion exchange, surface complexation and electrostatic interac-
tions.|”® Therefore, a great deal of work has been focused on
decorating the graphene structure with precursors containing
oxygen groups such as alginate and cellulose to improve the
adsorption efficiency of heavy metal ions. For instance, algi-
nate/reduced graphene oxide double network hydrogel that
was laden with oxygen functional groups interacted effectively
with Cu?* and Cr,0,*" through electrostatic interaction mecha-
nism.?”l Increased adsorption capacities of 35-500% toward
removal of various metal ions (Pb**, Cd%*, Cr**, and Cu?*) due
to the synergistic effect of electrostatic interaction, surface
complexation and ion exchange mechanisms was proven after
functionalization of GO using an oxygen functional group pre-
cursor, carboxymethyl cellulose.*")

Apart from oxygen-containing groups, functionalization
of graphene with nitrogen- and sulfur-containing precursors
was also found to substantially improve the uptake of heavy
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metal ions. For example, simultaneous adsorption of Cd (II),
Hg (11), and As (I11) ions to the binding sites of GO modified
with 3-aminopyrazole, a nitrogen-containing group precursor,
occurred through a combined mechanism of physical adsorp-
tion, surface complexation, and electrostatic interaction.!l
Another example of GO functionalized with nitrogen-con-
taining group, 2,2-dipyridylamine (GO-DPA), demonstrated
high affinity toward simultaneous adsorption of Pb (I1), Cd (1),
Ni (1), and Cu (II) ions that could be attributed to the surface
complexation and electrostatic interaction.|*?l Effective removal
of Pb*and Cd** was confirmed through the modification of
GO using thiacalix[4Jarenetetrasulfonate, a sulfur-containing
group modifier. Good performance could be attributed to the
surface complexation between the functional groups and the
studied metal ions as illustrated in Figure 4a.**! Surface com-
plexation and electrostatic interaction were the dominant
mechanisms that described the binding chemistry between
As (V) ion to a metal/metal oxide modified graphene sorbent,
manganese ferrite-graphene oxide (MFO-GO) nanocomposites
(Figure 4b).*# Functionalization of GO with magnetic Fe;O,
nanoparticles showed that the incorporated iron oxide nanopar-
ticles enhanced the adsorption of Cd (II) through electrostatic
interaction.* Due to the formation of different arsenic spe-
cies at varied pH, chitosan modified GO was found to interact
with arsenic species through a series of mechanisms including
surface complexation, cationic-#, anionic-7, and electrostatic
interactions.?¢l

2.3. Interaction Mechanism: Organic Dyes

Typically, dyes are colored organic macromolecules that can be
categorized based on their molecular structure, charge, solu-
bility or the chromophores present in their structure.””) Exam-
ples of water-soluble dyes include acid, base, direct and reactive
dyes, while azo, disperse, sulfur and vat dyes can be regarded as
water-insoluble dyes.™® Presence of the aromatic ring in their
structure enables the interaction of the delocalized electrons in
their benzene ring with the delocalized x electrons that exist in
the basal plane of the graphene structure. Interaction mecha-
nism between the organic dyes and the binding sites of gra-
phene often involves the basal plane of the graphene structure
(sp? domains) such as #-7 and cationic-7 interactions in addi-
tion to electronic interaction, and hydrogen bonding resulting
from the sp* domains of the graphene structure. Adsorption
performance of graphene-based materials is more pronounced
with the use of functionalized graphene to target the removal of
organic dyes based on the charged group carried by the organic
dyes. For instance, GO, a common derivative of graphene car-
rying negatively charged groups on its surface, demonstrates
better performance towards adsorption of cationic dyes than
anionic dyes."™ While, anionic dyes are more successfully
removed using graphene modified with cationic functional
groups such as chitosan, polyethyleneimine and amine.!""?!

For successful adsorption of organic dyes, numerous concepts
based on the interactions between functionalized graphene and
organic dyes have been explored. Fabrication of polydopamine
coated graphene nanosheets was demonstrated for removal of
methyl violet, methyl blue and 4-nitrophenol through electrostatic
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Figure 4. Interaction mechanisms of advanced graphene sorbents with multiple water pollutants: a) interaction of thiacalix[4] arenetetrasulfonate-
functionalized reduced graphene oxide (TCAS-rGO) toward multiple metal ions. Reproduced with permission.” Copyright 2016, Royal Society of
Chemistry and b) proposed adsorption mechanism of methylene blue and arsenic (V) ions on GO-MnFe,O, nanocomposites. Reproduced under the
terms of the Creative Commons Attribution 3.0 Unported License.® Copyright 2018, Royal Society of Chemistry.

and 7~x interactions between polydopamine (precursor carrying
oxygen- and nitrogen-functional groups) with the organic dyes."*”!
Electrostatic interaction was found to be the main driving force
for the adsorption of methylene blue toward the adsorption site
of sulfonated graphene nanosheets carrying —SO;H, —COOH,
and —OH functional groups apart from minor contribution from
m-rrinteraction.*” A similar concept was shown using a GO/chi-
tosan aerogel, which exhibited dual functionality and interactions
based on electrostatic and 77 interactions between the oxygen-
containing groups on GO with cationic dyes. While, electrostatic
interaction was responsible for the adsorption of anionic dyes to
the amino groups on chitosan chains.”"

To further improve adsorption efficiency, magnetic gra-
phene oxide (MGO) was reported to remove methylene blue
and orange G due to electrostatic attraction between the nega-
tively charged MGO surface and 77 interaction between the
aromatic structure of the dyes and the & conjugation domain
of MGO nanosheets.*® Benefited from the presence of highly
porous structure with macro- and micropore sizes, photoiniti-
ated thiol-modified multifunctional graphene biopolymer foam

(Alg-Fe;0,rGO-4S) was designed to tackle simultaneous water
pollutants including dyes. Electrostatic interaction mechanism
was dominantly showcased in the binary competitive dyes
(methylene blue and rhodamine B) removal experiments per-
formed using Alg-Fe;0,-rGO-4S. The developed sorbent exhib-
ited stronger affinity toward methylene blue although both
tested dyes are cationic dyes, which are expected to have similar
binding affinity toward the negatively charged functionalized
graphene composite. The poor performance of rhodamine B
was due to the reduced positive charge density of rhodamine B
molecule in the presence of the zwitterions (N* and COO") at
pH >3 that decreased its interaction with the negatively charged
functionalized sorbent.!*”!

2.4. Interaction Mechanism: Oils and Organic Solvents
Spilled oils (crude oils, diesel, gasoline, motor, and engine oils)

and organic solvents (toluene, methanol, ethanol, chloroform,
and xylene) can be regarded as hydrocarbons with low
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solubility in water, which are detrimental to the aquatic life
and environments."'“#I Unlike heavy metal ions and certain
organic dyes, removal of oils and organic solvents is mainly
governed by noncovalent interactions and physical absorp-
tion in the pores of the functionalized graphene sorbents.
Depending on the viscosity of the fluids to be removed, efficient
removal of oil and organic solvents can be achieved using gra-
phene and GO sponges with high surface area, tunable surface
chemistry, large pore volume, and appropriate pore size."
Reports suggested that the restoration of the hydrophobic and
sp? domains of the graphene structure can feasibly enhance
the uptake of oils and organic solvents via non-covalent interac-
tions including hydrophobic and #-x interactions.™! Interac-
tions between oil and organic solvents with the functionalized
graphene sorbents are further discussed using examples as the
following.

Spongy graphene fabricated via hydrothermal reaction
using ammonia efficiently absorbed not only petroleum prod-
ucts and fats, but also toluene and chloroform resulting from
its highly porous structure and hydrophobic effect. Appro-
priate hydrophilic groups in the graphene network is neces-
sary to increase the interaction between the polar solvents for
improved absorption capacity.* An ultralight nitrogen-doped
graphene framework fabricated using pyrrole through hydro-
thermal method showed its excellent adsorption capacity for
various types of organic solvents and oils due to its porous
structure.”) Apart from hydrophobic interaction, Pei et al.
have shown that 7—r interaction is the primary mechanism
responsible for the enhanced adsorption of 1,2,4-trichloroben-
zene (TCB), 2,4,6-trichlorophenol (TCP), and 2-naphthol on
graphene. While the adsorption of TCP and 2-naphthol on
GO can be attributed to hydrogen bonding resulting from the
oxygen-containing groups on GO.™I As depicted in Figure 5,
the superior adsorption capability of chitosan modified GO

é:1 GO 3',1.%,-4,.\ cs
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aerogel toward phenol can be ascribed to #—conjugation inter-
action between the partially nonoxidized GO regions and the
aromatic phenol.*!l Excellent absorption capacity of polydopa-
mine functionalized GO aerogel towards oils and organic sol-
vents was owing to its hydrophobic effect, large surface area,
and high porosity.’*")

3. Advancing Multipollutant Sorbents through
Materials Design

In the previous section, the key concepts for the removal of
pollutants (heavy metals, dyes, organic solvents and oils) based
on functionalized graphene to achieve specific interactions were
discussed. In this section, rational materials design is explored
to combine these interaction mechanisms to achieve simulta-
neous multipollutant removal. For that purpose, graphene-based
sorbents are designed in several ways including optimizing
their textural properties, engineering their porous architecture,
shaping them into different sorbent forms (hydrogel, aerogel,
particle, fluids, and powder) and tailoring their chemical func-
tionality for different wastewater treatment applications. Use
of 3D graphene-based porous sorbents with lightweight, inter-
connected porous structure and high surface area is proven
as an effective material design strategy to tackle heavy metals,
dye pollutants and oils spills in water."*#| In particular, trap-
ping of nonpolar organic contaminants such as oils and organic
solvents is mainly governed by pore-filling mechanism."® This
feature can be demonstrated by engineering highly porous 3D
structures with large pore volume, low density, and high specific
surface area."*# Sorption of oil and organic solvents is also
dictated by surface wettability of sorbents with numerous sur-
face modifiers including silanes, hydrophobic polymers (poly-
fluorowax, pyrrole, spiropyran, and etc), TiO, nanoparticles,

atadrR vl .
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Figure 5. a—d) SEM images of GO/chitosan aerogel microspheres (GCAM). e) Schematic diagram of GCAM with honeycomb-cobweb and radially
oriented microchannel structures. f) Type of interaction mechanisms of advanced graphene sorbents with multiple water pollutants: adsorption mecha-
nism of GCAMs for numerous pollutants, Adapted with permission.*' Copyright 2017, American Chemical Society.
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kaolinite, carbon nanotubes (CNT), and graphene have been
adopted to tailor the surface wettability of the sorbent mate-
rials.”¥) Since several reviews have considerable coverage on
the design of 3D graphene porous structure for water treat-
ment, this area will not be expanded in this review.!"¢V4-4)
Despite numerous advantages including lightweight, rich
porous structure, and high surface area can be achieved fol-
lowing the structural modification of graphene through tuning
of 2D graphene sheets to 3D graphene aerogels, introduction of
specific surface functional groups and heteroatoms are neces-
sary to modify the graphene framework for improved binding
affinity toward heavy metal ions and organic dyes. Through het-
eroatom doping and functionalization, surface charge generated
on the surface of graphene and its counterparts can increase
the binding tendency of charged pollutant species (e.g. heavy
metal ions and certain organic dyes) towards their surface. Typi-
cally, across all the studied graphene-based materials, oxygen-,
nitrogen-, and sulfur- containing groups are among the most
common chemical species introduced to the graphene frame-
work. These chemical species can be grafted on the graphene
framework through wet chemical methods, thermal annealing,
hydrothermal, solvothermal, microwave synthesis and plasma
treatments using different precursors with specific examples

www.afm-journal.de

provided in the following discussion to promote the adsorption
of heavy metal ions and organic dyes in particular."»1%!

Synthesis of graphene-based sorbents for capturing multipol-
lutants in water is still restricted by low water dispersion, chem-
ical inertness, high hydrophobicity and tendency to undergo
77 stacking of graphene.”**! To address these key challenges,
modification strategies such as chemical functionalization and
heteroatom doping have been extensively explored to tune the
inherent properties of pristine graphene for improved adsorp-
tion performance in capturing environmental contaminants in
water. Our focus in this section is to review the removal of mul-
tiple types of water pollutants through the rational design of gra-
phene sorbents using heteroatom doping and functionalization
strategies. Overview of the common dopants and functionalizing
agents with their corresponding active groups are summarized
in Figure 6. Heteroatom dopants, oxygen-containing groups,
nitrogen-containing groups, sulfur-containing groups, metal/
metal oxides/metal sulfides, sulfur-containing groups and
mixed functional groups are among the important categories in
designing an ideal sorbent toward the remediation of multiple
water pollutants. The advanced graphene sorbents reviewed in
this section demonstrated their sorption affinity towards either a
single, binary, or ternary water pollutant systems.

Figure 6. Overview of common dopants and functionalizing agents with their corresponding functional groups on advanced graphene sorbents for
multiwater pollutants (heavy metals, dyes, oil, and organic solvents) removal.
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3.1. Heteroatoms Doped-Graphene Sorbents

Doped-graphene with heteroatoms such as nitrogen, sulfur,
boron, and phosphorus have been reported to effectively bind
heavy metals and organic pollutants.""® Heteroatom doping
results in either the substitution or insertion of heteroatoms
offat the carbon atom from the hexagonal honeycomb lattice
of graphene.””’#% Several approaches of heteroatom doping of
graphene and GO were reported based on chemical vapor dep-
osition, arc discharge, solvothermal, thermal annealing, wet
chemical synthesis, pyrolysis, microwave treatment, and hydro-
thermal reactions.""® Heteroatoms such as —P, —B, —S, and
—N are the most common dopants introduced to modify the
graphene framework by adopting precursors such as boric acid,
triphenyl phosphorus, urea, thiophene, cysteine, and ammo-
nium thiocyanate for environmental protection. To achieve
desired surface chemistry, these heteroatoms can be inserted
individually or codoped to have single or dual atoms introduced
simultaneously to the structure of graphene.™®! In the study by
Liu et al., a 3D nitrogen and boron-co-doped graphene aerogel
(BN-GAs) was prepared through a combined solvothermal and
freeze drying method by treating GO with BN(OH), that was
pretreated via thermal substitution process. Binary doping
of nitrogen and boron atoms not only prevented GO from
restacking during the solvothermal process, but also created
adsorption active sites with uneven charge distribution on the
surface of the graphene composites for enhanced trapping of
water pollutants. The simultaneous codoped graphene aerogel
(BN-GA) was hydrophobic and highly porous that exhibited

www.afm-journal.de

outstanding absorption capacities up to 23 g g™ for different
oils and solvents from 10-23 times of its original weight.[*"!

3D nitrogen and sulfur codoped graphene hydrogels
(N/S-GHs) developed using a green thermal assembly approach
demonstrated superior adsorption capacity toward organic dyes
(methylene blue, malachite green, and crystal violet). N/S-GH
has pronounced binding affinity toward a single pollutant
system of organic dyes containing methylene blue, malachite
green and crystal violet. In this doping modification process
(Figure 7), glutathione carrying —NH,, —SH, and —COOH
groups, was employed not only as nitrogen and sulfur sources
but also as binding and reducing agents to modify the gra-
phene sheets, The enhanced features of N/S-GH including the
highly porous structure, larger surface area, hydrophobicity and
better durability significantly lifted the maximum adsorption
capacities of cationic dyes, methylene blue, malachite green
and crystal violet, to 625, 750, and 600 mg g', respectively.®!|

Similarly, another example of a nitrogen and sulfur codoped
graphene aerogel, N/S-GBA, was hydrothermally modified for
simultaneous adsorption of a binary pollutant system con-
sisting of a heavy metal (Cd*) and organic dyes (safranin,
crystal violet, and methylene blue). 2,5-dithiobisurea was
adopted as a crosslinker, reducing agent, and a nitrogen and
sulfur doping agent to react with GO. XPS analysis confirmed
the successful doping of GO with 795 at% and 3.80 at% of
nitrogen and sulfur, respectively. High adsorption capacities of
200.88, 326.98, 226.02, 129.54 mg g were recorded for Cd (11),
safranin-O, crystal violet, and methylene blue, respectively, after
the heteroatom doping of GO

Figure 7. a) lllustration of formation of nitrogen and sulfur codoped -3D graphene hydrogels (N/S-GHs) from GO (2.0 mg mL™). b) Controlled assembly
of N/S-GHs by glutathione with possible reaction pathways for nitrogen and sulfur doping. Adapted with permission.!*l Copyright 2016, Elsevier.
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3.2. Oxygen-Containing Groups-Based Graphene Sorbents

The well-explored chemical functionalization of graphene
involves the rehybridization of sp? to sp’ carbon on the gra-
phene basal plane based on the covalent attachment of
organic functional groups to its sp?® carbon, incorporating the
grafting of oxygen-, sulfur-, nitrogen-containing groups./*”)
One of the most common functionalized graphene deriva-
tives is GO that can be prepared using wet chemical methods
utilizing different oxidizing agents through Brodie (HNO;,
KClO;), Staudenmaier (HNO,;, KClO; H,SO;), Hofmann
(HNO;, KCIO;, H,S0,), Hummers (KMnO;, NaNO;, H,S0),
Tour (KMnO,, H,SO, H;PO,), and Gao (K;FeO,; H,SO,)
methods as summarized in Figure 8a.""l These surface oxida-
tion modification techniques can generate myriads of oxygen
groups such as hydroxyl (—OH), carboxyl (—COOH), carbonyl
(—C=0) and epoxides (—C—0) on the surface of the gra-
phene, which are also active for further functionalization of
graphene.

Brodie

« Oxidizing agent:
Fuming HNO,, KCIO

+C/O ratio: 2.19 + G0 ralio: NiA

* Oxidizing agent:
HNO,, KCIO,, H,S0,

+C/O ratio: 2.25

www.afm-journal.de

Alternative oxidation treatments including oxygen plasma
etching process and irradiation of high energy electron beam
are also adopted to etch the graphene structure.*! Oxygen
enhancement treatment using irradiation of high energy elec-
tron beam for the preparation of GO also demonstrated prom-
ising introduction of oxygen-containing groups with control-
lable oxygen content in GO. It was confirmed that oxygen-con-
taining groups are more inclined to decorate on the additional
defects created in the carbon lattice during irradiation, which
was responsible for improved Pb (1) adsorption compared to
the untreated GO.°** Although GO is enriched with oxygen
functional groups, research studies have shown that further
modification of GO using precursors with oxygen-containing
functional groups can effectively enhance the adsorption per-
formance towards water pollutants, particularly for heavy metal
ions and organic dyes. This was demonstrated through the
fabrication of carboxymethyl cellulose/GO (CMC/GO) using
cellulose as the oxygen-containing group modifier by spray-
drying method. The formation of hydrogen bonds between the

+ Oxidizing agent:
KMnO,, H,S0,, H,PO,

+C/O ratio: N/A

» Oxidizing agent: « Oxidizing agent: * Oxidizing agent:
& Fuming HNO,, KCIO,, KMnO,, K;FeO,, H,S0,
SO, H;S0,NaNO
2 o 1S0uNaN0s +CIO ratio: 2.2
b - C/O ratio: 2

Stirring

b) + S8
=~ ydrophilic
assembly

Hummers

+CaCo,
—_—

Mixing
vortexing

"
iz|s
5H
,,.-r'
5
"

\
X i
SN

—
Freeze drying'yy
o =
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Figure 8. a) Timeline of developed oxidation methods for GO fabrication with oxidizing agents and C/O ratio included. Adapted with permission."'
Copyright 2016, Royal Society of Chemistry. b) Fabrication and formation mechanism of SAGO aerogel. Reproduced with permission.™ Copyright

2016, Elsevier.
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oxygen-containing groups in GO sheets and cellulose improved
both the mechanical strength and swelling properties of the
adsorbent. The additional grafted hydroxyl groups after the
functionalization of GO significantly improved the adsorp-
tion performance toward multiple classes of pollutants (meth-
ylene blue, eosin Y, Pb*, Cd**, Cu®).™ Fabrication of porous
sodium alginate/GO (SA/GO) through crosslinking and freeze-
drying methods (Figure 8b) demonstrated high adsorption
capacities of 2674 and 98.0 mg g~ for Pb** and Cu®, respec.
tively. Incorporation of additional oxygen functional groups has
significantly enhanced the morphology and mechanical prop-
erty of SAJ/GO besides the adsorption performance towards the
examined pollutants.*" Similarly, Pan et al. developed a macro-
porous calcium alginate/GO (mp-CA/GO) by utilizing oxygen
containing-group precursor, alginate, to capture Pb*, Cu®* and
Cd?*. In this work, polystyrene colloidal particles were used as a
sacrificial template while GO was a reinforcing filler to achieve
high adsorption capacities and outstanding regeneration ability.
Maximum adsorption capacities of 368.2, 98.1, and 183.6 mg g™’
were attained for Pb**, Cu®, and Cd*, respectively, along with
consistent removal efficiency achieved after 20 adsorption-des-
orption cycles using mp-CA/GO.%

3.3. Nitrogen-Containing Group-Based Graphene Sorbents

Functionalized graphene sorbents grafted with nitrogen-con-
taining group such as hyperbranched pelyamine medified
GO (HPA-GO) were developed to address a binary pollutant
system consisting of Pb {11} and methylene blue, Unlike linear
polymers, the hyperbranched polyamine functionalization was
found to be more effective to interact with the desired pollutants
due to its nearly spherical structure with numerous decorated
functional groups. Multifunctional hyperbranched polyamine
functionalized graphene oxide (HPA-GO) was developed
through the nucleophilic ring opening reaction between the
amine groups of HPA and the epoxy group of GO in a KOH
solution utilizing N-ethylethylene diamine as the nitrogen func-
tionalizing precursor. Owing to the abundant hydroxyl and
amino groups on HPA-GO, exceptional adsorption capacities of
819.7 and 740.7 mg g were achieved for Pb* and methylene
blue, respectively!*!

While, GO chemically modified using 2,2-dipyridylamine
(DPA), a functionalizing precursor with nitrogen containing
group, exhibited strong binding affinity toward a single
pollutant system containing Pb*, Cd*, Ni**, and Cu®". The
oxygen-containing groups on GO was first activated using
pentachloride phosphine, followed by functionalization using
DPA under nitrogen blanket at room temperature for 6 h.
GO-DPA achieved high adsorption capacity and good recycla-
bility for simultaneous adsorption of Pb (I}, Cd (II), Ni (II)
and Cu (II) from aqueocus solutions. The adsorption experi-
ments using GO-DPA were ultrasonic-assisted to achieve high
maximum adsorption capacities, 369.749, 257201, 180.893 and
358.824 mg g, for different heavy metal ions, Ph*", Cd**, Ni**
and Cu™, respectively.?

Maodification of GO using 3-aminopyrazole, a nitrogen-con-
taining group functionalizing agent, to form GO-f for simulta-
neous uptake of three different heavy metal ions (Cd?*, Hg™
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and As™). Excellent maximum adserption capacities, 285.714,
227273, and 131.579 mg g', were accomplished for Cd**, Hg™,
and As*" jons, respectively, owing to the presence of func-
tional moieties, high surface area and hydrophilic character of
GO-f¥ Another promising nitrogen-containing group func-
tionalized graphene sorbent, poly(ethyleneimine) functional-
ized GO, GOJPEI, was effectively used to target two different
types of organic dyes, anionic methyl orange and cationic meth-
ylene blue. Remarkably, GO/PEI was found to be stable in var-
ious types of environments including acidic and basic aqueous
media, as well as several organic solvents. Due to the tunable
surface charge of GO/PEI, high maximum adsorption capaci-
ties, 331.0 and 249.6 mg g™, were achieved for anionic methyl
arange and cationic methylene blue, respectively.*’!

3.4. Sulfur-Containing Group-Based Graphene Sorbents

Functionalized graphene sorbents decorated with sulfur-con-
taining groups such as thiacalix[4|arenetetrasulfonate-rGO
(TCAS-rGO) has shown strong binding affinity toward a single
pollutant system composed of Pb** and Cd*". Presence of var-
ious sulfur containing species on the TCAS-rGO composite
was found to enhance the maximum sorption capacities of
Pb* (230 mg g™') and Cd** (128 mg g7) with good regenera-
tion ability >70% after the fifth adsorption—desorption cycles.[®’l
Sulphur functionalized graphene oxide (GO-SO.R) sorbent
developed using Na,$ as the functionalizing precursor exhib-
ited excellent adsorption performance over a single pollutant
system containing heavy metal ions such as Pb*, Cd**, Ni**
and Zn®. Outstanding maximum adsorption capacities, 285,
217, 175, and 196 mg g~', were attained for Pb**, Cd**, Ni** and
Zn*', respectively. Attempts have been made to coat GO-SO,R
sorbent with TiO; and Si0,. Notably, further coating of GO-
SC.R sorbent with TiO, has immensely uplifted the maximum
adsorption capacities of Pb*, Cd®*, Ni** and Zn?* to 312, 384,
344, and 285 mg g, respectively. However, GO-SO.R coated
with $i0; showed improved maximum adsorption capaci-
ties only for Cd*. The comprehensive studies clearly demon-
strated the effect of different functionalizing precursor toward
enhancing the adsorption affinity of water pollutants.®

3.5. Metals/Metal Oxides/Metal Sulfide-Based Graphene
Sorbents

For functional groups covering metals, metal oxides, and metal
sulfides, several functionalized graphene sorbents such as
CoFey0,1GO, Gf/CeO; and rGO-MoS, were found to effectively
tackle multiple water pollutants especially heavy metal ions,|*
For instance, decoration of graphene sheets with magnetic
CoFe,0, not only facilitated the adsorption of pollutants and
magnetic separation after adsorption, but also promoted excel-
lent chemical stability and mechanical strength on the CoFe;0,-
rGO adsorbent. This metal oxide functionalized graphene
sorbent demonstrated high maximum adsorption capacities,
299.4 and 1579 mg g™ toward Pb** and Hg** respectively."™!
Ceria nanoparticles  (CeQ;) deposited on  graphene
nanosheets sorbent was applied to extract Se (IV), As (V), As
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(I11), Cu (II) and Pb (1) ions. This metal oxide functionalized
graphene sorbent (CeO,-rGO) demonstrated high maximum
sorption capacities of 8.4, 14.1, 50, and 75.6 mg g' for several
heavy metal ions including As(V), Se (IV), Cu(ll) and Pb(Il)
ions.’® Another functionalized graphene hybrid made up of
molybdenum disulfide and rGO was hydrothermally reacted
to form rGO-MoS, for tackling a single pollutant system con-
taining Pb?* and Ni**, Enhanced maximum sorption capacities,
322 and 294 mg g, were recorded for rGO-MoS, in compar-
ison to bare MoS,, 107 and 98 mg g™ for Pb?* and Ni** ion,
respectively. The improved performance achieved by rGO-MoS,
greatly manifested the importance of the functionalization
process.%

Use of magnetic graphene oxide (MGO) was successfully
fabricated to cope with a binary pollutant system containing
heavy metal ion (Cd**) and organic dyes (methylene blue and
orange G). High maximum sorption capacities, 91.29, 64.23,
and 20.85 mg g™ were achieved for Cd**, methylene blue and
orange G, respectively, using GO decorated with magnetic
Fe;0; nanoparticles through coprecipitation method. Never-
theless, MGO showed decreased removal efficiency of 33.78%,
42.25%, and 47.32% after the fourth adsorption—desorption cycle
for the uptake of Cd**, methylene blue, and orange G, respec-
tively. This may imply that the chemical resistance and stability
of the functionalized graphene sorbent in terms of their reus-
ability and recyclability.”” Manganese ferrite/GO (MnFe,0,-
GO) nanocomposites were developed through a modified
coprecipitation method for managing a binary pollutant system
containing methylene blue and As (V) ion. Enhanced max-
imum adsorption capacities, 1773 and 240.4 mg g™' for meth-
ylene blue and As (V) ions, respectively, were attained using a
MnFe,0,-GO adsorbent. This can be attributed to the syner-
gistic effects of both magnetic metal oxide nanoparticles and
GO nanosheets.?

3.6. Mixed Functional Group-Based Graphene Sorbents

A combination of various functionalizing precursors including
carboxyl chitosan (CMC), sodium alginate (SA) and magnetite
(Fe;0;) were adopted to modify GO for the fabrication of CMC/
SA/GO@Fe;0, magnetic gel beads as depicted in Figure 9a.
Apart from oxygen-containing groups, the functionalized gel
beads also contain iron oxide nanoparticles and amino moie-
ties, which boosted up the binding affinity toward a single water
pollutant system (heavy metal ion) with maximum adsorption
capacity of 55.96, 86.28, and 189.04 mg g~ for Cu®*, Cd**, and
Pb?* ions, respectively. These crosslinked-magnetic gel beads
also exhibited good regenerability property that attained 90%
adsorption efficiency even after five recurring adsorption—des-
orption cycles.)

Multifunctional ~graphene Dbiopolymer foam, Alg-Fe,O;-
rGO-4S, on the other hand, modified using pentaerythritol
tetrakis(mercaptopropionate) through potoinitiated  thio-
lene click reaction (Figure 9b) was proven to simultaneously
remove heavy metal ions (Cu®*, Hg?), dye (methylene blue),
solvents and oils. Besides high density of sulfur-containing
group, Alg-Fe;0,rGO-4S was designed with the decoration of
myriads functional groups including hydroxyl and carboxylate
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groups from alginate as well as iron oxide nanoparticles that
outperformed the commercial adsorbent with excellent stability
and recyclability. The developed sorbent was initially attested
using single pollutant removal experiments with maximum
sorption capacities of 789.7, 1070, and 73.5 mg g™ achieved for
methylene blue, Hg (II) and Cu (II), respectively. High sorp-
tion capacity (11-18 g g™') and rapid oil-water separation were
attained. It was astounding that this functionalized biopolymer
foam conformed to the maximum contaminant level for copper
and mercury after the simultaneous sorption experiments.!*l
Similarly, chitosan/sulfydryl-functionalized GO composite (CS/
GO-SH), another functionalized graphene sorbent with mixed
functional groups, was studied for a single pollutant system
consisting of multi-metal ions (Cu?*, Cd?*, and Pb** ions). High
maximum sorption capacities, 447, 425, and 177 mg g"', were
accomplished for the studied metal ions, Pb?*, Cu?* and Cd**
ions, respectively. CS/GO-SH showed excellent recovery (=85%)
after three consecutive adsorption—desorption cycles. Incorpo-
ration of multifunctional groups such as —OH, —COOH, —SH
and —NH, groups in CS$/GO-SH not only improved the binding
affinity towards the pollutants, it also facilitated the exposure of
binding sites of the functionalized sorbent with the investigated
pollutants due to increased surface area.® Polysiloxane-gra-
phene oxide (PS-GO) gel developed using sol-gel method show-
cased excellent adsorption performance toward a single pol-
lutant system (heavy metal ion). A maximum uptake (256 and
137 mg g™ for Pb (1) and Cd (Il) ions, respectively) could be
achieved by functionalizing GO with siloxane to enrich PS-GO
gel with oxygen- and nitrogen-containing groups. Remark-
ably, this mechanically strong functionalized graphene sorbent
tested using actual industrial effluent in a fixed bed column
could be regenerated (in situ) that can be feasibly operated for a
large-scale wastewater treatment.l5%

Ethylene diamine tetraacetic acid (EDTA) was anchored on
magnetic Fe;O; nanoparticles functionalized GO for improved
adsorption toward different types of heavy metal ions (Pb%,
Hg?* and Cu®* ions). Due to the synergistic functionalization
effect from metal oxides, oxygen- and nitrogen- groups, EDTA
functionalized magnetic GO (EDTA-mGO) showed high max-
imum adsorption capacity towards Pb*(508.4 mg g™), Hg**
(268.4 mg g') and Cu?** (301.2 mg g') ions. This promising
functionalized graphene sorbent also demonstrated rapid
magnetic separation (25 s) and good recyclability with >80%
removal efficiency achieved for all the studied ions even after
five repeating adsorption-desorption cycles.|®’) For GOj/chitosan
aerogel micropheres (GCAMs), GO was modified with chitosan
(functional groups: =OH, NH,, —O—) in the presence of gluta-
raldehyde as a crosslinker. It appeared as a superior adsorbent
for a ternary system of multi-pollutant control, including heavy
metal ions (Pb (II), Cu (II), Cr (VI)), organic dyes (methylene
blue, rhodamine B, methyl orange, Eosin Y) and organic sol-
vent (phenol). Addition of chitosan was found to increase not
only the surface area, but also the mechanical strength with the
formation of a honeycomb-coweb structure in the final sorbent
composite. Although chitosan greatly improved the adsorp-
tion efficiency, high chitosan content led to a stunted uptake
rate of heavy metal ions and organic dyes as a result of elon-
gated diffusion path due to larger composite size and pore size.
Therefore, an optimized content of functionalizing agent is
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Figure 9. Exemplars of advanced graphene sorbents through materials design for multipollutant control in water: a) Fabrication of CMC/SA/GO@
Fe,O, gel beads. Reproduced with permission.® Copyright 2019, Elsevier. b) Fabrication of multifunctional graphene biopolymer foam for simulta-
neous removal of multiple water pollutants. Reproduced with permission.#l Copyright 2020, Wiley-VCH.

crucial to ensure enhanced adsorption performance of sorbent
material. The developed multifunctional GCAMs demonstrated
outstanding maximum sorption capacity, rapid adsorption,
increased structural stability that could retain up to six cycles of
adsorption—desorption performance to tackle a broad spectrum
of water pollutants.*!

Another ternary multipollutant control system was show-
cased by polydopamine coated reduced GO (PRGO) to tackle a
vast category of water pollutants. GO was reduced and surface
coated through 7~ stacking and aryl-aryl coupling mechanisms
by dopamine, a functionalizing agent consists of —OH and
—NH; groups. The biomimetic polydopamine (PDA) graphene
aerogel was not only a promising adsorbent, but also a catalyst
to tackle a broad class of water contaminants including oils,
organic solvents, and dyes. The fabricated PRGO was adopted
as a template for the construction of a 2D architecture decorated
with mineralized inorganic and metal nanoparticles, as well as
the 3D aerogel. Further functionalization approaches including
the decoration of calcite and gold nanoparticles were introduced
to the bioinspired surface of PRGO to promote binding affinity

Ady. Funct. Mater, 2020, 2007356
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towards heavy metal ions and catalytic activity of 4-nitrophenol.
Apart from facilitating the catalytic reduction of 4-nitrophenol,
PDA assembled graphene aerogel also exhibited outstanding
performance to adsorb different types of heavy metal ions (Pb?*
and Cd*'), dyes (methyl violet, methyl orange, methylene blue,
and congo red), oils and solvents (vegetable oil, paraffin oil, chlo-
robenzene, hexane, toluene, cyclohexane, and gasoline). The
hydrophobic and highly porous 3D hydrogel showed good trap-
ping ability for organic dyes (89-380 mg g™), oils and organic
solvents (26-42.5 g g”'). Functionalization of GO by adopting
dopamine not only enhanced the binding affinity toward mul-
tiple pollutants, but also rendered greater dispersibility in var-
ious solvents, higher chemical and thermal stability, as well as
higher mechanical strength with excellent regeneration capa-
bility.’” Xanthate functionalized magnetic graphene oxide
(Fe;0,-xGO) has been attested for its excellent binding affinity
in a binary water pollutant system consisting of Hg?* and
methylene blue. Excellent adsorption capacities of 526.32 and
118.55 mg g were achieved for methylene blue and Hg®,
respectively attributed to the presence of iron oxide nanoparticles,
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amino and xanthate groups on GO sheets after functionalization
process, Additionally, Fe;0,-xGO can be easily recovered within
one minute after the adsorption process through a magnetic
separation approach.[”! Microporous spongy chitosan graphene
oxide (CSGO) is another exemplar that demonstrated promising
adsorption capability toward a binary pollutant system (heavy
metal ion and organic dye). The highly porous and biodegrad-
able CSGO was prepared through lyophilization using chitosan,
a precursor containing —OH and —NH, groups, was effective in
removal of methyl orange and Cu?* with 56707 and 53.69 mg g,
respectively, recorded for their saturated adsorption capacity.”
Based on the reviewed graphene sorbents presented in pre-
vious sections, a comprehensive doped/functional groups—
sorption performance relationship (Figure 10) is established to
correlate sorption performance toward different types of water

www.afm-journal.de

pollutant using a single advanced graphene material modified by
heteroatoms and functionalized groups.2?-3%39-4250-525+66] Op
average, sorption capacity achieved for multipollutants include
heavy metal ions, organic dyes, oils, and organic solvents are
within 1000 mg g™' for organic dyes and heavy metal ions. While,
less than 100 g g™ recorded for organic solvents and oils using
the advanced graphene sorbents. By grafting the basal plane of
graphene sheets with specific dopants and functional groups,
performance of advanced graphene sorbents toward sorption
of multipollutants can be greatly intensified in terms of their
dispersion in water, creation of surface charge, and mechanical
strength. Modification on the surface wettability and structural
architecture to create pores in graphene sorbent can give rise to
3D graphene sorbent with large pore volume, lightweight, and
high porosity for larger capacity of storing pollutants. Advanced
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Figure 10. Correlation of sorption capacity of advanced graphene sorbents grafted with heteroatom dopants and different functional groups for sorp-
tion of multipollutants (heavy metal ions, organic dyes, oils, and organic solvents) in water. MB: methylene blue; CV: crystal violet; SO: safranin orange;
MG: malachite green; EY: Eosin Y; MO: methyl orange; OG: Orange G; RhB: Rhodamine B; CR: Congo Red; 4-NP: 4-nitrophenol.
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graphene sorbents can be synergistically benefited from the
combination of these design approaches using different precur-
sors for targeting multiclasses of pollutants in water.

3.7. Benchmarking of Functionalized Graphene Sorbents

In the previous section, we established links between material
design and engineering through the integration of 3D porous
structures and grafting of dopants as well as functional groups
with their environmental performance showing several key
examples toward the removal of multiwater pollutants. These
results are promising but further improvement is still needed.
One barrier in designing these enhanced graphene sorbents for
the removal of multipollutants is the lack of accepted benchmark
comparison. Therefore, in the following section, four case studies
involving graphene and its derivatives modified with nitrogen-
doped precursor and different functional groups (sulfur,
nitrogen-, and metal oxide) were selected for benchmarking
studies to compare their sorption performance with their respec-
tive controls (GO and rGO) and to understand the impact of
dopants and functional groups towards multi pollutants removal.

A 3D nitrogen-doped graphene aerogel (N-GA) was hydro-
thermally prepared by adopting urea as a doping precursor
to tackle methylene blue and methyl orange in water. In this

www.afm-journal.de

synthesis, N-GA was grafted with nitrogen-containing groups
(—CONH, —NH,) apart from —OH group, which was also pre-
sent in its control form (GA). Enhanced adsorption efficiency
of 5780% and 74.66% for MB and MO, respectively, for N-GA
in relative to its control (GA) as shown in Table 1, suggesting
that the uplift of adsorption efficiency was attributed to the
effect of nitrogen doping that offers more adsorption sites for
uptake of both dyes. In order to resolve the aggregation issue
of graphene sheets in N-GA, polyvinyl alcohol (PVA) was
crosslinked between the graphene sheets by hydrogen bond
and provided a supporting skeleton in constructing the porous
structure of PVA-N-GA. Owing to the electrostatic attraction,
m—n and hydrogen bonds between the dyes and adsorbent, the
crosslinked composite (PVA-N-GA) effectively increased the
adsorption capacity of MB and MO to 216.96 and 165.1 mg g™’
compared to N-GA from 133.85 and 94.21 mg g™, respectively.
Moreover, PVA-N-GA also showed excellent recycling stability
even after five cycles and great affinity toward other anionic and
cationic dyes with >70% removal efficiency achieved. Hence, it
is apparent that graphene doping can efficiently improve the
sorption performance of graphene-based sorbent./’]

Sulfonated graphene (GS), functionalized by diazotiza-
tion approach using sulfanilic acid showed improved sorption
performance for multiple classes of pollutants (Cd**, meth-
ylene blue and phenanthrene) relative to GO (prepared using

Table 1. Comparison of doped- and functionalized graphene-based sorbents with their respective controls for multiple water pollutant control.

Type of sorbent Sorbent Main functional group Py M. pli Percentage change of maximum Refs.
capacity [mg g sorption capacity w.r.t. control [%]
Nitrogen-doped group N-GA —CONH Methylene blue 133.85 +57.80% (CA) [67)
~NH,~
Methyl orange 94.21 +74.66% (GA)
Control GA -0- Methylene blue 84.82 NA 67
~OH Methyl orange 53.94
Sulfur-containing group GS -SOH Cd (1) $7.6 +31.8% (CO); +448.6% (rGO) [40]
Methylene blue 906 +45.4% (GO); +566.2% (rGO)
Phenanthrene 400 46533.5% (GO); +163.2% (rGO)
Control Go -0- cd () a7 NA 140]
~OH Methylene blue 623
—COOH Phenanthrene 6.03
Control GO -Conjugated xsystem ad () 10.5 NA [40]
(sp*-hybridized carbon) Methylene blue 136
Phenanthrene 152
Metal oxide-containing rGO-ZrO(OH), =-0=- As (1) 95.15 +254.1% (Control) 68]
group —OH
-COOH
Metal oxides/hydroxides As (V) 84389 +363.6% (Control)
Control ZrO(OH); Metal oxides/hydroxides As (1) 26.87 NA (68]
As (V) 183
Nitrogen-containing GOf —CONH (< H{])] 285.714 420.0% (Control) 31
group Hg (1) 227.273 +6.8% (Control)
As (111) 131579 +77.6% (Control)
Control GO -0- cd (i) 238.095 NA 31
~OH Hg (1) 212.766
~COOH As (Ill) 74.074
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graphite precursor by modified Hummers method) and rGO
(prepared using GO precursor by chemical reduction method).
The design of sulfonated graphene was presented by adopting
sulfanilic acid, a precursor augmented with —SO;H, —NH,
and benzene groups, to overcome the aggregation issue of gra-
phene and hydrophilic surface of GO in regulating the effec-
tive adsorption sites for three different classes of water pollut-
ants. Among the three tested water pollutants, GS surpassed
GO and rGO with 906, 400, and 576 mg g™ maximum sorption
capacity for methylene blue, phenanthrene and Cd%*, respec-
tively. Meanwhile, GO demonstrated greater removal perfor-
mance for methylene blue (623 mg g™") and Cd** (43 mg g™)
compared to rGO with 136 mg g™' reported for methylene blue
and 10.5 mg g™' for Cd**. For phenanthrene, rGO (152 mg g*')
showed higher sorption capacity than GO (6.03 mg g”'). Despite
an immense reduction of oxygen groups observed in GS after
the functionalization reaction, the grafting of sulfur- and
nitrogen-containing groups at the sp® domains of graphene
endowed stronger binding affinity toward the studied water
pollutants. - and hydrophobic interactions are the primary
mechanisms that facilitate the adsorption of phenanthrene
onto the functionalized graphene adsorbent. The introduced
functional groups, —SO;H, allowed the formation of a stable
suspension, higher surface area, and the resulting defects cre-
ated on the edge and planes of GS, leading to a more effec-
tive interaction with phenanthrene. Electrostatic attraction is
found to be the dominant interaction mechanism between the
negatively charged GS and positively charged methylene blue.
Functional groups including —COOH and —SO;H are chiefly
responsible for the adsorption of methylene blue with an infe-
rior impact from 7-7 interaction as evidenced by the lower
sorption capacity of rGO. The adsorption of Cd** to the binding
site of GS can be attributed to cationic-7 interaction, which was
not observed for GO. As shown in Table 1, drastic improvement
of sorption performance was observed for GS compared to its
respective controls with >30% for Cd (1), >45% for methylene
blue and >160% for phenanthrene. Superior adsorption perfor-
mance of GS for the uptake of water pollutants from different
classes was due to the sulfanilic acid functionalization which
enabled a stable dispersion by decreasing the aggregation of
nanosheets during adsorption process. The —SO;H functional
group also gave rise to the recovery of sp’ hybridized plane
and effectively exposed the binding sites for different classes
of water pollutants. This study reaffirmed that the fabrication
of an ideal functionalized sorbent to tackle distinct category of
water pollutants is possible through a methodical and rational
functionalization approach!*

Modification of GO with hydrated zirconium oxide, GO-
ZrO(OH),, by hydrothermal and coprecipitation reactions for
simultaneous removal of As (IIl) and As (V) from water is
another evidence of the effect of functionalization in enhancing
the uptake of water pollutants. The grafted zirconium oxide
on the graphene structure greatly improved the removal effi-
ciency of As (I1I) and As (V), by 3.54 and 4.64 times, respec-
tively, compared to bare ZrO(OH), nanoparticles. Despite
the same equilibrium time (15 mins) attained in both cases,
GO-ZrO(OH), achieved higher adsorption capacity, 95.15 and
84.89 mg g' for As (I11) and As (V), respectively in relative to
26.87 and 18.31 mg g™ recorded for ZrO(OH), nanocomposite.
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Interestingly, 1:100 of GO:ZrO(OH), is the optimum mass ratio
for efficient uptake of As (I1I) and As (V) ions among the two
other investigated mass ratios, 1:40 and 1:150. It was surmised
that electrostatic attraction is the interaction mechanism that
governed the adsorption of arsenic ions to the binding sites of
the functionalized nanocomposite adsorbent. This study exhib-
ited enhanced sorption performance (>250% for As (III) and
>350% for As (V)) after the incorporation of graphene com-
pared to pristine ZrO(OH), as tabulated in Table 1. Hydrated
zirconium oxide modified GO demonstrated its simultaneous
As (I11) and As (V) removal ability in water with excellent recy-
clability, portraying as a promising adsorbent for arsenic uptake
from drinking water./®!

Chemically modified GO with 3-aminopyrazole (GO-f) con-
sisting of nitrogen-containing group exhibited highly efficient
simultaneous adsorption of Cd (II), Hg (II), and As (II1) from
aqueous solutions. GO-f was prepared by first refluxing GO in
a mixture containing SOCI, and DMF to form acyl chloride-
functionalized GO, followed by heating it with 3-aminopyrazole
in DMSO. The grafted nitrogen-containing functional groups
have improved the uptake of the three studied heavy metal ions
with a surge of 20%, 6.8% and 77.6% for Cd (1), Hg (II) and
As (I11) ions, respectively, in comparison to bare GO (Table 1).
The good adsorption performance of the functionalized GO can
be attributed to the combined adsorbent-adsorbate interaction
including physisorption, surface complexation, and electro-
static interactions.*!l

It is evident that modification of graphene with dopants and
chemical functional groups can effectively improve the adsorp-
tion capacity toward water pollutants from the four case studies
summarized above. Impressively, these case studies also con-
firmed that uptake of multiple class of pollutants using a single
sorbent can be achieved with comprehensive understanding on
the adsorption characteristics of adsorbents, binding chemistry
between the water pollutants and the grafted functional groups.
Rational design of multipollutant sorbents can be achieved
with controlled-tuning of the dispersion, wettability and type
of modifier to target the removal of pollutants from different
classes.

4. Sorption Properties—Performance Relationship

Numerous criteria in designing an ideal sorbent in terms of its
structural and physical properties, mechanical and chemical
resistance have been identified to dictate the success of waste-
water treatment./” Figure 11 depicts the typical physicochem-
ical properties required in a sorbent to target different classes
of water contaminants. Characteristics including surface wet-
tability, porosity, surface area, mechanical strength, and bulk
density are important parameters to clean up oil and nonpolar
organic solvents but some (wettability, bulk density and thermal
resistance) may not be applicable to effectively remove heavy
metal ions and organic dyes.*¥ The requirements of an ideal
sorbent for coping both heavy metal ions and organic dyes are
quite similar due to their interaction nature between these
water pollutants and the graphene-based adsorbents. Adsorp-
tion properties such as chemical composition, chemical resist-
ance, surface area, mechanical strength, and pore structure are
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Inorganics
(Heavy Metal lons)

Figure 11. Summary of prominent adsorption properties of advanced
graphene sorbents towards shaping an ideal multifunctional sorbent in
coping different classes of water pollutants including heavy metal ions,
organic dyes, oils and organic solvents.

vital for enhanced removal of heavy metal ions and organic
dyes. However, no link is made between the physicochemical
features, particularly the chemical properties of the advanced
graphene sorbents and their sorption performance over mul-
tiple water pollutants to date. There is a huge information gap
in terms of the comprehensive characterization profiles of the
graphene-based materials to correlate with their environmental
performance in the current literature." Record of a complete
coverage of the characterization profiles along with their respec-
tive sorption performance is scarce and nearly not established
for advanced graphene sorbents." Inadequate data on their
chemical properties also hampers a reliable link to be made
between the surface chemistry and the environmental perfor-
mance of graphene-based materials."™ Therefore, a meticulous
approach has been adopted to correlate the physicochemical
properties of advanced graphene sorbents including the chem-
ical composition, surface area and pore size with the sorption
performance of multiple classes of pollutants in this section.

4.1. Chemical Properties-Sorption Performance Relationship

Chemical properties of advanced graphene sorbents including
functional groups, chemical states, and electronic states of the
elements in the adsorbent can be complementarily unraveled
using Fourier transmission infra-red (FTIR), nuclear mag-
netic resonance (NMR) and X-ray photoelectron spectroscopy
(XPS) qualitatively and quantitatively. Relationship between
the chemical properties of the advanced graphene sorbents
with the sorption performance (Figure 12) is established for the
first time to correlate the underlying chemistry of the chemical
composition with the maximum sorption capacity achieved
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by the advanced graphene sorbents. Chemical composition of
advanced graphene sorbents can be determined using XPS,
energy dispersive X-ray (EDX) and CHNS organic combus-
tion techniques. CHNS technique can be regarded as a bulk
elemental composition analysis involving major components
in an organic sample undergo oxidative decomposition to form
carbon dioxide, water, elemental nitrogen and sulfur dioxides.
Relatively speaking, EDX can be considered as a subsurface
technique with a depth resolution of 0.3-5 pm while XPS, a
more surface-sensitive analysis, that quantitatively determines
the chemical composition of sample depth at <10 nm.”™ A gen-
eral expression of elemental composition in terms of common
atomic ratio including carbon-to-oxygen (C/O), carbon-to-
nitrogen (C/N) and carbon-to-sulfur (C/S) atomic ratio allows
comparison made on the effectiveness of functionalization level
across the reviewed advanced graphene sorbents in affecting
the sorption performance of water pollutants. With limited data
available on the chemical composition of advanced graphene
sorbents, a few examples (Figure 12) were identified to establish
a correlation between the common atomic ratios of advanced
graphene sorbents with the maximum adsorption capacities of
the pollutants investigated, which has previously never been
reported,131-33:354252.58.60.66b.7)

Generally, effectiveness of the oxidation process of graphite
can be gauged by the proportion of C/O atomic. A well-oxidized
graphitic oxide carries a C/O atomic ratio between 2.1 and
2.9.7% Taking magnetic CMC/SA/GO@ Fe;0, as example, pre-
cursors such as chitosan, alginate and iron oxide were adopted
to modify GO to adsorb three different heavy metal ions (Cu®,
Cd** and Pb?*) commonly found in industrial wastewater. Cal-
culated C/O atomic ratio (2.3) determined from XPS survey
peaks of Cls and Ols for CMC/SA/GO@ Fe;0, after func-
tionalization reaction. The C/O atomic ratio that falls within
2.1-2.9 clearly shows that the functionalized graphene sorbent
is a well-oxidized graphene composites even after grafting with
Fe;0, nanoparticles using ammonium hydroxide that tends to
reduce the oxygen content. The nitrogen content contributed
from the —NH; group in chitosan gave rise to C/N atomic
ratio of 275 in CMC/SA/GO@ Fe;0,, indicating a low nitrogen
content in CMC/SA/GO@ Fe;0; in comparison to other func-
tionalized graphene sorbents. Maximum sorption capacities of
189.04 mg g, 86.28 mg g™ and 55.96 were attained for Pb**,
Cd?**, and Cu?* using this functionalized graphene sorbent.!®!
Single pollutant system containing Pb?*, Cd**, Ni** and Cu?*
was targeted using GO-DPA sorbent modified by 2,2-dipyri-
dylamine (DPA) that led to C/O and C/N atomic ratio of 2.7 and
10.5, respectively. In relative to GO (C/O atomic ratio of 1.6),
GO-DPA with C/O atomic ratio of 2.7 can be regarded as a well-
oxidized functionalized graphene material despite a reduction
in its oxygen content after functionalization. Nitrogen content
as high as 6.22 atomic 9% was detected on GO-DPA after the
functionalization of GO that facilitated the attraction of the
tested heavy metal ions towards GO-DPA.3%

GO-f modified by 3-aminopyrazole, a functionalizing agent
with abundant of nitrogen containing groups, resulted in C/O
and C/N atomic ratio of 74 and 13.7, respectively, was used for
simultaneous adsorption of Cd**, Hg?, and As*. Elemental
composition results from EDX analysis demonstrated that
the C/O atomic ratio of GO-f (74) has been greatly increased
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Figure 12. Relationship between adsorption properties of a) C/O, b) C/N, and c) C/S atomic ratio of advanced graphene sorbents with their adsorption
performance in tackling multiple water pollutants. MB: methylene blue; OG: Orange G; CV: crystal violet; SO: safranin orange.

from GO (1.5), signifying a significant reduction of oxygen
content after modification using 3-aminopyrazole, which could
be attributed to the reaction between 3-aminopyrazole with
epoxide and carbonyl moieties on the surface of GO. Rela-
tively high nitrogen content (5.81 at%) was grafted on GO-f,
which could be responsible for the excellent adsorption perfor-
mance of the examined heavy metal ions.*"! Chemical composi-
tion of GO-SO,R was studied using XPS and CHNS analyses
to provide a more comprehensive information in terms of its
surface and bulk chemical composition. Based on XPS anal-
ysis, C/O atomic ratio of GO-SO,R has significantly reduced
to 1.27 from 2.0 (GO), suggesting an uplift of oxygen content
after functionalization using Na,S. Notably, enormous differ-
ence of C/S atomic ratio was found between the surface (30.1)
and bulk (1.7) analysis of GO-SO,R, suggesting that higher
sulfur-containing species was deposited in the bulk vicinity of
the functionalized sorbent compared to its surface. Coupling
with the high oxygen- and sulfur-containing groups found in
GO-SO,R, excellent maximum sorption capacities, 285, 217,
175, and 196 mg g, were attained for Pb®*, Cd**, Ni** and
Zn*' ¥ Combination of oxygen-, nitrogen- and sulfur-con-
taining groups precursor was adopted to fabricate 2-imino-
4-thiobiurent-partially rGO (IT-PRGO) for adsorption of dif-
ferent heavy metal ions such as Hg #, Pb¥, Cr¥*, Cu®, and
As®*. EDX analysis showed that IT-PRGO possessed C/O, C/N
and C/S atomic ratio of 6.5, 76, and 9.4, respectively, signifying
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successful modification of GO. Although a significant reduc-
tion of oxygen level observed in IT-PRGO, the high loading of
sulfur and nitrogen could be responsible for the highest max-
imum adsorption capacity, 624 mg g™, observed for Hg (11).7!
As confirmed by XPS analysis, magnetic graphene oxide
(MGO) developed with high oxygen loading (C/O atomic ratio
of 0.9) was found to possess good binding affinity towards Cd
(I1), methylene blue, and orange G. A decline of C/O atomic
ratio from 2.3 (GO) to 0.9 (MGO) after functionalization using
iron ammonium salts and ammonia, clearly indicated an
intense rise of oxygen content attributed to the decoration of
magnetite nanoparticles on GO. Great adsorption capacities,
91.29, 64.23, and 20.85 mg g, achieved by MGO could be
due to the high loading of oxygen in MGO. Trace 1.4 at% of
nitrogen (C/N atomic ratio of 26.6) found in MGO could be due
to the presence of remaining impurities found in the sample
and may not be relevant to be included in the discussion since
a higher nitrogen content (2.16 at%) was also detected in GO
prior to functionalization.’®! N/S-GBA, a nitrogen and sulfur
codoped graphene aerogel, recorded a higher C/O atomic
ratio of 74 in relative to 1.9 (GO), signifying an obvious drop
of oxygen content after functionalization using 2,5-dithio-
bisurea. N/S-GBA also recorded a relatively low C/N and high
C/S atomic ratio of 11.0 and 52.5, respectively, in comparison
to other functionalized graphene sorbents. As verified by XPS
analysis, loading of 795 at% nitrogen and 3.80 at% sulfur in
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N/S-GBA could be accountable for good maximum adsorption
capacities (200,878, 326.98, 226.02 and 129.54 mg g} toward
a binary pollution system (Cd™, safranin-O, crystal violet and
methylene blue, respectively)."!

3D porous graphene/lignin/sodium alginate (PG/L/SA) with
its calculated C/O atomic ratio of 2.8 has pronounced binding
effect towards Cd** and Pb?*, Based on XPS analysis, composi-
tion of oxygen detected on PG/L/SA (26.1 at% oxygen) has been
tremendously increased from nonfunctionalized porous gra-
phene (16.91 at% oxygen) after modification using lignin and
alginate. Alginate and lignin are polymeric chains laden with
oxygen functional groups that could greatly enhance the max-
imum adsorption capacities, 79.88 mg g™! and 226.24 mg g7,
of Cd* and Pb™, respectively.”™ Phosphorylethanolamine-
functionalized graphene foam (PNGF), grafted with phos-
phorus, oxygen and nitrogen-containing groups, has great
adsorption affinity towards Pb** and Cd**. Relatively high C/O
atomic ratio (3.7) and C/N atomic ratio of 29.9 were recorded
in PNGF as verified by XPS analysis. Although only 2.53 at%
nitrogen and 1.57 at% of phosphorus were detected in PNGF,
maximum adsorption capacities as high as 296 g g™ and
2549 mg g™' were achieved for Pb** and Cd* adsorption in
water./"™ An increased C/O atomic ratio (5.2) was found in
TCAS-rGO, compared to the pristine GO (2.2), indicating that
a significant reduction of oxygen level in TCAS-rGO after the
modification using TCAS. According to XPS analysis, nearly
half atomic concentration of oxygen (15.59 at%) was detected
in TCAS-rGO in comparison to GO (31.29 at%) with addition
of 2.88 at% sulfur found in TCASrGO. The decline of oxygen
content and increment of sulfur atomic concentration in TCAS-
rGO clearly indicated successful functionalization of GO for
high maximum adsorption capacities, 230 and 128 mg g™, for
Pb** and Cd%, respectively.*

4.2. Structural Properties-Sorption Performance Relationship

Since adsorption process is a surface phenomenon, structural
properties including pore size, total pore volume, and surface
area are critical in affecting the adsorption efficiency.*" Specific
surface area, often expressed in m? g7, is inversely proportional
to the particle size of a material based on the exposure of
binding sites of a sorbent with the water contaminants. The
smaller the particle size, the larger the surface area per unit
volume for greater interaction between the binding sites of sor-
bents with pollutants. Specific surface area of graphene related
materials can be measured based on the amount of physisorbed
gas (nitrogen gas) using BET (Brunauer-Emmett-Teller) tech-
nique or adsorption of organic dyes that can be determined
using UV-Vis spectrometry"2731

Adsorption efficiency of an adsorbent can be greatly influ-
enced by pore size as water pollutants that tend to remain on
the adsorbent surface will diffuse into the internal pores of
the adsorbent. Sorption capacity of an adsorbent is therefore
directly correlated to the pore size ratio of adsorbent, which is
linked to the size or dimension of the targeted pollutants.®%
Pore size of an adsorbent, can be classified based on the pore
width: micropore (<2 nm|), mesopore (2=50 nm) and macropore
(=50 nm} according to International Union of Pure and Applied
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Chemistry (IUPAC)."™ Presence of micro-, meso-, and
macropores in a sorbent material renders many benefits to the
adsorption of water pollutants. Macroporosity allows accessi-
bility of pollutants ranging from large to small size, thus enables
rapid diffusion into the sorbent materials. It is also advanta-
geous in terms of the recyclability of the sorbent material that
offers quick diffusion of heat without damaging the structure of
the sorbent during the removal of absorbed oil.¥] Adsorption of
smaller pollutant species such as inorganic ions occurs at the
micropores of an adsorbent while larger molecules such as dyes
are mainly trapped in the mesopores of an adsorbent.™ Pore
size is inversely proportional to the surface area of 3D graphene
sorbent materials to tackle viscous water pollutants such as
crude oil. Graphene sponges with larger opened pores, thinner
pore walls and interconnected pores are found to be more desir-
able to capture oils."™ The interconnected pore structure is also
favorable for the diffusion of metal ions that often follows the
intraparticle diffusion model. Rate of removal is usually higher
at the beginning of the reaction, which could be attributed to the
large surface area of 3D graphene-based materials/"’

It is therefore paramount to correlate the pore
size of advanced graphene sorbents with their corre-
sponding maximum sorption capacities as depicted in
Figum 13IiH._W,40,11.50,5]_5?—59.1:,52—6i,l’léb,lfs!i,]"la,?ﬂ Taking iD nitl‘og&n
and boron codoped graphene aerogel (B/N-GA) as an example,
enhanced textural properties including the specific surface area
and pore volume were observed in B/N-GA after the doping pro-
cess. With pore width ranging from 2.5 to 11 nm, mesoporous
B/N-GA exhibited a larger surface area (169.9 m® g™} and
higher total pore volume (2.21 em® g7') compared to its undoped
material (graphene aerogel, GA), 52.3 m? g' and 0.94 cm® g,
respectively. The enhanced textural characteristics of B/N-GA
led to excellent maximum absorption capacity (23 g g™') of dif
ferent types of oil and solvent pollutants in water.>"l

Magnetic cobalt ferrite-rGO (CoFe;0,-1GQ) exhibited pore
volume and pore size of 0.1490 cm? g " and 4.054 nm, respec-
tively, after modification using a mixed phase metal oxide.
High maximum sorption capacities of 299.4 mg g' for Pb?* and
1579 mg g™ for Hg® were achieved by CoFe,0,1GO with a
measured surface area of 169.9 m? g~'.*% Despite relatively low
surface area measured for EDTA-mGO (49.97 m? g™') among
the reviewed functionalized graphene sorbents, great binding
affinity was attained towards a single type of pollutant system
containing Pb*, Hg™, and Cu® ions. Significant improved
surface area was observed in EDTA-mGO (49.97 m® g') com-
pared to its controls including EDTA-Fe;0, (10.1 m? g% and
Fe;0; (125 m? g that led to high adsorption capacities in
EDTA-mGO.*Y Although low surface area, 30.13 m? g, was
detected in Fey0,~xGO, high maximum serption capacities,
526.32 and 118.55 mg g, were recorded for a binary pollu-
tant system consisting of methylene blue and Hg* ™ GOf
polyamideamine (GO-PAMAM) was found to possess excellent
adsorption affinity toward a single pollution system containing
Pb**, Cd*, Cu®, and Mn*" ions even with its low surface area
(25 m? g7'). The low surface area observed in GO-PAMAM
could be due to incomplete exfoliation of GO and agglomera-
tion in the fabrication process. Notably, GO-PAMAM, although
had low surface area, it still exhibited high adsorption capaci-
ties, 568.18, 253.81, 68.68, and 18.29 mg g, toward the studied
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Figure 13. Relationship between adsorption properties of a) surface area and b) pore size of advanced graphene sorbents with their adsorption per-
formance in tackling multiple water pollutants. MB: methylene blue; MO: methyl orange; CV: crystal violet; SO: safranin orange; MG: malachite green;

CR: Congo Red; 4-NP: 4-nitrophenol; MV: methyl violet.

heavy metal ions including Pb?*, Cd?*, Cu?*, and Mn** ions,
respectively.” 3D GO/polyethyleneimine (GO-PEI), a function-
alized graphene sorbent featured with its relatively high SSA
(526.4 m* g™, exhibited high adsorption capacities of 331 and
249.6 mg g, toward a single pollutant system containing ani-
onic methyl orange and cationic methylene blue, respectively.
Higher surface area attained in GO/PEI compared to its pris-
tine GO could be attributed to the internal spacing created
by the insertion of PEI between the lamellar structure of GO
after the modification process. Combination of the mesoporous
properties including high surface area and micropores with the
pore width between 3 and 4 nm of GO/PEI contributed to its
potential application in water purification.’””)

Surface area of GO-SO,R (102 m? g') decorated with multi-
tude of sulfur- and oxygen-containing groups was nearly twofold
higher than its pristine GO (57 m? g™ after functionalization
using sodium sulfide. Outstanding adsorption capacities (285,
217, 175, and 196 mg g™ for Pb?*, Cd**, Ni** and Zn?' ions,
respectively) were achieved with merely an average pore dia-
meter of 2.5 nm of GO-SO,R. This study implied that the sur-
face area of graphene sorbent material can be greatly enhanced
by functionalization using a sulfur-containing group pre-
cursor.’8! Nevertheless, it is sometimes challenging to deter-
mine if the good sorption performance achieved is the effect
from the increased surface area or from the effect of doping or
modification with functional groups. One way to attest if the
increase in sorption capacity is due to the increased surface
area rather than the grafted functional groups is by designing
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an experiment to prepare the same sorbent materials with
different sizes since particle size is inversely proportional
to the specific surface area of a material. Correlation between
the sorption performance and the effect of surface area can
be established by performing sorption experiments on these
different sized-sorbents materials. The outcomes from these
sorption experiments using the same sorbent material with dif-
ferent sizes (or surface area) can be used to confirm if these
factors (surface area or functional groups) make an impact on
the sorption performance of a sorbent material. Decoration of
MnFe,0; nanocrystals on GO nanosheets has tremendously
increased the surface area of MnFe,0,-GO to 316.8 m? g"! com-
pared to bare MnFe,0,, 675 m? g”\. The mesoporous character-
istic of MnFe,0,- GO with an average pore size of 4.2-5.6 nm
was found to render promising water purification application
as evidenced by its high adsorption capacities for a binary pollu-
tion system containing methylene blue and As (V).?* Polydopa-
mine-coated graphene nanosheets (PDA-rGO) with its relatively
high surface area, 280 m? g™, demonstrated promising adsorp-
tion performance toward a ternary pollution system. PDA-rGO
was used as a template with decorated gold nanoparticles that
catalyzed 4-nitrophenol at approximately 175 mg g™ maximum
adsorption capacity. Grafting of CaCO; onto PDA-rGO exhib-
ited excellent binding affinity towards Pb?* and Cd?*, at 365 and
210 mg g', respectively. About 25-42.5 g g™' sorption capaci-
ties were attained for different kinds of oils and solvents using
PDA-rGO aerogel. This comprehensive study clearly revealed
that different types of water pollutants can be effectively
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captured by manipulating the functionalizing agents and form
of the sorbent.!

5. Reality, Challenges and Opportunities

With the growing number of publications on the develop-
ment of graphene-related sorbents in this recent decade, it
is no doubt that advanced graphene materials have demon-
strated their promising potential in water purification treat
ment. Despite the good research progress already made
using graphene-related materials, however, in reality, certain
challenges as summarized in Figure 14 should be overcome
to maximize the full potential of advanced graphene sorb-
ents and their integration into advanced water purification
technologies.

5.1. Multipollutant Removal Approach

Although graphene sorbents have demonstrated satisfactory
sorption capabilities to remove different class of contaminants
ranging from heavy metals, organic dyes and to oils, majority
of these research studies focused on the removal of single
water pollutant under an ideal model system condition. Real-
izing that this ideal condition may not exist as the polluted
water systems are often made up of a wide array of pollut-
ants, an urgent call for a multipollutant modeling approach
aimed to target simultaneous uptake of coexisting water
pollutants is needed.”! In particular, the performance effi-
ciency for simultaneous uptake of coexisting water pollutants
from different pollutant classes using advanced graphene
sorbents has rarely been reported in the literature and can
be considered as one of the major gaps in adsorption studies.
A shift of current conventional single-pollutant modelling
toward multipellutant approach should be undertaken for a
more inclusive coverage of water pollutants assessment using
emerging advanced graphene sorbents!**# Hence, future
sorption studies should be extended to cover multi-pollutant
control assessment rather than just focusing on a single-
pollutant investigation.

www.afm-journal.de

5.2. Separation, Regeneration and Valorization

Effective separation and regeneration of advanced graphene
sorbents from trapped pollutants have become increasingly
vital to prevent the generation of secondary pollutants after
the adsorption process. Majority of the published work focus
on the sorption of pollutants with minimal efforts devoted to
the separation, recovery, and valorization of the spent sorbents.
In terms of separation, the use of magnetic separation concept
could be advantageous due to its time-, energy- and cost-saving
benefits to achieve sorbent separation from the treated water
using advanced graphene sorbents decorated with synthetic or
natural magnetic nanoparticles."l For regeneration of spent
sorbents, systematic studies to investigate experimental param-
eters including regeneration methods, type of eluents, stability
of sorbent materials and recycling times are essential criteria
to assure the stability and reusability of the sorbent materials.
Promising opportunities could be visualized on the valoriza-
tion of the postsorption sorbents that could reduce the potential
environmental footprint. This opens the door for economically-
viable alternatives to convert the spent sorbents to value-added
green products such as catalysts, soil conditioners, feed addi-
tives and bivactive compounds.™

5.3. Standardization and Database

One of the critical issues is dealing with the inconsistency of
experimental sorption parameters reported in the literature.
Incomplete studies of primary experimental sorption condi-
tions (pH, initial pollutant concentration, sorbent amount,
contact time, temperature and ionic strength) may result in
insufficient data that affects the evaluation outcomes of reac-
tion spontaneity, type of sorption mechanism and sorption
nature between the studied sorbent and pollutants. Taking GO
as an example, different maximum sorption capacities were
reported for the same studied contaminants despite the same
sorbent material (GO) used in the studies."" This discrepancy
could be due to the varied experimental conditions adopted in
the sorption studies. Therefore, it is challenging to make an
impartial comparison on the performance of sorbents. It is

Figure 14. Reality, challenges, and opportunities of advanced graphene serbents as emerging water purification technology.
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crucial to ensure that the details of the experimental conditions
used are explicitly recorded.

It should be highlighted that current literature has shown
inadequate characterization analysis performed on graphene
sorbent materials. As a result, formulating a correlation
between the sorption properties of the advanced graphene
sorbents with their corresponding sorption performances
is difficult."™I It is surprising to find that although sorption
properties (surface area, particle size, pore size, chemical
composition, and wettability) can greatly affect the sorption
performance, a number of these essential characterization
results are found missing after a thorough exploration in the
literature, Given that varied measurement conditions were
used to characterize the sorbent materials, the reliability of
the characterization outcomes can be sometimes arguable. The
disagreement found on the sorption performance outcomes
due to inconsistency of the investigated experimental condi-
tions and the sorption properties of advanced graphene sorb-
ents have been an unconsciously pressing issue that hinders
the commercialization of these emerging sorbents in water
purification treatment. A more rigorous standardization and
quality contral over the sorbents properties and their respective
sorption parameters should be implemented for future publi-
cation of sorbent-related work. Characterization techniques to
probe the sorption properties (morphology, textural, structural,
physical, chemical, and thermal properties) and experimental
sorption parameters (pH, contact time, initial concentration
of pollutant, sorbent amount, temperature, ionic strength,
competing ions, recycling times, and real sample assessment)
should be made mandatory for studies conducted on sorb-
ents. A universal comprehensive database pertaining the novel
advanced graphene sorbents should be developed with the
outputs generated to improve the understanding of sorption
properties—performance relationship for appropriate sorbent
material selection in wastewater discharged from different sec-
tors such as agricultural, textile, mining, or chemical manufac-
turing plants as well as natural waters including groundwater,
lake, river, and seawater.

5.4. Upscaling and Technology Integration

Current water purification technologies using advanced gra-
phene sorbents are also impeded by the up-scaling limitation
to transform laboratery batch studies to large-scale wastewater
treatment plants. It is discouraging that most of these novel
advanced graphene sorbents remain as laboratory-based tech-
nology despite outperforming the commercial sorbent mate-
rial (AC). The failure to extend the laberatory batch studies to
continuous investigations or pilot-scale testing could be attrib-
uted to the lack of integration of data science into the advanced
water purification technelogy. Thorough sorption performance
evaluation of the advanced graphene sorbents in the field oper-
ation could be first predicted using data mining and machine
learning approaches to accurately gauge the optimized condi-
tion under the practical and realistic pollutants removal envi-
ronment. The interaction of the sorbents with pollutants could
be greatly affected due to the complexity of water companents
in real assessments. Fitting of batch sorption performance data
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and characteristics of sorbent materials into machine learning
models could rapidly attest the practicability of the sorbent
materials based on the type of treated water systems that could
promise higher success rate of upscaling the laboratory tech-
nology for field operations, 7!

5.5. Environmental Impact and Sustainability

The boom in nanotechnology has shown promising prospect
of advanced graphene sorbents in water purification. However,
debate over the environmental impact and its potential risks
due to the introduction of nanomaterials including graphene
and its derivatives in water has been an on-going concern. A
cytotoxicity study revealed that GO with smaller nanosheets
was more cytotoxic than larger sheets with accumulation of
nanomaterial detected in the kidney and lung tissues of mice
in an vivo toxicological test,™ Nonetheless, the cytotoxic effects
of these nanomaterials can be dramatically reduced after con-
verting them into nanocomposites as proven by the decreased
cytotoxic activity of NIH 3T3 fibroblast cells in poly-N-vinyl car-
bazole graphene nanocompesites compared to graphene and
GO alone,®™ Integration of advanced graphene nanomaterials
with biocompatible polymers (alginate, cellulose, and chitosan)
by converting the nanomaterials in the form of a powder or
suspension to macroscopic polymers such as sponges could
help prevent the potential leaching of nanomaterials in water
by promoting water security and sustainability./7%6 Although
remarkable removal efficiency achieved by advanced graphene
sorbents in water purification, more research studies should be
propagated to understand their potential risks and toxicological
impacts upon exposure towards the environment and human

health.

5.6. Cost and Funding

Cost can be considered as one of the major barriers that
restricts the full scale translation and application of advanced
graphene sorbents as an alternative for existing sorbents in
the field operation. It is undeniable that AC beats graphene in
terms of its lower market price and availability. However, the
overall pollutant treatment cost should also take into account
the performance efficiency, treatment time and regeneration
feasibility for a sustainable water purification technology. Con-
sidering the outstanding performance efficiency and highly
regenerability portrayed by the graphene-based sorbents, only
a small amount of these sorbents is necessary to treat a large
pool of polluted water. This promises a more economically
feasible water treatment process in relative to the commercial
sorbents. It is worth noting that the market price of emerging
carbon sorbents based on CNTs, graphene, and its derivatives
is considerably dropping to values that can be competitive to
AC considering their greater performance.™ Today, the market
price of graphene and its derivatives has dramatically plunged
to ca $100 per kg due to an increase in graphene and its deriva-
tives production using mere economically feasible manufac-
turing methods. It is essential to highlight that graphene and
its derivatives are produced from a cheap raw source, graphite,
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with a price =$1000 per tonne. With the increase in number
of graphene producers in the market, it is expected that the
market price of graphene and its derivatives could hit even fur-
ther lower price in the near future. In addition, it has become
increasingly vital to incorporate the cost analysis to achieve a
more holistic cost projection on the novel sorbents developed
as showcased in some of the published work."*% Finally, more
opportunities including commercialization of sorbent mate-
rials, water-related research grants and scholarships from both
the academia and industry should be devoted in this area to
ensure the sustainability of on-going research and cope with
the pressing global water stress issue.

6. Conclusions and Prospects

We have reviewed the current progress on designing of gra-
phene sorbents and their performances for multipollutants
remediation in water based on heteroatoms dopants, oxygen-,
nitrogen-, sulfur, metals/metal oxides/metal sulfides- and
mixed-functional groups. It has shown that understanding the
building blocks of graphene could help define the interaction
mechanisms between them and the multipollutants in water.
Based on these findings, it is possible to build a roadmap for
rational design of emerging graphene sorbents to tackle the
challenging multipollutant control in water. The fundamental
structure-function-performance relationships have been evalu-
ated, establishing correlation between the sorption performance
of multi-pollutants in water and particular adsorption proper-
ties (surface area, pore size, type of functional groups, C/O,
C/N, and C/S atomic ratio) of advanced graphene sorbents.

The reality, challenges, and opportunities of graphene mate-
rials as emerging sorbents for advanced and sustainable water
purification technology have been critically discussed in a
broad perspective. Five identified challenges still remain to be
addressed:

1. Limited focus given on the treatment of practical multicom-
ponent water systems using sorbents
. Separation, regeneration and valorization of sorbents
3. Standardization of testing conditions and establishment of a
sorbent-performance database
4. Upscaling and sorbent technology integration for multipollu-
tant water purification
. Sustainability of accepted technologies
6. Cost and funding involved to ensure research and develop-
ment of advanced graphene sorbents that can be optimisti-
cally resolved in parallel with the fast-growing body of funda-
mental research.

~o

v

Due to increasing level of water pollution, and worsening cli-
mate change, the dwindling of clean water supplies is a “silent”
global challenge that could constraint future development. Over
decades of development, these graphene-based sorbents have
shown great improvement and promising results to meet the
requirements for the next-generation commercial water puri-
fication technology. We foresee the integration of advanced
graphene-based materials with other cutting-edge water genera-
tion technologies including solar energy water evaporation, fog
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harvesting and desalination of sea water to further address the
shortage of clean water globally.
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CHAPTER 3

3. FUNDAMENTAL UNDERSTANDING ON SURFACE ENGINEERING OF

FUNCTIONALIZED GRAPHENE MATERIALS

3.1. Overview and Significance of Work

Chapter 3 highlights the fundamental understanding on surface engineering and
structural design of functionalized graphene materials through the combined
modifications of chemical doping, reduction and thiol-ene click reaction. Resulting
derivatives from the combined modifications with varying levels and configurations
of oxygen, nitrogen and sufur within the graphene framework are comprehensively
studied using a series of characterization techniques (UV-Vis, Raman, XRD, TGA-
DTG, FTIR and XPS analyses). Fundamental mastery of functionalized graphene
materials with tailorable doping levels, functional groups and interfacial properties at
varied oxidation levels is developed. Findings from this chapter fulfil Objective 2 and

are consolidated in a published peer-reviewed research article.
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modifications”. Reproduced with permission.22 Copyright (2019) American Chemical
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ABSTRACT: The synthesis of graphene materials with multiple surface chemistries and functionalities is critical for further
improving their properties and broadening their emerging applications. We present a simple chemical approach to obtain bulk
quantities of multifunctionalized reduced graphene oxide (rGO) that combines chemical doping and functionalization using the
thiol-ene click reaction. Controllable modulation of chemical multifunctionality was achieved by simultaneous nitrogen doping
and gradual chemical reduction of graphene oxide (GO) using ammonia and hydrazine, followed by covalent attachment of
amino-terminated thiol molecules using the thiol-ene click reaction. A series of N-doped rGO (N-rGO) precursors with
different levels of oxygen groups were synthesized by adjusting the amount of reducing agent (hydrazine), followed by
subsequent covalent attachment of cysteamine via the thermal thicl-ene click reaction to yield different ratios of mixed
functional groups including N (pyrrolic N, graphitic N, and aminic N}, § (thioether §, thiophene 8, and S oxides), and O
(hydroxyl O, carbonyl O, and carboxyl O) on the reduced GO surface. Detailed XPS analysis confirmed the disappearance of
unstable pyridinic N in cys-N-rGO and the reduction degree threshold of N-rGO for effective cysteamine modification to take
place. Our study establishes a strong correlation between different reduction degrees of N-rGO with several existing oxygen
functional groups and addition of new tunable functionalities including covalently attached nitrogen (amino) and sulfur (C-S-
C, C=S§, and 5—0). This simple and versatile approach provides a valuable contribution for practical designing and synthesis of
a broad range of functionalized graphene materials with tailorable functionalities, doping levels, and interfacial properties for
potential applications such as polymer composites, supercapacitors, electrocatalysis, adsorption, and sensors.

1. INTRODUCTION

Graphene has sparked tremendous research interest over the
last two decades owing to its unique 2D structure, high surface
area, extraordinary electron mobility, notable mechanical
strength, thermal conductivity, and structural and optical
properties in a diverse range of applications across industrial
sectors including composites, supercapacitors, batteries, fuel
cells, inks, protective and functional cmtings.' Many of these
applications require specific chemical functionalizations of
graphene to achieve its integration with other materials, which
are different in nature including polymers, organic molecules,
biomolecules, metals, semiconductors, nanoparticles, or other
2D materials. Chemical functionalization of graphene powder
materials is particularly needed to make stable graphene—water
dispersions for improved processability to achieve better
incorporation of these materials for engineering new functional
and hybrid materials needed for broad applications.”

w ACS Publications  © 2019 American Chemical Society

Many functionalization strategies of graphene have been
explored over the last two decades based on covalent or
noncovalent chemical binding of organic molecules and
functional groups containing oxygen (ie., graphene oxide),
nitmgl,:n E:n‘m'm.}), sulfur (rm:n:aPto), fluorine, or h}r{.irﬂgl.:n to
the carbon atoms. These methods are mostly inherited from
the developments of “older” carbon nanoforms such as
fullerenes and carbon nanotubes that have paved the way for
the functionalization of graphene and its derivatives today.
Graphene oxide (GO), prepared from the oxidation and
exfoliation of graphite in the presence of strong acids and
oxidants, is one of the most popular forms of chemically
(oxygen) functionalized graphene wsed not only as an
important precursor to convert the intermediate, reduced
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GO (rGO), into produce bulk graphene but also for other
applications such as membranes, sensors, and composites. GO
addresses some inherent disadvantages of pristine graphene
such as high hydrophobicity, chemical inertness, and a lack of
dispersibility in water. However, GO also has some drawbacks
such as low conductivity and amolphous structure, which
hinder its broader applications.” Hence, a balance is required
between the desirable properties of both GO and graphene to
harness the benefits of both materials. Controllable reduction
and chemical functionalization are considered as a rational
approach in achieving these requirements is needed for many
applications.

Chemical functionalization of graphene bulk materials can
significantly lead to the generation of a new type of graphene-
based materials, which facilitates the unprecedented properties
of graphene with other compound classes.” Among many
explored reactions, the thiol-ene click route based on the
targeted attack on the sp® carbon using thiol radicals generated
by the action of either heat or light appears to be one of the
most efficient and promising strategies to achieve these tasks.” .
The assimilation of graphene with the thiol-ene click reaction
has recently gained remarkable attention in advanced macro-
molecular engineering and materials chemistry given the
attributes that this approach is highly efficient, versatile,
simple, catalyst-free, and proceeds in benign solvents under
mild reaction conditions in addition to the high yield
conversion, "

On the other hand, elemental doping of graphene with
selected elements (with N, §, B, and P) has been recognized as
a desirable approach for controlling the band gap and tailoring
the electrical and electron transport properties, as well as
electrocatalytic performances, of graphene. This approach
offers a unique way to extend the limited zero band-gap
cncrg-cs of graghcno by the hybridization of electronic orbitals
from sp® to sp’ and opening large band gaps (>4 eV), which
are important for many applications.”” ! Numerous strategies
were reported for individual (N) or co-doping (N and §) to
insert the dual atoms simultaneously into the carbon network
using gaseous, hydrothermal, and solvothermal processes with
different precursors such as ammonia,'” thiophene,'” 1-
cysteine,'" hydrazine,'” ammonium thiocyanate,'" etc. These
hybrid materials are used as catalysts to enhance the
electrocatalytic oxygen reduction,'’ as the anode material to
improve the adsorptuon capability of sodium ions in sodium-
ion batteries,'” and as metal-free cathode catalysts for the
application in direct biorenewable alcohol fuel cells.'
However, there are still limited studies on combining these
two concepts to target the heteroatom insertion in the
graphene lattice with surface functionalization, which can be
regarded as a highly valuable approach for engineering of a
broad range of bulk graphene hybrid materials needed for
many emerging applications.

The aim of this study was to demonstrate the combination
of simultaneous binary-heteroatom doping and click chemistry
to create bulk multifunctional graphene materials with tunable
surface chemistry for more diverse electronic, sensing, catalytic,
and adsorption properties and applications following our
previous study, which showed promising performance for
water remediation by applying multifunctional graphene
composites synthesized via the thiol-ene click reaction.'” In
this work, the controllable modulation of chemical multi-
functionality is proposed by consequent elemental doping and
gradual chemical reduction of GO using ammonia and

19788

53

hydrazine followed by covalent attachment of amino-
terminated thiol molecules (cysteamine) via the thermal
thiol-ene ¢lick reaction, which has not been addressed
previously. Qur primary focus is targeted on the fundamental
understanding of the changes in the surface property to
identify the chemical species (functional groups) of the thiol-
ene-clicked graphene composites using reduced graphene
oxide (rGO) with varied oxidation levels. The formation of
the resulting derivative of nitrogen-doped and cysteamine-
functionalized reduced graphene oxide (cys-N-rGQ) with
varying levels and configurations of oxygen, nitrogen, and
sulfur atoms within the graphene framework was confirmed by
a series of characterization techniques including UV—vis,
Raman, XRD, TGA=DTA, FTIR, and XPS analyses. Results
from this study underpin the fundamental mastery of
controllable functionalization to tailor the properties of
graphene and its derivatives using the combination of
simultaneous binary-heteroatom doping and click chemistry,
which is needed for a broad range of applications.

2. RESULTS AND DISCUSSION

2.1. Simultanecus Nitrogen Doping and Gradual
Chemical Reduction of GO. In the first experiment,
synthesis of N-doped reduced graphene oxide with a
controllable level of oxygen functional groups was performed
by simultaneous doping and chemical reduction of GO using
ammonia and hydrazine (details of synthesis conditions are
included in Table S1, Supporting Information). A series of
characterization results including TEM, SEM, and XPS are
summarized in Figure 1 and Table 52 to confirm the structural,
elemental, and chemical compositions of the prepared N-
doped rGO precursors, Figure 1A presents the SEM and TEM
images of the typical structure of GO sheets with sizes in the
nanometer range and thickness of a few graphene layers, which
are used for the entire experiments. The wrinkled and fairly
smooth surface of GO can be clearly observed from its SEM
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Figure 1. {A) FESEM image with the inset displaying the TEM image
of exfoliated GO nanosheets used for the synthesis of N-doped rGO
precursors. Plots of (B) XPS survey spectra with characteristic C 1s, O
15, and N Is peaks; high-resolution XPS of (C) C 15 scan and (D) N
15 scan with background subtracted; (E) C/O atomic ratios, and (F)
C/N atomic ratios for GO, N-GO, and N-rGO precursors (low, mild,
and high).
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image, whereas the ultrathin stacked GO layers can be seen
from the TEM image as incorporated in the inset of Figure 1A,

Figure 1B shows a series of survey XPS spectra recorded
from GO (control), N-doped GO (N-GO), and N-doped rGO
{N-rGO) with different levels of reduction (low, mild, and
high) showing characteristic C 1s, O 1s, and N 1s peaks
detected at ~285, ~532, and ~400 eV, respectively, indicating
the presence of carbon, oxygen, and nitrogen on the surface of
N-doped precursors. A series of individual high-resolution
peaks showing carbon, nitrogen, and oxygen peaks for all
prepared N-GO and N-rGO precursors to confirm their
chemical functionalities are depicted in Figures 1C,D and 51,
respectively. These spectra clearly demonstrated changes of the
peak intensity as a result of the reduction in oxygen
functionalities and the increased N-doping effect after
treatment with ammonia and hydrazine. Normalized atomic
percentages of C, O, and N calculated from the area of the
survey spectra under C 1s, O 1s, and N 1s peaks, respectively,
and their aspect ratios are summarized in Table 52 and Figure
1E and F, correspondingly. The XPS results showed that the
highest amount of oxygen was found in control GO, with
nearly 32% of oxygen detected. As expected, the atomic
percentage of oxygen was slightly reduced to ~31% for N-GO
and progressively to ~20% for the N-rGO precursor with the
highest reduction degree as the amount of hydrazine and
reduction time increased. The carbon-to-oxygen (C/0)
atomic ratio determined from the XPS survey scans (Figure
1E} confirmed these changes in reduction, showing a gradual
increase in the value {2.13, which is typical for GO) to 2.21
(N-GO), 2.52 (low N-rGO), 2.84 (mild N-rGO), and 3.80
{high N-rGO), which verified the gradual reduction of GO.
From the literature, it is reported that upon reduction, the C/
O atomic ratio can increase to 12 for highly reduced GO,
depending on the type and amount of the reducing agent and
the reduction conditions used.”’~** However, the primary goal
in this work was having a series of GO precursors with
different levels of oxygen functional groups (C/O atomic ratio
between 2 and 4}, which suited the next functionalization step
to attach thiol organic molecules with amino functional groups.

In addition to the decreased oxygen level, the use of
hydrazine treatment with ammonia on GO provides
simultaneous N-doping by the integration of nitrogen atoms
into the graphene network, while ammonia can also be used to
change the charge state of rGO sheets, preveutin? the
agglomeration of graphene sheets upon reduction.”™™ The
doping of N in the graphene network is confirmed from the
XPS survey spectra and reflected by the progressive increase of
N concentrations (Table 52) and surface-carbon-to-nitrogen
{C/N) atomic ratio, as illustrated in Figure 1F. Contrary to the
increasing trend of the C/O atomic ratio, the C/N atomic ratio
of rGO precursors was pronouncedly decreased from the
control to N-rGO of high reduction degree, implying the
growing amount of N incorperated into the rGO network as
the reduction degree increased. By adjusting the amount of
hydrazine and reduction time progressively, the atomic
percentage of O was found to decrease visibly, whereas that
of N was increased simultaneously. This finding suggests that
the elemental compositions of O and N on GO can be easily
dictated by varying the amount of hydrazine and reduction
time.

Further peak fitting analysis of the high-resolution XPS§ scans
of C 1s, O 1s, and N 1s was carried out to determine the
chemical environment and species present on the surface of

GO, N-GO, and N-rGOs. To ensure that the peak fitting
outcomes remain mathematically and chemically realistic, we
prudently fitted and deconvoluted the high-resolution C 1s
peaks into two main components (nonoxygenated and
oxygenated carbon) after imposing parameter constraints as
mentioned in the characterization section on their respective
position and full width at halfmaximum (fwhm) of the
components. The nonoxygenated C components include C-C
(sp® C, ~285 eV), C=C (sp® C, ~284.6 eV), C—=N (~285.7
eV), and C—§ (~2852 eV), while the oxygenated C
compenents consist of C—0-C (epoxide, ~287.2 eV), C—
OH (hydroxyl, ~286.6 ¢V), C=0 (carbonyl, ~288.1 ¢V}, and
HO-C=0 (carboxyl, ~289.0 eV). It is noteworthy that the
component assignments are conforming to the reported
literature, despite that some slight shifts in terms of the
position of the components were observed after the reduction
treatment.”” " The peak deconvolution studies of high-
resolution C 1s spectra of GO (Figu]'e §2A), N-GO, and N-
rGO are displayed in Figure 2A=D. Control GO and N-doped
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Figure 2. Plots of deconvoluted high-resolution spectra of (A—=D) C
1s and (E—H)} N 1s, and possible chemical structures determined
from XPS deconvolution analysis of (1) N-GO, N-tGO,,,, and N-
rGOys and (J) NorG Oy, after simultaneous N-doping and
reduction by ammonia and hydrazine l:nut drawn on sca]e).

GO (N-GO) showed typical characteristics of C 1s species for
GO with strongly oxidized surface and oxygenated functional
groups predominantly made up of epoxides (C—0-C),
carboxyls (HO—C=0), carbonyls (C=0), and hydroxyls
{C—OH). A higher peak intensity exhibited by C—O0-C (287
eV) relative to C—C (285 ¢V) is an indication of an ordinary
well-oxidized GO decorated with a plethora of oxygen
functional groups under a harsh oxidization process.”"' The
deconvoluted C 1s spectra of other rGOs with low, mild, and
high reduction degrees showed the same oxygen-containing
groups, however with weaker peak intensities, clearly
demonstrating a gradual reduction of oxygen groups. For low
and mild N-rGOs (Figure 2B and C), the spectra show similar
peaks of carbon species C—0—C (287 eV} and the C—C peak
(285 ¢V) with the enly difference that peak intensities are
decreased. However, for high N-rGO, its spectrum (Figure
2D) exhibits relatively weak C—0—C (287 ¢V) than C-C
(285 eV) peaks, revealing the formation of a highly reduced
graphene structure, which is in agreement with the previous
reports.'®*" In agreement with the C 1s narrow-scan analysis,
the O 1s XPS plots of all of these samples characterized by
their respective binding energies also indicated the formation
of different oxygen-containing groups including quinone,
aromatic C=0, aliphatic C=0, and aromatic C=0, which
are detailed in Figures S2B (GO) and S3(N-GO and N-rGOs).
On the other hand, a very intense C=C peak (284 eV) is
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Figure 3. Plots of (A) XRD, (B) UV—vis, (C) FTIR, (D) DTA, (E) Raman analyses, (F) I/l ratio measured from Raman spectra of GO, N-GO,
and N-rGO (low, mild, and high) samples prepared by simultaneous doping and reduction using hydrazine and ammonia.

observed for these materials for the product with the highest
degree of graphene reduction, as illustrated in Figure 2D,
The high-resolution and peak deconvolution studies of N 1s
spectra positioned at around 401 ¢V for N-GO and N-rGOs
are presented in Figure 2E—H. These results obviously indicate
a considerable buildup of nitrogen species in all of the
hydrazine-reduced GO. It could be seen that N-GO low and
mild N-rGOs could be resolved into three different nitrogen-
bonding configurations within the graphene lattice including
pyridinic N (bonded to sp® C in a hexagonal configuration) at
around 398.1—399.5 eV, pyrrolic N (bonded to sp* C in a
pentagonal configuration) at 399.8—401.2 eV, and quaternary
or graphitic N, which is sp™-hybridized found at 401.1—402.7
eV, as depicted in Figure 2E-H.* According to Park et al,, the
peak at around 400 eV can be allotted to pyrazoline groups
(non-aromatic 5-membered rings), which can be further
resolved into two N ls peaks at 398.6 and 400.5 eV
representing two N atoms in different chemical environments,
as illustrated in Figure 2E—H."” Interestingly, the high N-1tGOs
exhibited dissimilar chemical N environments with their
corresponding narrow peaks deconvoluted into pyridinic N
at 399.3 eV, pyrrolic N at 400.6 eV, and N-oxides of pyridinic
nitrogen at around 403 eV.** The N-oxides detected in high N-
rGO are commonly attached to nitrogen-containing dangling
bonds or physisorbed species, which is concordant with the
findings in the reported literature.”™ As proposed by
Stankovich et al, hydrazine is well known to feasibly ring-
open epoxides and form hydrazine alcohols. Although the
chemical environment of N species was not resolved in their
work, the significant nitrogen incorporation in the graphene
network further rendered the intriguing query on how the
mechanism of deoxygenation and re-establishment of the
graphene conjugated network can take place via hydrazine
treatment. The mechanism of simultaneous deoxygenation and
insertion of N in the graphene structure still remains an open
question.”’ In the work conducted by Park et al,, hydrazine
treatment of GO was proven to insert an aromatic nitrogen
moiety in a 5-membered ring at the platelet edges of graphene,
and the aromaticity of the pyrazole moiety can enhance
electron conduction in the rGO due to the reduced band gap
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and localized electronic states of the sp® configuration of N,
They also proposed that hydrazine-reduced/substituted
graphene oxide is a more precise description for GO treated
by hydrazine due to the doped N in the graphene structure.””
Meanwhile, it was reported that hydrazine also resulted in
nitrogen doping, evidenced by the XPS technique with about
286 at % nitrogen content detected as well as resolved
pyridinic N, pyrrolic N, and graphitic N discovered in the
graphene structure, demonstrating the excellent capacity
stability and improved cyclic performance in lithium-sulfur
batteries.”* Xie et al. found that graphene designed with high
percentages of doped pyridinic N and pyridone N (6.8—8 at %
of total nitrogen content) can be achieved by the combination
of ammonia and hydrazine under hydrothermal treatment,
which enhanced the capacitance and cyeling performance for
electrochemical applications_'“ Based on the literature
references and the detailed XPS analysis of high-resolution C
1s, N 1s, and O 1s in the present study, a series of N-doped
rGOs with varying oxygen levels can be simply prepared using
the chemical reduction approach, and the chemical structure of
the obtained N-doped precursors is schematically proposed in
Figure 21 and J. It should be highlighted that hydrazine exhibits
dual roles as a reductant and an N-dopant for graphene oxide,
which enables simultaneous N-doping and GO reduction to
achieve rGO with different functionalities including several
types of N groups (pyridinic, pyrolytic, and graphitic N)
combined with different levels of O groups (quinone, aliphatic,
and aromatic Q)"

To further verify these observations and the proposed
chemical structure of the prepared precursors, XRD, UV—vis,
FTIR, Raman, and DTA analyses were carried out and are
presented in Figure 3. XRD patterns in Figure 3A reveal the
characteristic peaks for GO (28 = 10.78%) and N-GO (28 =
10.76°), which were found to progressively reduce and
disappear in all of the prepared N-rGOs. A new broad peak
at around 26 = 24 was observed for high-reduction-degree N-
rGO, indicating the re-establishment of the conjugated GO
network, which could be attributed to the elimination of the
oxygen-containing groups intercalated between the GO layers
after the reduction reaction.’™*" Meanwhile, a weak peak at
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Figure 4. (A) Plots of XPS survey spectra with characteristic C 1s, O Is, and N 1s peaks and high-resolution XPS of (B) C 1s scan, (C) N 1s scan,
and (D) S 2p with background subtracted and their corresponding C/0, C/N, and C/S atomic ratios before and after cysteamine functionalization

of N-GO and N-rGOs.

around 26! ~ 43 was also found for high-reduction-degree N-
r(G0, which could be associated with the turbostratic band of
the disordered carbon materials.”” The obvious peak shift
observed in the XRD patterns of GO and N-rGO from
approximately 11 to 24° further affirmed the presence of
different reduction degrees of the N-rGOs due to varied
oxygen contents and doped N that resulted after the chemical
reduction treatment, as evidenced by the XPS analysis
discussed previously.

The reduction degree of the N-rGO precursors was also
confirmed by the UV—vis technique, and their respective UV—
vis spectra are illustrated in Figure 3B, which all show a single
absorption peak attributed to the a—r* transition of a C=C
bond in the aromatic carbon. The strong absorption plasmon
peak recorded for the N-GO at 227 nm is found to be almost
similar to that for GO at 230 nm, suggesting that oxygen
groups were not significantly reduced by the ammonia
treatment. On the other hand, different reduction degrees of
MN-rGOs exhibited signiﬁu:ant variations in their absorption
maxima, which can also be visibly recognized by the celor of
their dispersions (Figure S4, Supporting Information). In
Figure 3B, the absorption maximum has progressively shifted
to the right, moving from GO to N-rGO of high reduction
degree. The red-shifted spectra to a longer wavelength
indicated that there is a gradual increase in m-electron density
and the restoration of sp” carbon in the graphene network. ™
Complementing with the outcomes from XPS and XRD
techniques, the UV—vis results strongly suggest the formation
of N-rGO with different reduction degrees.

The FTIR spectra as depicted in Figure 3C show the
characteristic bands of GO and N-GO precursors in the
regions of 3100—3500, 1720, 1380, and 1218—1230 em™',
which can be ascribed to the stretching mode of hydroxyl and
the vibration modes of the carbonyl, C—OH, and epoxy
groups, respectively.’’ These transmittance bands are also
present in the N-rGO precursors but were slightly shifted after
the hydrazine treatment.’ It can be observed that the intensity
of the O=H (3000-3500 ¢cm™") and C—0—-C (1218—1230
cm™') bands gradually decreased and eventually the bands
disappeared, particularly for N-rGO of the highest reduction
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degree. This result indicated that oxygen moieties such as O=
H and C—0-C groups can be prominently removed when
using a large amount of hydrazine for a prolonged reaction
time. This finding is consistent with the previous studies,
where hydrazine is effective in removing in-plane oxygen
functional groups such as epoxy and hydroxyls, leaving the
edge moieties such as carboxyls and carbonyls on GO.*** The
declining peak intensity particularly for OH and C-0-C
groups on rGO precursors clearly manifested that N-rGO
precursors with gradual removal of oxygen groups were
effectively created, in good agreement with the outcomes
from the C/O atomic ratio determined using the XPS
technigue.

The thermal stabilities of GO, N-GO, and N-rGO samples
were evaluated by both TGA and differential thermogravi-
metric (DTA) analyses (Figures 55 and 3D, respectively).
Overall, it could be detected that all N-rGOs exhibited higher
thermal stability relative to GO, which reflects the success of
the reduction process of GO and the chemical reduction via
the removal of attached oxygen functional groups by hydrazine.
The caleulated derivative mass change at ~200 °C (from 1.057
to 0.052 wt %/°C for GO control to N-rGO with the highest
reduction degree) displayed in the DTA plots (Figure 3D)
verified that the oxygen moieties were removed progressively
by controlled chemical reduction using hydrazine. This peak
can be ascribed to the decompesition of labile oxygen-
containing functional groups, such as hydroxyl (—OH), epoxy
[-CH (0) CH-], and carboxyl (—~COOH) groups, between
the layers of GO nanosheets.” This finding demonstrates that
the effective stepwise oxygen reduction degree was introduced
into the N-rGO, which correlates well with the XPS elemental
composition, UV—vis, FTIR, and XRD results discussed in the
previous section. More details on the mass-loss events are
provided in Figure 55, Supporting Information,

Finally, Raman spectra (Figure 3E) of GO, N-GO, and N-
rGO with different reduction degrees were recorded to confirm
the structural features and defects formed during the doping
and chemical reduction processes. Two apparent peaks at
approximately 1344 and 1591 cm™' corresponding to the D
and G bands, respectively, are observed, in which the D band
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arises due to the breathing mode of aromatic rings, which
requires a defect for its activation, whereas the G band can be
related to the bond stretching of sp* carbon pairs in both rings
and chains.” The intensity ratio of the D to G bands, I/l
{measure for the degree of disorder), as illustrated in the inset
of Figure 3E, shows that the I/l ratio increases gradually
from control GO to N-rGO with the highest reduction degree.
The steady rise of I,/I; values strongly reflects that defects
were created in the reduced samples due to the removal of
oxygen groups and doping of nitrogen atoms during the
reduction of GO using hydrazine.” "™ This finding shows
that the amount of defect sites present in the N-rGO
precursors of different reduction degrees can be effectively
controlled via the amount of hydrazine and reaction time used.

2.2, Chemical Functionalization of N-rGO via the
Thermal Thiol-ene Click Reaction. In the second step, we
performed further chemical functionalization on N-doped GO
and N-rGO with different levels of reduction using amino-
terminated thiol (cysteamine) via thiol-ene click chemistry to
demonstrate the synthesis of graphene with a broad range of
multifunctionalities, which includes doped nitrogen, oxygen,
amino, and sulfur functional groups. A series of character-
ization methods were used again including XPS, XRD, FTIR,
TGA-DTA, and Raman analyses to confirm the structural and
chemical composition changes.

The XPS survey spectra of click-chemistry cysteamine-
functionalized N-rGOs (cyst-N-rGQ) are shown in Figure 44,
and the corresponding peaks of C 1s, O Is, N 1s, and 5 2p
located at ~285, ~400, and ~164 eV, respectively (Figure 4B—
D), clearly indicate the successful incorporation of new
nitrogen and sulfur species into the rGO framework, The
atomic concentrations of all the cysteamine-functionalized N-
GO and N-rGOs are tabulated in Table 53, and the elemental
ratios of C/0, C/N, and C/S were also calculated to
determine the chemical composition of cys-N-rGOs after the
covalent attachment of cysteamine, which are depicted in
Figure 4B—D. These figures and ratic numbers indicate that
the C/O ratio of cys-N-rGOs increases when compared to that
of their respective N-tGO intermediates. It should be noted
that the C/O atomic ratio of cys-N-rGOs was found to be in
the range of 3.50—6.17 compared to 2.21-3.80 for N-rGOs,
revealing that a further reduction event had occurred with
more oxygen atoms being removed in the treatment using
cysteamineg, indicating the role of cysteamine both as
covalently attaching molecules and as an additional reducing
agent in this thiol-ene click chemical reaction. Meanwhile, a
substantial drop of the C/N atomic ratio is observed in cys-N-
rGOs (Figure 4C) when compared to their respective N-rGO
precursors (Figure 1F) visibly indicating that cysteamine is
adding more nitrogen into the graphene network by having
amino groups on their ends, It is important to mention that the
C atomic percentage of functionalized cys-N-rGO increases
{Table 53) when compared to that of its respective N-rGO
precursors {Table 52), signifying the effective functionalization
of N-rGOs and attachment of new cysteamine molecules since
each cysteamine molecule has two C atoms, which enhanced
the total amount of C. An interesting trend showed that
cysteamine modification tends to attach more nitrogen per
carbon atom onto N-GO compared with N-rGO. An
increasing C/8 atomic ratio was observed for cys-N-GO
{2.62 at %5) and cys-N-rGO with low (2.45 at %5) and mild
(2.28 at %5) reduction levels, implying that a slightly greater
amount of sulfur per carbon atom was grafted into the

graphene network. Interestingly, high cys-N-rGO with N-rGO
of the highest reduction degree exhibited the lowest amount of
sulfur being anchored. The significant trend found in the C/N
and C/§ ratios of cys-N-GO and cys-N-rGOs could be related
to the presence of oxygen functionalities on the GO surface,
which may imply the presence and the role of oxygen groups as
activation agents of C=C in the thiol-ene click reaction, as
alse highlighted by Luong et al.”

The peak deconvolution studies of the C 1s profile for cys-
N-rGOs are displayed in Figure SA=D. A significant decrease
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Figure 5. Plots of deconvoluted high-resolution (A—D) C s, (E—H)
N 1s, and (I-L) 8 2p peaks of cys-N-GO and cys-N-rGOs formed
from their corresponding N-rGO precursors at different reduction

levels.

of the C=C signal (284 ¢V) was observed for all cys-N-rGOs
relative to their respective N-rGO precursors (Figure S6,
Supporting Information), suggesting that C=C species were
prominently involved in the functionalization using cyste-
amine. On the other hand, a substantial decline in the C=0=C
(287 eV) peak was also noticed for cys-N-GO and mild and
low cys-N-rGOs in contrast to their respective N-rGO
precursors. The cysteamine-directed reduction events, ie,
hydrogenation and oxygen removal on these carbon species,
could be greatly responsible for the diminished signals.” The
dramatic decline of the C—0—C peak could be linked to the
reduction process, whereas the obvious fall trend observed for
the C=C bond can be associated with the thiol-ene reaction,
which targeted the s;|:r2 C on the graphene network to click the
—=5H group on the cysteamine molecule via the thermal thiol-
ene click reaction. Remarkably, the C—S§ species (285 eV) was
detected in all the spectra of cys-N-rGOs. The formation of
C=5 species in all cys-N-rGOs can be prominently attributed
to the successful anchoring of cysteamine onto the graphene
oxide surface via the thermal thiol-ene click reaction.
Apparently, the results showed that both the reduction and
modification processes occurred simultaneously, This discov-
ery divulges and confirms the synergistic role of cysteamine not
only as an effective functionalization agent but also as a
reducing agent, which was evident in our studies and has been
supported in the literature, ™

From the N 1s deconvolution analysis, two major N 1s peak
components at around 399.8—401.2 and 401.1-402.7 eV
(Figure SE=H), which could be assigned to pyrrolic and
graphitic N, respectively, were detected in all of the cys-N-rGO
derivatives. Simultaneously, the binding energies positioned at
around 399 and 401 eV are also known to be attributed to C—
NH, and N—H bonds (N connected to a single C),
respectively, which could contribute to the same peaks as
found in the high-resolution N 1s spectra of all cys-N-
rGOs. ™% The presence of C—NH, and N—=H in all final
products revealed that cysteamine molecules have been
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successfully clicked on their respective N-rGOs via the thiol-
ene click reaction, as verified in the previous analyses. For cys-
N-GO, an additional peak at 403.4 eV due to the formation of
oxide-N species on top of the pyrrolic and quaternary N was
also identified in its N 1s narrow spectrum (Figure SE).** On
the other hand, only two dominant peaks, corresponding to
pyrrolic (399.8—401.2 V) and graphitic (401.1—402.7 eV)
nitrogen, were observed for the rest of the cys-N-tGO
samples.”* Further quantification details for the N1 scan can
be found in Table 54, Supporting Information. It should be
highlighted that pyridinic N, which was initially present after
hydrazine treatment, disappeared in all of the derivatives after
the cysteamine functionalization. Despite the low amount of
pyridinic N present initially after the N-doping process, the
diminished pyridinic N could also be linked to the favorable
degradation of this N species in the form of NH; after
recombination with NH, through the diffusion during the
cysteamine functionalization.'” It has been reported that the
control of the type of N species formed in the doped graphene
network plays a very important role in affecting the
electrochemical behavior of supercapacitors.”"” From the
previous studies, pyrrolic N is found to increase the wettability
of graphene in aqueous electrolytes besides its enhanced
contribution to pseudocapacitance. Quaternary N can give rise
to better electron transfer by decreasing the intrinsic resistance
of carbon, particularly at high current loads, which affects the
energy storage performance of supercapacitors.’"” In the
presence of a lone pair of electrons and higher electronegativity
(relative to carbon) exhibited by nitrogen, the doped N can
unreservedly play its roles as the Lewis basic sites to enhance
the charge transfer, which aids in disrupting the chemically
inert graphene network in terms of its electronic properties.”
Moreover, the doped N can also act as an electron pair donor
to form a metal comFlex with heavy metals for water
purification applications.” Therefore, the development of the
cys-N-rGOs with controlled content and tailorable N species,
as described in this contribution, is important to provide
insights into the material design for applications with a specific
interest.

The peak deconvolution analysis of S 2p for cys-N-rGOs was
performed by fitting the § 2p doublet (2p,,; and 2p,,,) at a
peak area ratio of 2:1 with 1.2 eV of spin—orbit splitting
between these two doublet peaks, and the results are depicted
in Figure 5I=L. In general, all cys-N-rGOs displayed similar
peak profiles, except for N-GO, which exhibited an extra
shoulder in the contour with the presence of a variety of S
species including thicether §, C—5—C, (164.0 eV}, thiophene
S (163.6 V), thioketone C=S (165.1 V), and SO, (166.7
V), as shown in Figure 5177 For cys-N-1GO with low
reduction level, only sulfur species of C=5—C and C=5 were
found, whereas C—5—C and 5—0 species were discovered in
the rest of the cys-N-rGOs, as demonstrated in Figure SI-L.
One of the most apparent findings from this high-resclution §
2p deconvolution analysis is the detection of C=5-C species
in all of the cys-N-rGOs, as evidenced by its corresponding
doublet (S 2py, at ~163.9 ¢V and § 2p,, at ~165 V). The
quantification details of each § species are included in Table
S5, Supporting Information. The formation of C—S—C species
on the surface of the final products strongly proves the
successful event of clicking —SH species from the cysteamine
molecule on the N-rGO precursors via_the surface-function-
alized thermal thiol-ene click reaction.®” Given the chemical
structure of cysteamine as HS—=CH,CH,~NH,, the detection
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of the C=5-C peak on all cys-N-rGOs clearly revealed that
the cysteamine molecules are neither physically attached nor
chemically bonded via amino groups but covalently bonded
through the active functional group (—SH) to the rGO surface
via the thermal thiol-ene click reaction, as proposed in this
work. Our results also indicate that the fixed GO/cysteamine
ratio used in this study is the main factor to determine the
amount of § being grafted onto the surface of graphene, with
the reduction degree threshold at the ratio of hydrazine,/GO =
0.15 for 24 h reduction time. Moreover, owing to the lone pair
of electrons possessed by sulfur, the sulfur-rich graphene
composites including cys-N-GOs prepared herein can also act
as an additional functional group providing an electron pair to
form coordinate bonds that can be used for many applications
such as the binding of the heavy metals (electron pair
acceptor) for remediation of contaminants in the environ-
ment,'™ As reported in the literature, the variation of
chemical states of sulfur specifically related to the oxidized
sulfur species incorporated into the carbon network plays
significant roles in modulating the surface chemistry for
designing high-performance uapacitors_"’t"“' In our present
study, it can be clearly observed that a combination of different
§ environments existing in a tunable amount was created when
GO with different reduction degrees was subjected to the thiol-
ene click reaction. This is an important finding and a new
strategy for the design of graphene materials with properties of
both graphene and GO with a specific combination of chemical
elements and functionalities required for catalysis, environ-
mental remediation, and energy storage applications,

Based on the XPS analysis of high-resolution peaks of C 1s,
N 15, and 5 2p and literature data, the chemical functionalities
of the obtained cys-N-rGO derivatives are identified and
schematically presented in Figure 6. It could be seen that by
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Figure 6. Proposed general chemical structure with main functional
groups detected on the multifunctional derivative, cys-N-rGO, formed
from the N-rGO precursor.

attaching the amino-terminated thicl molecules on N-doped
rGO via thiol-ene click chemistry, it is possible to create a
more complex multifunctionality on graphene with additional
amino and sulfur functional groups. To further confirm the
presence of nitrogen, oxygen, and sulfur functional groups in
the prepared cys-N-rGO derivatives, further analyses using
Raman, FTIR, TGA=DTA, and XRD techniques were
performed, with their results summarized in Figures 7 and 7.

The presence of functional groups in cys-N-rGOs was
investigated using FTIR analysis, and the results are displayed
in Figure 7A. The first transmittance signal we can locate in the
spectra is the —OH group stretching vibrations at ~3400 cm™
where this peak can also be found in GO, N-GO, and low and
mild N-rGO precursors (Figure 3C). Among all of the cys-N-
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Figure 7. Plots of (A) FTIR, (B) DTA, and (C) Raman analyses and (D) Ip/l; ratio for cys-N-GO and cys-N-rGOs formed from their
corresponding N-GO and N-rGO precursors at different reduction levels,

rGOs synthesized, this specific =OH moiety was observed only
in the spectrum of eys-N-GO, implying that some hydroxyl
groups that are originally present in its respective N-GO
precursor (Figure 3C) still remained intact in the cys-N-GO
network after cysteamine functionalization. From the FTIR
analysis, it can be observed that the chemical reduction by
cysteamine via the removal of the O=H group is incomplete
for cys-N-GO, whereas it is complete for the rest of the cys-N-
rGOs. This discovery is in good correlation with the XRD
result of all cys-N-rGOs discussed in Figure 57A, Supporting
Information. Furthermore for all of the cys-N-rGOs studied,
the appearance of a new peak near 1435 ecm™' (enlarged Figure
7A), which can be attributed to C—5 vibrations, was also
detected.™ A detailed inspection of the two peaks positioned
at 1384 and 1548 ecm™' (enlarged Figure 7A), which can be
attributed to the stretching vibrations of C—N and N-H,
respectively, was also identified.”" ™" It is essential to note that
all the peaks corresponding to N—H, C-N, and S—H
vibrations were not detected in the FTIR spectra of their
respective N-rGO  precursors. Moreover, no absorption
associated with the stretching vibration of the S—H Eroup,
commonly recorded between 2500 and 2600 cm™ was
observed, signifying the breaking of the S—H bond in
cysteamine to covalently attach on the reduced graphene
sheets via thiol-ene click functionalization,””™ Coupled with
the strong evidence from these observations, we can infer the
successful grafting of the cysteamine functional groups onto
the graphene framework via the thermal thiol-ene click
reaction, which converted the N-GO and N-rGO precursors
to cys-N-GO and cys-N-rGOs, respectively.

The TGA-DTA graphs of all cys-N-GO and cys-N-rGOs
(Figures S7B and 7B) show a stepwise decreasing trend at
approximately 200 “C in which this pattern is very similar to
that of their respective N-rGO precursor thermograms ( Figure
3D). The percentage mass loss for all cys-N-rGOs in this
temperature range is significantly lower compared to that of
their respective N-rGO precursors, which implies that the
amount of the oxygen moiety in cys-N-rGOs is lesser
compared to that in their respective N-rGO precursors.
Cysteamine was proven, with its reducing ability, to carry
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out reduction by removing the labile oxygen functional group,
which could explain this result of mass loss observed at
approximately 200 “C. The thermograms of cys-N-rGOs also
demonstrated a final steep mass loss starting at around 600—
700 “C in which this could be linked to the pyrolysis of the
more stable and labile oxygen-containing residuals attached to
the skeleton of carbon atoms. It was observed that the final
mass loss for most of the cys-N-rGOs (Figure 7B) produced
was slightly shifted to a higher temperature compared to that
of their respective N-rGO precursors (Figure 3D). This implies
that higher thermal stability can be attained for the end
product, cys-N-rGOs, in contrast to their respective N-rGO
precursors, which can be explained by a higher reduction rate
induced by additional reduction by cysteamine. The
appearance of a weak shoulder at around 250 °C for all cys-
N-rGOs (Figure 7B) and its absence in the thermograms of
their respective N-rGO precursors (Figure 3D) further confirm
that the N-rGO precursors have been successfully modified
with cysteamine., This weak signal can be highly correlated to
the detachment of cysteamine from cys-N-rGOs, which
evidently suggests the successful incorporation of cysteamine
into cys-N-rGOs sheets, This finding is also consistent with our
previous study showing cysteamine can also be anchored onto
graphene oxide via a one-pot modification approach."”

The structural features and defects formed in the end
product, cys-N-rGOs, investigated using Raman spectroscopy
(Figure 7C) with two intense characteristic bands (D band at
1342 em™ and G band at 1589 cm™'), were identified. The
intensity ratios of the D and G bands (I/I;) for all cys-N-
rGOs were calculated and compared with those of their
respective N-rGOs demonstrated in Figure 7D. In comparison
to all N-rGO precursors, it can be seen that all cys-N-rGOs
exhibit higher I5,/I; values. This observation revealed that
more defects were being created in cys-N-rGOs after the
modification using cysteamine. Additionally, the amount of
defect sites generated in cys-N-rGOs is highly dependent on
the reduction degree of N-rGO precursors used, as manifested
by the enhanced Ip/lI; ratio after cysteamine-directed
modification. In short, the higher the reduction degree of the
N-rGO precursor used, the more defect sites eventually created
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in the end product, cys-N-rGOs, which is an indication af
successful anchoring of cysteamine on the surface of the N-
rGO precursor.

3. CONCLUSIONS

In summary, we have demonstrated a simple modification
approach of graphene materials that combines chemical doping
and functionalization, which is able to control their chemical
composition and level of multiple functional groups with O, N,
and § elements. The synthesis of a broad range of graphene
precursors (N-rGO) with different functionalities was
performed by simultaneous nitrogen doping and gradual
chemical reduction of GO using ammeonia and hydrazine,
followed by covalent attachment of amino-terminated thiol
molecules (cysteamine) using the thiol-ene click reaction.
Controllable modulation of the chemical multifunctionality of
synthesized cys-N-doped rGO (cys-N-rGO) derivatives with
different levels of oxygen groups (carboxyl, hydroxyl, and
carbonyl) and different ratios of mixed functional groups
including N (pyrrolic N, quaternary N, and aminic N} and S
(thioether S, thiophene §, and § oxides) is confirmed by
comprehensive characterization techniques including UV—vis,
FTIR, Raman, XRD, TGA—DTA, and XPS analyses. Thorough
XPS analysis showed the introduction of doped binary
nitrogen- and sulfur-containing groups, in particular of pyrrolic
N and quaternary N as well as thioether § and thiophenic §,
whose level can be controlled by modulating the reduction
degree of GO prior to modification using cysteamine. In
addition, the XPS analysis also confirmed the disappearance of
unstable pyridinic N after cysteamine modification, which
unveils the protocol for the future design of N-doped graphene
derivatives, in particular for oxygen reduction catalysts. This
study provides mechanistic insights into the role of reduction
degree of GO to be used as a synthetic platform combined
with other functionalization methods such as click chemistry to
create graphene materials with complex chemical multi-
functionality and desirable interfacial properties such as doping
level needed for a wide range of polymer composites, sensors,
environmental, catalysis, and energy storage applications,

4. EXPERIMENTAL SECTION

4.1. Materials. Natural graphite rocks were obtained from
a local mining site (Uley, Eyre Peninsula, South Australia,
Australia), crushed into powder using a benchtop ring mill
(Rocklabs), and sifted using a 25 pm sieve. Potassium
permanganate (Sigma-Aldrich), 85% w/w phosphoric acid
(Chem-Supply), 98% sulfuric acid (Chem-Supply), 30%
hydrogen peroxide (Chem-Supply), 36% hydrochloric acid
(Chem-Supply), 64—65% hydrazine monohydrate (Sigma-
Aldrich), 30% ammonia (Chem-Supply), cysteamine hydro-
chloride (Sigma-Aldrich), N,N-dimethylforamide (DMF,
Chem-Supply), 2,2-azobis-2-methylpropionitrile (AIBN,
Sigma-ﬁldrich}, hexane (Chem-Supply), ethyl acetate
(Chem-Supply), and ethanol (Chem-Supply) were used
directly without prier purification.

4.2, Preparation of Graphene Oxide (GO). GO was
synthesized by the oxidation of graphite according to improved
Hummer's method."" Briefly, sieved graphite powder (<25
pum, 3.0 g) was added to a round-bottom flask containing
KMnQO, (18.0 g). The acid mixture (9:1 H,50,/H;PO,) was
cooled to 4 °C and slowly poured onto the graphite powder in
the presence of KMnO, and stirred at room temperature
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before heating (60 °C, 16 h) to form a thick paste. The formed
paste was cooled to room temperature; poured onto ice cubes
in the presence of hydrogen peroxide (3 mL); washed with
distilled water and 30% hydrochloric acid, followed by distilled
water and ethanol. The product was centrifuged at 4200 rpm
for each successive wash. The obtained GO was dispersed in
ethanol and freeze-dried to give a brown product.’”

4.3, Preparation of N-Doped Reduced Graphene
Oxide (N-rGO). A series of N-rGO samples with several
reduction degrees were prepared by the reduction of GO
according to reported methodology by Morimoto et al.'®
Prepared GO (400 mg) was dispersed in distilled water (2 mg
mL™"} in a glass reaction flask. Hydrazine monohydrate (32,
6030, and 120 pL) was added into separate reaction flasks
containing GO dispersion. The mixtures were sonicated (10
min), ammonia (80 L) was added, and the mixtures were
heated with magnetic stirming (90 °C, 2 h). N-GO was
prepared as a control without hydrazine monohydrate.
Subsequently, the as-formed products were cooled to room
temperature, washed several times with distilled water and
ethanol, and dried (40 “C, 24 h) prior to characterizations.

4.4, Synthesis of Cysteamine-Functionalized N-GO
and N-rGO (cys-N-GO and cys-N-rGO). Cysteamine-
functionalized N-rGO (cys-N-rGO) was prepared as pre-
viously described in our work with some modifications.’” N-
rGO (100 mg) was added to DMF (50 mL), sonicated (30
min) to obtain a homogeneous dispersion, and purged with N,
gas (30 min) to create an inert environment. The cysteamine
reaction mixture consisting of AIBN (200 pL), cysteamine
hydrochloride (200 mg), and DMF (100 mL) was sonicated
(30 min) and added into the N-rGO dispersion. The
dispersion was purged with N, gas for further 30 min and
transferred into a round-bottom flask, which was sealed and
heated (70 °C, 12 h) in a silicon oil bath. Similarly, N-GO was
treated with the cysteamine reaction mixture to produce cys-N-
GO. The resulting product was cooled to room temperature
and washed with a mixture of 1:1 hexane/ethyl acetate,
followed by ethanol and distilled water. The product was then
freeze-dried and characterized to obtain the corresponding
cysteamine-functionalized derivatives.

4.5, Characterizations. Prepared GO, N-GO, N-rGO, cys-
N-GO, and cys-N-rGO were characterized using several
techniques including UV—visible absorbance (UV—vis), Four-
ier transform infrared (FTIR) spectroscopy, Raman spectros-
copy, thermogravimetric analysis (TGA), and X-ray photo-
electron spectroscopy (XPS). Scanning electron microscopy
(SEM) (Quanta 450 FEG, FEI} at an operating voltage of 10
kV and transmission electron microscopy (TEM) (Tecnai G2
Spirit) at an operating voltage of 100 kV were used to
characterize the morphology of the GO. UV—vis analysis was
conducted using a Shimadzu UV—vis spectrometer (UV-1601)
in the range of 200—800 cm™' to probe the reduction degree of
the samples prepared. All of the samples were diluted in
ethanol prior to measurements at room temperature, with at
least three independent runs of reproducible results obtained
for each sample. FTIR spectroscopy (Nicolet 6700, Thermo
Fisher) in the range of 500—4000 cm™' was carried out under
attenuated total reflection (ATR) mode to identify the
functional groups in the materials. Raman spectroscopy
(LabRAM HR Evolution, Horiba Jvon Ywvon Technology,
Japan) with a 532 nm laser (mpe 3000) as the excitation
source was used to determine the vibrational properties of the
materials. All of the spectra were recorded with an integration
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time of 10 s, each on three different spots. An X-ray
diffractometer (600 Miniflex, Rigaku, Japan) equipped with a
Cu X-ray tube was used for analysis on GO, N-doped and
cysteamine-functionalized materials to unveil the composition
of the materials in the range of 28/ = 5—80% at 40 kV and 15
mA with a 10° min™" scan speed. The thermal stabilities,
reduction degrees, and functionalization levels of the materials
were investigated using TGA (Q500, TA Instruments) under a
nitrogen atmosphere with the samples heated to 900 °C at a
heating rate of 10 °C min~". The elemental compositions and
chemical states of the materials were determined using XPS
[AXIS Ultra_DLD (Kratos, UK.) equipped with a mono-
chromatic Al Ke radiation source (hv = 1486.7 eV)] at 225 W,
15 kV, and 15 mA. XPS wide scans were acquired at 0.5 eV
step size over 10=1100 eV at the pass energy of 160 eV,
whereas the narrow scans were obtained at a 0.1 eV step size
and pass energy of 20 ¢V. The deconvolution and fitting of
peaks were performed using Casa XPS software. All of the
core-level spectra involved in this work were calibrated to the
primary peak {C—C/C—H peak) of the adventitious carbon at
285 eV; the relative sensitivity factor (RSF) values were set at
0.278 for C 1s, 0.668 for S 2p, 1.8 for N 1s, and 2.93 for O 1s.
Meanwhile, the components in C 1s were deconvoluted by
referencing to the adventitious carbon (C—C peak), with their
respective fwhm confined between 1 and 1.2 eV; a constraint
was also imposed on the position of the C Is components
relative to the adventitious carbon (C—C peak), and the area
of the satellite peak was restricted to 0.069634 relative to the
C=C peak.
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CHAPTER 3

Table S1. Synthesis conditions of the GO, N-doped precursors and cys- functionalized N-rGO
derivatives synthesized in this work.

N-precursor GO N-GO N-rGO-Low N-rGO-miid N-rGO-#igh
Ammonin/GO |, 0.20 0.20 0.20 0.20
(pL/mg)
Hydrazine/GO | 0 0.08 0.15 0.30
(nL/mg)
Reduction
time (hrs) 2 2 2 2 24
N-precursor: cysteamine= 1:2 at 70 °C for 12 hours
cys=N-rGO - cys-N-GO | cys-N-rGO-Low | ¢cys-N-rGO-min cys-l‘:;zﬁﬁ-
* N-rGO= N-doped reduced graphene oxide
= Cys-N-rGO =cysieamine functionalized N-doped reduced graphene oxide

Table §2. Normalized atomic percentage of C, O and N calculated from the area of the XPS survey

spectra under Cls, Ols and N1s peaks respectively for GO, N-GO and N-rGOs.

65

N-rGO GO N-GO N-rGOuvow N-rGOaiu N-rGOuign
precursors
C 67.57 68.28 70.49 72.18 76.00
At% | O 31.78 30.86 27.97 25.43 20.01
N 0.65 0.86 1.54 2.39 3.98
5-2
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Figure S1. Plot of experimental high resolution XPS O1s scan with background subtracted for GO,
N-GO and N-rGO (low, mild and high).
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Figure S2. High resolution XPS deconvoluted (A) Cls and (B) Ols peaks for GO. The peak fitting
of O1s experimental curve for GO indicates the presence of oxygen species including C=0 (531.7
eV), C-0(533.0 eV), O-H (533.3 eV) and adsorbed water (535.1 eV).!
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Figure S3. High resolution XPS deconvoluted Ols peaks for (A) N-GO (B) N-rGOpow (C) N-
rGOwmiand (D) N-rGOgjigh. The deconvolution analysis of O1s region for N-GO and N-rGO shows
four O components corresponding to quinone (red curve at ~530.5 eV), C=0 (blue curve at 531-

531.7 eV), C-0 (orange curve at 532.3-533.0 ¢V), O-H (purple curve at 533.3-533.6 ¢V) and
adsorbed water (pink curve 535.1 eV).!?
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Figure S4. Photograph of GO, N-GO and N-rGOs dispersed in ethanol. Dispersions of GO
and N-GO show typical yellow-brown colour. The dispersions transformed to black when
GO was reduced by hydrazine, indicating the reduction event based on their dispersion
visual appearance.*
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Figure S5. TGA plot of GO, N-GO and N-rGO precursors. From the TGA plot, similar to GO, the
oxygen element embedded in N-rGO precursors can be eliminated in the form of water, oxygen,
carbon monoxide, and carbon dioxide upon heating. Under the inert atmosphere, GO exhibits a
mass loss of about 17 % at 100 °C, the boiling point of water, which can be attributed to the
desorption of adsorbed water. With the raise of temperature from 150 °C to 250 °C, the mass loss
of GO rose up to 33.2 %, this result was unreservedly corroborated with a gradual stepped drop in
their derivative mass change at about 200 “C with the highest peak detected at 1.057 weight %/°C
for GO (Figure 3B). This event can be ascribed to the decomposition of labile oxygen-containing
functional groups, such as hydroxyl (-OH), epoxy (-CH{O)CH-) and carboxyl (-COOH) groups
between the layers of GO nanosheets. The final mass loss step of GO appearing at 640 °C (loss of
48%), involves the pyrolysis of remaining of more stable and labile oxygen-containing moieties,
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including carbonyl (C=0) and ester (-COOR) groups attached to the edge of GO nanosheets and
the skeleton of carbon atoms.” ® For all N-rGO precursors, their first mass loss below 100 °C is
also due to the removal of adsorbed water between their graphitic layers.® It is worth noting that
the second and third mass loss for all N-rGOs at 150- 250 °C and 650-700 °C are significantly
lower than GO showing removal of oxygen-containing functional group.’

Table S3. Normalized atomic percentage of C, O, N and S calculated from the area of the survey
spectra under Cls, Ols, N1s and 52p peaks respectively for cys-N-GO and cys-N-rGOs.

cys-N-rGO
da:ariva tives cys-N-GO cys-N-rGOvrow | ¢¥s-N-rGOmina | ¢cys-N-rGOuign
C 72.71 75.36 77.46 30.09
O 20.76 17.97 15.08 12.99
0,
At% N 3.91 4.22 5.19 5.71
S 2.62 2.45 2.28 1.21
0.5 0.5
- " g
<) : oy
@ 0.4- ~04 =
2 S 1
= ‘na B
g 0.3 : 0.3 ;_:r_
A
2 0.2 02 &
e )
S . .
= g1 01 =
s 014, E 0.1 g
0.0 =00
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Figure S6. Plots of relative contribution of Cls C=C and C-O-C peak components estimated by
dividing the area under each component by whole Cls peak-arca of deconvoluted Cls peak
components for cys-N-GO and cys-N-rGOs (dotted line) prepared using their respective N-GO
and N-rGOs (solid line).
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Table S4. Relative surface concentrations of nitrogen species by fitting the N1s core level XPS
spectra as a function of reduction degree for cys-N-rGOs prepared using respective N-rGO at N-
rGO: cysteamine= 1:2 at 70 “C for 12 hours with varied reduction degree of rGO.

Relative Peak Area of N1s (%)

B'“d'?fvﬁ"”gy 399.8-401.2  401.1-402.7 402.8
Pyrrolic-N Quaternary-N Oxides-N
cys-N-GO 56.28 2991 13.81
ys-N-rGOLow 74.70 25.30 -
cys=-N-rGOwmiia 76.91 23.09 -
cys-N-rGOuign 67.82 32.18 -

Table S5. Relative contribution of deconvoluted S2p peak components as a function of reduction
degree for cys-N-rGO samples prepared using respective N-rGO at N-rGO: cysteamine= 1:2 at 70
°C for 12 hours using N-rGO with varied reduction degree.

Relative Peak Area of S2p (%)

Bindi :
. va';"erg*" 164.0,165.0 165.1,166.3 163.6,164.8 166.7,167.9 164.5, 165.7
C-8-C C=8 Thiophene S 503 5-0
cys-N-GO 17.09 21.76 48.67 12.48 -
cyS-N-rGOrow 96.72 3.28 - - -
cys-N-rGOmia 87.33 - - - 12.67
¢y$-N-rGOuigh 83.00 - - - 17.00
A1 T0A
1004 (B)
;:, 71 (386 k) 80+
=
g 04
E . cys-N-GO

cys-N-rGo

Weight Change (%)

: 0.
1127 (189 &) 2267 (393R) I
: cys-N-GO 204 ——cys-N-1G0,,
T T = T ™ T .
" “ 23$hm ) N % 5 100 200 300 400 500 €00 700 800 900
Temperature (°C)
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Figure 87. (A) XRD patterns of cys-N-GO and cys-N-rGOs. For cys-N-GO, it can be observed
that the XRD profile has changed significantly when compared to its previous N-rGO precursor
(Figure 3A). A very prominent change occurred on the cys-N-GO with two broad peaks identified
at 20 = 11.2" and 22.6° compared to only one peak found at 20 = 10.78" as in N-GO. The change
of these XRD profiles could be highly related to the removal of oxygen functional groups from the
GO sheets as well as the substantial exfoliation and disruption in the interlayer structure of GO.
Apparently, cysteamine demonstrates the reducing agent properties as also shown in hydrazine
and 1t can be found that N-GO has been reduced partially by cysteamine. For low cys-N-rGO, the
XRD pattern has changed from a partially reduced form to a fully reduced form (also detected in
mild, and high cys-N-rGO). This again revealed the ability of cysteamine in further reducing rGO
precursors in thermal thiol-ene click reaction.”'" (B) TGA plot of cys-N-GO and cys-N-rGO (low,
mild and high).
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4. FUNCTIONALIZED GRAPHENE COMPOSITES VIA HYDROTHERMAL AND

CHEMICAL REDUCTION APPROACHES FOR WATER PURIFICATION

4.1. Overview and Significance of Work

Chapter 4 addresses several key issues of the commercial adsorbent (AC) including
its high energy consumption for the activation process and ineffectiveness in
removing heavy metals, especially mercury ions at low concentration in water. In this
work, functionalized graphene composites are demonstrated using a mixed
polyamine precursor (nitrogen-containing group) through hydrothermal and
chemical reduction approaches. This work aims to:
e develop a low cost, low energy, environmentally friendly and scalable
production method for an adsorbent, and
e design adsorbents with a fast adsorption rate, high affinity and selectivity
towards removing low concentrations of mercury in water
Findings from this chapter achieved Objectives 3 and 4, which are combined in a

published peer-reviewed research article.
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ARTICLE INFO ABSTRACT

Keywords: This paper describes the synthesis and ch ization of pol. modified reduced graphene oxide rich with
Polyamine-modified reduced graphene oxide mixed amino groups as a cost- and performance- efficient adsorbent for mercury removal from waters. The
Hydrothermal process synthetic approach is based on a simple process to functionalize graphene oxide (GO) with low-cost commercial
fv":’h’l“' ‘("""”:‘“" polyamine epoxy hardener followed by the reduction of created polyamine-GO hybrid by hydrothermal (HT) or
ater treatment % goie 1 : < o : ' 3 3
ooVl (CM) p with hy Both p modified reduced graphene oxide (rGO),

referred as HT-rGO-N and CM-rGO-N, exhibited 8.28% and 5.47% N content, respectively. Mercury adsorption
study showed that these rGO functionalized composites have high adsorption kinetics, reaching equilibrium
within the first ten mi The adsorption ki and equilibrium of their adsorption process can be well
described using pseudo-second order and Freundlich isoth dels with esti d sorption capacity of
63.8 mg/g and 59.9 mg/g for HT-rGO-N and CM-rGO-N respectively. The adsorption capacity for Hg is achieved
in broad range of pH (pH 5-9) and can be described as high-performing compared with other amino based
adsorbents reported in the literature. More importantly, these adsorbents showed very high selectivity towards
Hg(I1), outperformed the commercial activated carbon adsorbent with only ~16% mercury removal efficiency

achieved in multi llic solution consisting of Hg(Il), CA(IT), Co(ll), Cu(ll) and Pb(II) ions in both solid and

dispersed forms. Finally, these polyamine functionalized rGO adsorb confirmed their notable performance in

regencration and removal of spiked mercury from natural waters mimicking real applications. These results

d d realistic water diation capabilities of developed polyamine functionalized rGO adsorbents as
td didaias foi eavi Naiaael iy

P s PP

1. Introduction

The pollution emerging from the presence of heavy metals in surface
waters due to rapid urbanization and industrial revolution has led to
alarming environmental and health concerns [1]. In particular, mer-
cury, a ubiquitous metal with long range atmospheric transport can
bioaccumulate and biomagnify in the food chain poses a major threat to
global food security [2]. Exposure to mercury even at low concentration
can lead to di health ¢ es like vision, speech and
hearing impairments, as well as damage to the central nervous and
nephrotic systems [3]. Due to the limitation of access to clean water in
meeting the growing global demand, the development of efficient water
purification systems to remove mercury from our precious yet most
wasted natural resource, water, is a now-urgent pursuit [4].

Existing water treatment technologies for mercury removal such as
chemical precipitation, ion exchange, flocculation, membrane filtra-
tion, and adsorption have been broadly adopted to remediate mercury
contaminated water. Among the available technologies, adsorption is
regarded as one of the most promising and favourable techniques owing
to its ease of operation, low cost, and practical design for real water
applications [5]. Currently, driven by the economic factor, activated
carbon still remains the most cost effective environmental solution for
water treatment [6]. Although activated carbon is known for its re-
markable characteristics such as high surface area, high porosity and
flexibility for surface modification, it is still bounded by several draw-
backs including pore blockage which limits the diffusion of smaller
contaminants including heavy metal ions into its porous structure [7].
Moreover, most activated carbons adsorbents available on market are

* Corresponding author at: School of Chemical Engineering and Advanced Materials, The University of Adelaide, Adelaide, SA 5005, A i

E-mail address: dusan losic@adelaide.edu.au (D. Losic).
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impregnated with heteroatoms (silver, sulfur, iodide and etc) to en-
hance their removal efficiency may pose leaching risk including sulfur
contamination and other operational issues during the decontamination
process [8].

Unlike activated carbon, graphene-based adsorbents on the other
hand are not affected by internal diffusion and possess higher stability
apart from its faster adsorption kinetics towards heavy metal ions than
activated carbon due to the opened-up layer structure of graphene
[9,10]. From the energy consumption perspeclwe the product:on of
graphene-based materials is less energy pared to acti-
vated carbon which requires high tempemture treatment to create
porosity in its carbon network. In relative to activated carbon, gra-
phene-based adsorbents are still in their infancy compared to m:twated
carbon which require more research efforts before these technol

Separation and Purification Technology 238 (2020) 116441

EDX, CHN combustion, UV-Vis, Raman, FTIR, zeta potential, XRD, XPS
and TGA-DTA analyses. A comprehensive evaluation on their process
efficiency based on the influence of sorption conditions including the
contact time, initial Hg(II) concentration, solution pH, recycling times,
competing ions in both dispersed and solid forms towards Hg(ll) re-
moval was performed. The kinetic and equilibrium behaviours of these
two adsorbents were also studied in detailed using non-linear regression
analysis on kinetic and equilibrium models. The performance of the
adsorbents was also explored at a realistic level using Hg(ll) spiked
river and sea waters to demonstrate their practicability in surface wa-
ters. This study proposes to fill the research gaps by developing a new
type polyamine modified rGO adsorbents using low-cost multi -poly-
amine blend and scalable hydrothermally process to graft the N-con-

can be feasibly converted to industrial end-products [6]. Although some
graphene adsorbents in the literature showed considerable high ad-
sorption capacity, the complexity, sustainability and scalability of their
preparation process are still the key barriers for practical implementa-
tion in the field operation [11,12]. Therefore, to address these limita-
tions that include the operational issues, possible leaching complica-
tions and lack of efficiency, the development of new and advanced
mercury remediation solutions with low cost and sustainable technol-
ogies is an urgent pursuit.

Adsorbents bearing chelating functional groups containing sulphur,
nitrogen and oxygen atoms are known to possess strong binding affinity
towards mercury [13]. Hence, majority of the research have been fo-
cusing on the use of adsorbents decorated with these three atoms that is
achieved by surface functionalization of different porous scaffold with
broad range of organic molecules with these functional groups such as
mercapto-silanes, polypyrrole, chitosan, cysteamine, dithiocarbamate
and etc [14-17]. The thiol surface modification by thiol groups showed
the highest binding affinity for mercury followed by amino groups that
are also highly recommended to be used as the binding functional
groups. However, in designing these amino- based adsorbent, most of
the previous studies were focused on single molecule functionalization
which limit the potential to provide high density of binding sites and
high adsorption capacity. Thus, there is a need to explore and develop
new adsorbents containing multi-type of nitrogen species for mercury
removal to achieve high-efficient mercury adsorption with en-
vironmentally-friendly and scalable adsorbent preparation.

Inspired by the respectable binding chemistry of N and the pressing
demand for mercury decontamination solutions, in this paper, we
present our work to engineer new graphene adsorbents functionalized
with multiple amino groups for efficient and low-cost removal of
mercury from water. To achieve the scalability and fabrication simpli-
city, an approach is designed to use low-cost and commercially avail-
able polyamine epoxy hardener as precursors combined by simple
chemical and hydrothermal processes as depicted in Fig. 1. The con-
cept, is based on the covalent grafting of polyamine precursor on ep-
oxides and carboxyls rich functional groups on GO. The polyamine
pn:cursor was chosen due to lhe prcsencc of multi-type amino groups

ding polyethylenep poly and tetra-
ethylenepentamine which acts as the electron donor and chelating
agent to immobilize mercury in waters [5). This readily available
polyamine blend is cheap and water soluble which facilitates the che-
mical reaction to take place between GO and the polyamine mixture
without the use of volatile organic solvents. The polyamine functiona-
lized GO is further reduced by hydrothermal and chemical reduction
process using hydrazine in order to make the adsorbent in robust solid
form applicable for adsorption application. Herein, we also compared
the sorption efficiency of the hydrothermally fabricated polyamine
modified rGO composite (HT-rGO-N) with chemically (hydrazine)-re-
duced polyamine modified rGO composite (CM-rGO-N) developed in
our previous study [18]. The morphology, structural, chemical and
thermal properties of the prepared adsorbents were thoroughly studied
using a broad range of characterization techniques comprising of SEM-
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1g species on GO (HT-rGO-N) for efficient sequester of Hg (II) from
waters.

2. Experimental
2.1. Materials and chemicals

Natural graphite flakes were received from a local mining site (Uley,
Eyre Peninsula, South Australia, Australia), milled into powder using a
benchtop ring mill (Rocklabs). Potassium permanganate (KMnO,,
Sigma Aldrich), 98% sulphuric acid (H;S04, Chem-Supply), 85% w/w
phosphoric acid (H3PO4 Chem-Supply), 30% hydrogen peroxide
(Hz03,Chem-Supply), 36% hydrochloric acid (HCl, Chem-Supply),
67-69% nitric acid (HNO;, Seastar Chemicals), 1 N sodium hydroxide
(NaOH, Chem-Supply), 205 fast hardener (a blend of polyamine and
polyamine adducts, West Sy ), hydrazi hydrate (NjH,,
Sigma Aldrich) mercury (II) chloride (HgCl,, Chem-Supply), lead(Il)
nitrate (Pb{NOj3)z, Univar), cobalt(ll) nitrate (Co(NO3),, Ajax), copper
(I1) nitrate (Cu(NO3)2, ChemSupply), cadmium(ll) nitrate (Cd(NO3)2,
Mallinckrodt), thiourea (CH4N,S, Sigma Aldrich), and ethanol (Chem-
Supply) were used directly without prior purification. High purity milli-
Q water (18.2 MQcm ™) was used throughout the work, unless other-
wise stated.

22 Prepﬂmnon of polyamine modified chemically- and hydrothermally-
reduced gr oxide ¢ (CM-rGO-N and HT-rGO-N)

Graphene oxide was prepared via the improved Hummer’s method
as detailed in our previous work [19]. The synthesis of polyamine
modified rGO composites was performed according to the adapted
methodology from our previous studies [18]. In a typical procedure,
225 mg of GO was first dispersed in 100 mL water using probe soni-
cation for 20 min at 60% power to obtain a well-dispersed GO sus-
pension. The dispersed polyamine hardener solution (composition as
detailed in Table $1) containing 1100 mg in 20 mL deionized water was
added into the GO suspension (polyamine-based crosslinker: GO mass
ratio of 5:1) under magnetic stirring at room temperature. The mixture
was then stirred for another one hour. To prepare HT-rGO-N composite,
the well-stirred aqueous dispersion was equally poured into two 100 mL
Teflon-lined autoclaves, sealed and heated at 150 “C for three hours. For
the synthesis of CM-rGO-N composite, 100 pL hydrazine monohydrate
was added into the well-stirred aqueous dispersion contained in a
250 mL round bottom flask, placed in a silicon oil bath and heated at
95 “C under reflux with magnetic stirring for five hours. Subsequently,
the as- formed products from two different methods were left to cool to
room temperature and were washed several times with distilled water
via vacuum filtration. All the control samples (GO, HT-rGO-C and CM-
rGO-C) were fabricated according to the procedures described hereby
without the addition of polyamine hardener solution. The obtained
products were freeze-dried for overnights and stored. The details of the
materials characterization are provided in the Supplementary Material.
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Fig. 1. Sch ic di of the mech for lent attachment of mixed polyamine molecules on graphene oxide (GO) which is followed by
hydroth | (HT) and chemical (CM) red to create polyamine-rGO adsorbent.
2.3. Adsorption studies The pseudo-second order equation:
In this work, all the heavy metal ions removal experiments were q = 9. kat
conducted via batch study in triplicate by oscillating the desired 1+ gkt “)

amount of adsorbent in the metal ion solution using an orbital mixer
(Ratek, Model OM7, Australia) at 200 rpm with a control (without
adsorbent) running in parallel. The adsorption studies were performed
using adsorbents dispersed in milli-Q water (via sonication) with the
same volume of milli-Q water as blank added into the control. The pH
of the metal ion solution was measured using a pH meter FiveGO FG2,
Mettler Toledo) and adjusted using diluted HCl or NaOH at ambient
temperature. At the end of the adsorption experiment, 10 mL aliquot
was withdrawn and centrifuged immediately at 12000 rpm for five
minutes. The remaining metal ion concentration in the sample was then
acidified with 2% HCI (for mercury analysis) or 2% HNO; (for other
metal ions analysis) prior to ICP-MS measurement. Milli-Q water was
used throughout the study unless otherwise stated. The amount of
mercury(ll) ions adsorbed per unit of adsorbent mass, at a given time, ¢
(q., mg g~ ") was deduced using the following equation [16]:

(Co-C)V

q = m

1
where Cp and C, are initial and mercury (1) concentrations at time t (mg
L™"), while V is the volume of solution (L) and m is the mass of ad-
sorbent (g). The removal efficiency (R,, %) at a given time, ¢, was cal-
culated based on the following equation [16]:

G -C) x

100
Co

b= @

2.3.1. Kinetic study

The rate of the mercury uptake was investigated using 2.5 mg ad-
sorbent added into approximately 11 ppm of 20 mL mercury (II) solu-
tion at pH ~5 with the liquid samples withdrawn at time intervals
0-24 h. The obtained experimental data was fitted into two mathe-
matical models, i.c. Lagergren pseudo-first-order [20] and the Ho's
pseudo-second-order [21] in their non-linear forms.

The pseudo-first order equation:

g =q.(1-e") @
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where g, and g, represent the amount of Hg(ll) ions adsorbed (mg g~ ")
at equilibrium and at time ¢ respectively; k; and k; are the rate constants
for the pseudo-first order and pseudo-second order kinetic models re-
spectively; t is the time.

2.3.2. Equilibrium study

A series of known concentration (1.5 to 11 mg L™ ") Hg(Il) working
solutions (20 mL) at pH 5-5.5 was allowed to reach the equilibrium for
2 h using 2.5 mg adsorbent. The residual mercury concentration was
determined following the same procedure described above. The ad-
sorption process between the adsorbent and Hg(ll) ions was studied
using two equilibrium models in their non-linear forms, i.c. the two-
parameters Langmuir and Freundlich isotherms:

The Langmuir equation [22]:

4= Q0. Ce

T 1+ 5C, (5)

where g, and q,, are the adsorption capacity at equilibrium and max-
imum monolayer coverage capacity respectively (mg g~ "), C. denotes
the concentration of mercury (II) ions at equilibrium (mg v~ ") and b, is
the Langmuir constant.

The Freundlich equation[23]:

(6)

where K signifies the Freundlich adsorption constant (mg'~'/" L'/
g7 "), C. represents the concentration of mercury(Il) ions at equilibrium
(mg 1™ ") and 1/n is the adsorption intensity.

q. = KgCMm

2.3.3. Influence of solution pH

The effect of pH of the materials towards mercury uptake was
conducted at pH range 3-10 of mercury(ll) solution (~1.5 mg L™")
using 1.0 mg of adsorbent with the pH adjusted using HCl or NaOH
before the adsorption experiments. Same procedure as described above
was used to determine the r ining Hg(Il) conc after mer-
cury adsorption.
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2.3.4. Influence of competing ions

The effect of competing ions was conducted by adding 2.5 mg of
adsorbent into a quintuple metal ion mixture containing about 5 mg
L~" of Hg, Pb, Cu, Co and Cd ions at pH 5-5.5 for 2 h. This study was
conducted in two approaches, namely dispersed and solid (freeze dried)
forms in order to demonstrate the selectivity of the materials in dif-
ferent forms towards metal ions adsorption. The remaining concentra-
tion of metal ions was determined using ICP-MS after the selectivity
experiments.

2.3.5. Influence of recycling times

The regeneration of the prepared adsorbents was investigated by
adding them separately into 50 mL of ca. 1.50 mg L.~ " Hg(ll) at pH 5.3
at ambient temperature. The desorption cycles were carried out by
mixing the spent adsorbent with 30 mL 2% (w/v) thiourea in 0.1 M HCI
as eluent at 250 rpm on the orbital shaker for 1 h to wash out the bound
Hg(11) from the adsorbent. The spent adsorbent was then washed with
large amount of milli-Q water to bring the pH to above five and fol-
lowed by drying of the adsorbents at ambient temperature. The re-
maining Hg(Il) concentration in each cycle was probed using ICP-MS
after three repeating adsorption-desorption cycles.

2.3.6. Influence of water matrix: Adsorption study using real waters

The efficiency of the fabricated materials towards Hg(Il) adsorption
was evaluated using Hg(Il) spiked river and sea waters without pH
adjustment to simulate real natural water samples. Water samples were
collected from Torrens River (Adelaide, South Australia, 34°55°02.7"S
138°36° 14.6"E) and Henley Beach (Adelaide, South A lia,
34°5451.1"S 138°29" 30.0"E). Both the natural water samples were
spiked with ca. 0.5 mg L™ Hg(Il) solution and 2.5 mg of adsorbents
(CM-rGO-N and HT-rGO-N comp ) were sep ly added into
20 mL of each spiked water sample, stirring at 200 rpm for 2 h at
ambient temperature. The concentration of mercury solution remained
in the collected aliquots were determined by ICP-MS.

3. Results and discussion
3.1. Structural and chemical composition characterizations

The topography of the resulting materials was studied using SEM
and TEM techniques. GO control ple d rates h, thin and
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determined using EDX analysis presented in Fig. S1b and ¢ also con-
firmed high N atomic composition after modifications (HT-rGO-N: 7.4
at%, CM-rGO-N: 9.8 at%), corroborating the attachment of N-con-
taining species on GO. Similar to the result determined using combus-
tion technique, the slightly higher N composition recorded in CM-rGO-
N compared to HT-rGO-N could be due to the cumulative contribution
of nitrogen species doped on the GO structure after the chemical re-
action using hydrazine [24]. Nevertheless, the chemical quantification
from both the combustion and EDX analyses verified the effective
functionalization using polyamine-based crosslinker via these two ap-
proaches. The presence of N element and its distribution on rGO surface
was further confirmed by the elememal mapping as depicted in Fig. 3.
These images clearly distrib of N

1 on both poly functionalized rGO composites using two
reduction processes.

The UV-vis absorption spectra of the amino modified rGO compo-
sites and control samples are presented in Fig. 4a and Fig. S2a respec-
tively. The sharp absorption at 225 nm for GO indicates the transition of
s-t* for C==C bond in the GO structure which is almost similar to the
typical absorption peak for GO (230 nm), while the broad absorptions
at 260 nm for HT-rGO-C and 265 nm for CM-rGO-C samples evidently
imply the reduction of GO via both the hydrothermal and chemical
approaches [18,25-27], It was found that the absorption peaks of both
the functionalized rGO composites were red-shifted to 280 nm and
265 nm for the hydrothermal and chemical polyamine modified rGO
composites respectively in relative to GO (225 nm) after the reaction.
This signifies an enhancement in the t-electron concentration as well as
the restoration of sp* carbon of the graphene system.

The chemical species found on the modified graphene composites
were determined by FTIR analysis as illustrated in Fig. 4b. As visualized
from the FTIR spectra, the appearance of the bands at around
1568 cm ™" which can be assigned to amide II, representing the com-
bination of N—H stretching and C—N stretching while the peak identi-
fied at 1205 cm ™" could be ascribed to pyrrole ring breathing on both
the modified rGO sample verified the successful capping of nitrogen
functional groups on the GO [14,28,29]. An intense peak at about
3200 ecm ™ corresponding to N—H stretching mode was visibly recorded
on the FTIR spectra of both the hydrazine and hydrothermal modified
rGO composites [16]. The significant disappearance of the peak at
1720 ecm ™' on the FTIR spectrum of GO (Fig. S2b) with the combina-
tion of a new vibration mode arose at around 1450 cm ™' denoting the

wrinkled layers before the modification process (Fig. S1a). As depicted

C-N hing of amide found in both the hydrothermal and hydrazine

in Fig. 2 a-d, the SEM micrographs visibly show that both polyamine
functionalized rGO solid materials prepared by hydrothermal and
chemical reduction processes exhibit similar porous rough surface with
randomly oriented and burgeoned overlapping GO sheets after the
modification with polyamine precursor. Meanwhile, Fig. 2e shows ty-
pical wrinkled and corrugated morphology of rGO sheets. After the
polyamine precursor modification, the structures of the rGO sheets
preserved with stacking layers of polyamine modified rGO composite
were observed (Fig. 2f).

Elemental quantification by combustible technique used for bulk
analysis as tabulated in Table 1 shows that the N concentration was
substantially increased to 6.51 wt% for HT-rGO-N after the modifica-
tion using polyamine precursor via hydrothermal reaction. Meanwhile,
3.80 wt% of N was found for CM-rGO-C and it was dramatically in-
creased to 10.34% for CM-rGO-N after modification via chemical re-
duction. This significant increase in N atomic percentage recorded in
both the modified materials strongly suggests the successful in-
corporation of N-containing groups onto GO network. Remarkably, al-
most similar net N wt % determined from both modified graphene
composites (HT-rGO-N: 6.51 wt% and CM-rGO-N: 6.54 wt%) con-
tributed by the grafting of polyamine precursor, indicated that gra-
phene composites enriched with N species can be obtained irrespective
of the modification route applies.

The chemical composition of the functionalized materials
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functionalized rGO composite revealed the formation of amide linkage
which could be resulting from the amidation reaction between car-
boxylic group in GO and the amine moieties in poly

[30]. It is worth noting that the notable disappearance of lhc band at
1044 cm ™" which could be referenced to epoxide group indicates the
involvement of epoxide groups in GO (Fig. S2b) to react with amine
groups in the polyamine hardener [31]. This reaction is also evidenced
by the appearance of a peak located at around 1345 cm ™' (bending of
~OH group) resulting from the nucleophilic addition reaction between
amine and epoxide moieties [32].

The Raman spectra of both prepared polyamine modified rGO
composites to elucidate their structural characteristics are summarized
in Fig. 4¢c. Two typical peaks of the D-band (1347 cm ™) and G-band
(1590 cm ™ ') are identified in both the samples were found to be shifted
from GO (D-band, 1358 cm ™' and G-band, 1592 cm ') as displayed in
Fig. S2c¢. The increased intensity ratio of D to G bands (I/1g ratio) for
HT-rGO-N (1.05 = 0.016) and CM-rGO-N (1.04 = 0.017) implies that
defects have been created on the surface of both the materials in
comparison to GO (0.96 = 0.004). The significant difference of the I,/
I ratio for both the modified rGO composites in relative to the control
sample (GO) also signifies the enhancement of the disordered graph
sheets with an increase in sp? clusters [33].

TGA was performed to confirm the attachment of the N functional
groups on the modified rGO composites aside from studying the
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Fig. 2. SEM micrographs of (a-b) HT-rGO-N and (c-d) CM-rGO-N composites at different magnifications after freeze-drying. TEM images of () CM-rGO-C and (f) CM-

rGO-N composites.

Table 1
Normalized chemical comp of ples determined using combustible
elemental analysis in wt %.
Element Weight %
C H N o
GO 4111 290 0.00 55.99
HTrGO-C 62.76 207 0.00 3517
HT-rGO-N 44.48 6.40 6.51 42.61
CM-rGO-C 61.90 2.29 3.80 32.01
CMrGON 59.69 4.09 10.34 2588

thermal properties of the functionalized rGO composites. As expected, it
could be visible that GO is highly thermal unstable in comparison to
HT-rGO-C and CM-rGO-C as shown in Fig. S2d. Under the inert
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environment, 2 main mass losses were identified in GO as displayed in
Fig. S2d with the first decomposition took place below 100 “C due to the
loss of solvent trapped in the GO network. Meanwhile, the second mass
loss happened at about 200 ‘C which can be accounted for the de-
composition of bountiful of unstable oxygen functional groups in-
cluding hydroxyl (—OH), epoxy (~CH (O) CH-) and carboxyl (~COOH)
groups in the form of H,0, O,, CO, and CO, [16]. Correspondingly,
both the control samples (HT-rGO-C and CM- rGO-C) encountered mass
loss at similar decomposition temperatures as GO (total mass loss of
60%) but with lower total percentage loss (GO: 62%, HT-rGO-C: 38%
and CM-rGO-C: 32%) recorded (Fig. S2d). On the contrary, both hy-
drothermal and chemical modified rGO composites experienced a major
mass loss (~30.6% and ~ 23.0% respectively) at around 320 “C which
can be associated with the breakdown of the functional groups grafted
on the modified graphene composites as evidenced in Fig. 4d. This
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Fig. 3. (a) SEM image (black and white) and EDS mapping (color) of (a-d) CM-rGO-N (e-h) HT-rGO-N containing C, O and N elements.

observation was not detected on the thermograms of the control sam-
ples including the GO, HT-rGO-C and CM-rGO-C (Fig. S2d) which as-
certained the presence of the grafted functional groups in the GO fra-
mework coupling with the results from the elemental and FTIR analyses
discussed previously.

XRD technique was applied to reveal the structural characteristic of
the materials prepared. As illustrated in Fig. S2e, the sharp peak at
20 = 11.6" (d-spacing = 7.6 A) found on the XRD profile of GO implies
the complete oxidation of graphite. The increased d-spacing of the peak
in GO (7.6 A) compared to graphite (3.34 A) is due to the intercalation
of the water molecules and oxygen groups between the interlayer of
graphene during the oxidation process [34,35]. Meanwhile, prominent
changes were observed for HT-rGO-N and CM-rGO-N on their broad
peaks at 21.2° (d-spacing = 4.2 A) and 23.3" (d-spacing = 3.8 A) re-
spectively as demonstrated in Fig. 4e. As compared to the peak arose at
24" with d-spacing of 3.7 A (Fig. 52¢) for both the hydrothermal and
hydrazine reduced control samples, the augmented d-spacing of the
modified rGO samples could be associated with the successful attach-
ment of functional groups from the polyamine crosslinker which
broadens the distance between the rGO layers after the functionaliza-
tion process [34, 7).

XPS characterization results including survey graphs showing
characteristics Cls, Ols and N1s peaks at around 285 eV, 532 eV and
399.5 eV respectively are presented in Fig S3a-b as well as high re-
solution Cl1s and N1s peaks in Fig. 5a and Fig. S3¢. These results clearly
confirmed the successful modification of graphene oxide using poly-
amine-based crosslinker. Both the samples demonstrated increased N
atomic % (Table S2) after the modification process. CM-rGO-N ex-
hibited 8.28 N atomic % compared to its control (CM-rGO-C, 2.83
atomic %), while HT-rGO-N showed 5.47 N atomic % in relative to its
control HT-rGO-C with no detection of nitrogen. For CM-rGO-C, the
2.83 atomic % N arose from hydrazine added during the reduction
process. Remarkably, the difference of N atomic % in CM-rGO-N (5.45
atomic %) after the subtraction from its control sample agrees well with
the N atomic % recorded in HT-rGO-N (5.47 atomic %) after the
modification using the polyamine-based crosslinker. Similar to the bulk
chemical analysis (combustible technique) discussed in the previous
section, the same net amount of N (=5.5 atomic %) found in both
samples obviously indicates that the polyamine crosslinker has been
effectively grafted on GO regardless of the modification method ap-
plied. Further fitting of the Cls and N1s narrow spectra (Fig. 5) verified
the chemical reaction between GO and the polyamine-based cross-
linker. The deconvolution of the Cls spectra of HT-rGO-N and CM-rGO-
N showed additional peak positioned at around 286.0 eV which could

be ascribed to C—N besides the characteristic peaks of GO (Fig. S3c).
The N1s deconvoluted peaks of both materials (Fig. 5b) exhibit multiple
N configurations including —NH,, HNC=0, N-H and protonated
amine centered at 399.4, 400.2, 401 and 402eV respectively, indicating
the presence of rich N species decorated on the surface of the compo-
sites. Interestingly, another peak at 402.7 eV which could be referenced
to N-oxides was found only in CM-rGO-N [38-41]. The presence of
HNC=0 species in both the materials implies that carboxyls on GO has
been reacted with amine on the polyamine crosslinker via amidation
process which correlates well with the FTIR result discussed previously.

The presence of several types of oxygen functional groups in GO
including epoxide and carboxyl groups allows the covalent bonding of
amine groups to form via ring opening nucleophilic addition and ami-
dation respectively with the amine hydrogens in the multi-amine pre-
cursor [42,43]. Coupling with the outcomes from FTIR and XPS ana-
lyses, we inferred that two chemical mechanisms took place between
graphene oxide and the polyamine crosslinker as summarized in Fig. 1.
The deduction of both the reaction mechanisms in Fig. 1 is well evi-
denced by the prominent appearance of C—N and N species including
N—H as well as HNC=0 from the XPS deconvolution analysis. More-
over, the nucleophilic addition reaction is well supported by the FTIR
results as discussed previously with the disappearance of epoxide group
and the presence of amide II (combination of N—H stretching and C—N
stretching) and hydroxyl groups generated after the modification using
polyamine crosslinker. Meanwhile, the amidation reaction between
carboxyl group in GO and the amine moieties in the polyamine modifier
can be confirmed with the disappearance of carboxyl band and the
presence of C—N of amide in both the modified graphene composites.

3.2. Adsorption studies

3.2.1. Kinetic study

The kinetic profiles in terms of the normalized Hg (II) concentration
(C/Cy) after 24 h contact time for HT-rGO-N and CM-rGO-N adsorbents
are shown in Fig. 6a. The abrupt uptake of Hg (II) for both of these
materials at the first 10 min noticeably demonstrated a rapid initial
adsorption rate which could be due to the presence of plethora un-
occupied active sites on the surface of the adsorbents and their high
specific surface area, SSA, (HT-rGO-N: 63 * 8 m?/g; CM-rGO-N:
270 * 10 m?/g). Nevertheless, further extension of the contact time
did not significantly improve the uptake of Hg (II) as the two materials
could have reached the saturation of their active binding sites. It could
also be observed that both the materials attained equilibrium at almost
similar contact time with HT-rGO-N achieving slightly higher removal
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Fig. 4. Comparative graphs of HT-rGO-N and CM-rGO-N showing (a) UV-Vis, (b) FTIR, (c) Raman, (d) TGA and DTA, (¢) XRD graphs.

percentage compared to CM-rGO-N when approximately 11 mg/L in-
itial concentration of mercury was used in the study. We also found that
the SSA of both adsorbents was greatly reduced in comparison to their
respective controls (HT-rGO-C: 386 24 m%/g CM-1GO-C:
680 * 13 m?/g) after the modification using polyamine precursor.
This could be attributed to the blockage of rGO sheets by the long chain
of polyamine precursor during the functionalization process. To gain
further insight about the adsorption behavior of both the functionalized
samples, their kinetic experimental data were then fitted into pseudo-
first and pseudo-second order kinetic models (Fig. 6b and ¢) in order to
evaluate their rate-limiting step as well as the adsorption mech

*

suggests that chemisorption is the rate-limiting step for binding of Hg
(1) onto the adsorbents which emphasizes on the sharing and exchange
of electrons between the adsorbate (Hg **) and the adsorbent (HT-rGO-
N and CM-rGO-N) at the solid-solution interface [16]. This could be
accounted for the presence of N heteroatom on the surface of the ad-
sorbents which allows the metal (Hg)-complexation to take place. A
more representative comparison was made using graphene oxide ad-
sorbents grafted with nitrogen functional groups in the literature (Table
$3) to evaluate the adsorption rate of the adsorbents fabricated in this
work. As reported by Liu et al.[44], ethylenediamine decorated with

Based on the fitting analysis (Table 2), both the adsorbents achieved
higher linear correlation coefficient using pseudo-second-order kinetic
model (R* > 0.91) in comparison to pseudo-first order model
(R* = 0.88 and 0.90 for HT-rGO-N and CM-rGO-N respectively). This

8! /graphene oxide (EDA-Fe304/GO) adsorbent was found to
achieve the same equilibrium time (10 min) when higher sorbent do-
sage (200 mg/L) was used to remove mercury with lower initial con-
centration (8 ppm) in comparison to both the adsorbents (HT-rGO-N
and CM-rGO-N) prepared in this work (11 ppm, 125 mg/L). Moreover,
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Fig. 5. XP5 narrow scans of (a) Cls and (b) N1s for HT-rG0-N and CM-rGO-N confirming successful immobilization of polyamine functional groups.

with lower sorbent dosage, the sorption capacity, g, of HT-rGO-N
(63.8 mg/g) and CM-rGO-N (59.9 mg/g) was more than 2 times higher
than EDA-Fe30,/G0 (25 mg/g) determined using pseudo-second-order
kinetic model [44]. It should alse be highlighted that longer time was
required for 200 mg/L of amino functionalized graphene composites,
Fe40,4-GS, (120 min) and 10 mg/L of three dimensional graphene oxide
bounded with nitrogen functional groups, 3DGON, (12 h) to reach the
mercury uptake equilibrium when 5 ppm and 0.05 ppm initial mercury
concentration were applied respectively in their studies [45,46]. Fur-
thermore, both the adsorbents (23.0 mg/g for Fe;0,-GS and 4.5 mg/g
for 3DGON respectively) also exhibit lower sorption capacity in relative
to the adsorbents synthesized hereby [45,46]. With the use of 250 ppm
Hg(l1), thymine grafted rGO (rGO-Thy) also showed longer equilibra-
tion time (20 min) when 1000 mg/L sorbent dosage was applied to
achieve 149.25 mg/g sorption capacity. This finding shows that both
the polyamine modified reduced graphene oxide composites in this
work are efficient mercury adsorbents in terms of their capability at
attaining high sorption capacity with rapid adsorption rate.

3.2.2. Equilibrium steedy

The influence of different initial Hg* " concentration on the sorption
capacity of the prepared adsorbents was investigated in the range of
1.5-11.0 mg/L at pH around 5 in order to probe the adsorption per-
formance for low concentration mercury removal. It should be noted
that the sorption capacity of an adsorbent is strongly dependent on the
initial Hg (11} concentration used in the equilibrium study. High initial
Hg (1) concentration will lead to increased sorption capacity corre-
spondingly due to stronger driving force which overcomes the mass
transfer resistance to allow the transport of mercury from the metal ion
solution to the surface of the adsorbent for adsorption process to take
place [14,15,47]. In order to gain further insight on the adsorption

behaviour of the prepared adsorbents towards mercury uptake, the
experimental equilibrium data was fitted and studied using Langmuir
and Freundlich isotherm models as presented in Fig. 7 a and b. Based on
the non-linear regression analysis (Table 3), Freundlich isotherm model
was found to be more suitable to deseribe the adsorption behaviour of
the functionalized graphene composites with the goodness of fit > 0.94
achieved under the adsorption conditions studied. Unlike Langmuir
isotherm which assumes monolayer sorption, Freundlich isotherm
model is broadly used to describe the multilayer adsorption in hetero-
geneous systems with the adsorption process not limited to formation of
monolayer. With the conformity of the high correlation coefficient (R%)
to Freundlich isotherm model, both the adsorbents are found to exhibit
a heterogeneous multilayer system during the interaction of Hg(Il) in
the water. The adsorption intensity, 1/n, is a measure of surface het-
erogeneity ranges from 0 to 1 with the system becoming more hetero-
geneous as its value is closer to 0. A smaller 1/n value (< 0.5) was
computed for both CM- and HT-rGO-N composites, implying that the
interaction between Hg (1) and the adsorbents involved the hetero-
geneous adsorptive sites with multilayers coverage [48,49]. By em-
ploying same hydrothermal method and nitrogen functionalized gra-
phene oxide, the sorption capacity achieved by CM-rGO-N (70 mg/g) is
found to be two times higher than the nitrogen grafted 3D graphene
oxide foam, 3DGOMN, (35 mg/g) [45]. Similarly, the magnetic graphene
compasite (Fe;04-GS) with amino functional group developed by Guo
et al. via hydrothermal approach recorded only 23.03 mg/g (= 2 times
lesser than HT-rGO-N) [46]. Meanwhile, both the sorption capacity
accomplished by CM-rGO-N and HT-rGO-N in this work also out-
performed the oxyzen and nitrogen enriched chitosan films cross-linked
with genipin (2.2 mg/g) and grafted with caffeic acid (4.0 mg/g) pre-
pared by Rocha et al.[15], These findings clearly demonstrate the po-
tential of the synthesized adsorbents for immobilization of Hg (11) ions
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Fig. 6. (a) Variation of normalized concentration of Hg(ll) (C,/Cy) using HT-nGO-N and CM-rGO-N adsorbents with 2.5 mg adsorbent in 20 mL — 11 ppm Hg (11)
selution at about pH 5 at 23.0 °C. Kinetic medelling of pseudo-first order and pseudo-second order for the experimental data extracted from the sorption process of Hg

(11} onto (b} CM-rGO-N and (c) HT-rGO-N composites.
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Table 2 Table 3
Adsorption parameters of pseudo-first order and pseudo-second order kinetic Ad: of Langmuir and Freundlich isotherm models for Hg (11)
models for Hg(Il) adsorption on CM-rGO-N and HT-rGO-N composites. adsorpﬂon on CM-rGO-N and HT-rGO-N.
Kinetic model Parameter Adsorbent Isotherm model Parameter Adsorbent
CMGON HT4GO-N CMGON HT1GO-N
Pseudo-first order  k; (min™") 0.148 = 0.04 0.175 = 0.056 Langmuir Qas (Mg g 1) 5805 = 7.71 7580 = 1242
Q(mgg™") 57.55 = 252 63.09 = 255 b(Lmg ") 3.19 = 150 1.20 = 0.54
R? 0.8810 0.9007 R? 0.8158 0.9004
Pseudo-second ky(gmg ™' 0.0069 = 0.0044 0.0359 = 0.0077 Freundlich n 3.08 = 039 213 = 030
order min~") K(mg' " g 'L') 3945 = 183  39.16 + 3.00
Q. (mgg™") 59.92 = 293 63.80 = 248 R? 0.9418 0.9443
R? 0.9091 0.9405

in wastewater clean-up.

3.2.3. Influence of solution pH

The effect of solution pH towards mercury (II) adsorption by both
the adsorbents were investigated in the pH range of 3-9 as depicted in
Fig. 7¢. Different sorption stages were identified from the pH profiles
with the most optimum mercury uptake occurred above pH 5 for both
the adsorbents. At acidic pH, it could be evidently observed that CM-
rGO-N (~20%) demonstrated significantly lower mercury uptake
compared to HT-rGO-N (~70%). This could be associated with the
competition of active binding sites between mercury and hydrogen ions
as well as the protonation effect of the functional groups on the surface
of the adsorbents at lower pH [16]. Meanwhile, both the materials
behave similarly in terms of the mercury removal efficiency from the
pH around 5 to 9. In order to gain further insight about the effect of the
surface charge of the modified rGO composites towards mercury cap-
turing process, an intensive zeta potential study was conducted by
dispersing the adsorbents respectively in milli-Q water under different
pH conditions as presented in Fig. 7c. From the zeta potential study,
both the as-synthesized adsorbents recorded positive zeta potential
values below pH 6 which tend to repel the positively charged mercury
(1) ions, resulting in the lowest amount of mercury (1) being adsorbed
on their positively charged surface. At approximately pH 5, a drastic
uptake of mercury is observed for both the adsorbents which could be
attributed to the less protonation of the functional groups on their
surface as evident by less positive zeta potential values

A
ed,

for HT-rGO-N) from pH 6 to 9 which is beneficial for real application of
the prepared adsorbents in the natural water matrix with their pH lies
in this region.

3.2.4. Influence of competing ions

In order to assess the feasibility of the developed adsorbents for real
water purification treatment, the competitive effects of the adsorbents
were examined in a quinary mixture containing Hg (I1), Cu (II), Cd (11),
Pb (1) and Co (II) ions. The selectivity of the metal ions uptake was
studied in two approaches, i.e., the dispersed and solid (freeze-dried for
both HT-rGO-N and CM-rGO-N) forms in order to compare their metal
removal efficiency under competitive adsorption conditions. In essence,
it could be notably visualized from the bar charts (Fig. 8) that both
adsorbents have pref ial strong binding affinity ds Hg(In),
followed by Cu(ll) and Pb(Il) regardless of the forms of the adsorbents
applied in the study. Interestingly, CM-rGO-N showed slightly higher
mercury uptake in its solid form (~84%) compared to its dispersed
form (~72%), while HT-rGO-N achieved higher mercury removal effi-
ciency in its dispersed form (~86%) compared to its solid form
(~79%). This finding was also evinced by a water dispersion study with
a better dispersion of HT-rGO-N in water was observed in comparison
to CM-rGO-N even after one hour sonication as illustrated in the inset of
Fig. 8. It is also markedly to highlight that the metal removal efficiency
for both the materials does not differ much irrespective of the sorbent
forms (dispersed or freeze dried) applied in the study. This outcome
further ascertains the flexibility and the practical application of these
developed adsorbents to be applied in the real field operation. Fur-

causing a more sp bond formation between the mercury (1I)
ions and the adsorbents. As the pH further increased to above 6, the
electron rich surface of both the adsorbents becomes more negative
(< =10 mV) which could be due to the deprotonation of the amine and
remaining oxygen groups decorated on the adsorbents which enhances
the binding affinity of the Hg (II) ions onto the negatively charged
binding sites on the adsorbents. This result is in good agreement with
the highest removal efficiency achieved (> 80% for CM-rGO-N; > 90%

thermore, a well blished ¢ cial adsorbent, ground activated
carbon was also employed to benchmark the performance of the pre-
pared adsorbents in this study. The obtained data revealed that the
mercury removal efficiency of activated carbon was stunted with
merely ~16% Hg(Il) being adsorbed (approximately 4.5 folds lesser Hg
(I1) removed) in relative to both the adsorbents prepared (~84% for
CM-rGO-N and ~79% for HT-rGO-N). This remarkable performance
shows that both the prepared adsorbents outperformed the commercial
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dels. Ad
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| efficiency and zeta

potential of CM-rGO-N and HT-rGO-N composites measured at different pH. Adsorption conditions: pH = 3-10, initial concentration of Hg (II) ~ 1.5 mg/L, sorbent
dosage = 50 mg/L at 23.0 °C.
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Fig. 8. Comparative study showing influence of

oM HT competing ions on Hg (1) adsorption using CM-

rGO-N, HT-rGO-N, adsorbents and commercial ac-

tivated carbon (AC) in dispersed and solid forms.

The left inset shows the dispersion of CM-rGO-N

) and HT-rGO-N composites in water after sonication

and after 1 h standing; the right inset depicts CM-
rGO-N and HT-rGO-N composites after freeze
drying. Adsorption conditions: pH= ~5, [M?* )=
~5mg L™, adsorbent dosage = 2.5 mg, volume of
solution = 20 ml, equilibration time = 2 h,
T=225"C.
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adsorbent despite the strong competition from the multi-metallic ions sampled natural waters with < 0.168 pg/L and 1.89 pg/L of mercury
solution which could serve as a low-cost alternative to trap Hg(Il) ions found in the river water and seawater respectively prior to mercury

in the water systems. spiking. In relative to the water matrix used, it could be observed that
both the adsorbents achieved higher removal rate on river water
3.2.5. Influence of recycling times (~89% for CM-rGO-N and ~74% for HT-rGO-N composites) compared

The regeneration of the synthesized adsorbents was also in- to sea water (88.6% for CM-rGO-N and 56.5% for HT-rGO-N compo-
vestigated after mercury adsorption by desorbing the spent adsorbents sites). Interestingly, the almost identical removal efficiency achieved by
respectively in a mixture solution of 2% (w/v) thiourea in 0.1 M HCl as CM-rGO-N in both river water and sea water could be associated with
the eluent. As illustrated in Fig. 9a, both the adsorbents still maintained the presence of unsaturated active sites since only a low mercury con-
high mercury removal efficiency (> 85%) even after third repeating centration was used. On the other hand, the lower removal efficiency
adsorption-desorption cycle which manifests the reusability of both the for HT-rGO-N in seawater could be due to the presence of higher flux of
adsorbents. This crucial aspect for both the adsorbents could have add- ions such as Na*, Mg ** and Ca** ions which compete with Hg(1I) for

on economic and sustainable envirc al values for water purifica- active binding sites on the surface of the adsorbent [45]. The presence

tion technology in the long run. of negatively charged mercury chloro complexes such as HgCl,>~ and

HgCly ™ due to the large amount of chloride ions in the seawater may

3.2.6. Influence of water matrix repel with the negatively charged binding sites on the adsorbent sur-
The evaluation of the prepared adsorbents was performed on mer-  face, leading to lower mercury uptake seawater [15].

cury spiked river and seawater in order to attest the performance of the
modified rGO composites under real water conditions as summarized in
Fig. 9b. Table S4 tabulates the pH and mercury concentration for the

. CH-1GO-N . CH-rGO-N

100 -HT-IGO-N 100 !HT-:GO-N
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g » <
g g
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Fig. 9. Influence of (a) recycling times and (b) water matrix on Hg(1l) adsorption using CM-rGO-N and HT-rGO-N composites. Adsorption conditions:[Hg" * ;= ~0.5
mgL "', volume of solution = 20 ml, equilibration time = 2h, T = 22.5 ‘C.
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4. Conclusions

In summary, a new and cost-efficient polyamine functionalized rGO
adsorbent was successfully prepared using GO and commercial poly-
amine-precursor followed by their HT and chemical reduction. Reaction
mechanism and formation of rich and multiple type of N-containing
functional groups on rGO is confirmed by detailed XPS and FTIR ana-
lyses. Both the reduction approaches showed identical and high N
content (net 5.5 at % from polyamine precursor using XPS analysis; net
6.5 wt% from bulk combustion analysis) grafted on the rGO. The
mercury removal efficiency of prepared nitrogen rich rGO composites
were systematically investigated over numerous adsorption parameters
including influence of time, solution pH, ad-
sorbent form, recycling times and water matrix. Results indicated that
composite made by HT reduction (HT-rGO-N) demonstrated slightly
better performance than composite made by chemical reduction (CM-
rGO-N) in terms of its adsorption capacity in broad range of pH. Both of
these materials were found to show high adsorption rate with good fit
in the pseudo-second order and Freundlich isotherm models towards Hg
(I) removal. > 70% selectivity towards Hg(ll) achieved in multi-
metallic solutions containing Hg(II), Cd(1I), Co(1l), Cu(lI), and Pb(II) for
both of these adsorbents with CM-rGO-N performed better in its solid
form than in dispersed form while HT-rGO-N exhibited higher mercury
removal in its dispersed form than the solid form. Both of these ad-
sorbents also surpassed the commercial activated carbon with
only ~ 16% mercury removed and achieved > 85% removal even
after three recycling times. They also demonstrated better performance
for mercury removal in river water and seawater correspondingly
which was advantageous towards water purification in natural waters.
In essence, this work contributes to the development of facile and cost-
efficient water remediation solution which can be potentially translated
into industrial scale application using inexpensive and commercially
available polyamine crosslinker via green one-step scalable modifica-
tion approach.
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Appendix A. Supplementary material

Characterization details for the samples prepared in this work, Table
of Chemical composition of polyamine precursor, SEM image of GO,
EDX spectra of HT-rGO-N and CM-rGO-N, Plots of UV-Vis, FTIR,
Raman, TGA-DTA and XRD of GO and control samples, Table of nor-
malized chemical composition of samples from XPS analysis, Plots of
survey spectra (control and polyamine modified rGO composites) and
Cls high resolution spectra of control samples, comparison table of Hg
(1) performance, table of mercury (II) concentration and pH for river
water and seawater used are included. Supplementary data to this ar-
ticle can be found online at https://doi.org/10.1016/j.seppur.2019.
116441,
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Materials Characterization

The prepared samples were characterized by several techniques including scanning electron
microscopy equipped with EDX Silicon Drift Detectors (FE-SEM, Quanta 450 FEG, FEI, USA;
EDX, Ultim Max 170mm SDD, Oxford Instruments, UK) to study the morphology and elemental
distribution of the materials, TEM technique (TEM, Tecnai G2 Spirit) was also applied to study
the morphology of the pre- and post-polyamine functionalized rGO composites using drop casting

method on the TEM grid.

Elemental analysis of the samples were performed using a Perkin Elmer 2400 series 11 CHNS/O
Elemental Analyzer in CHNS configuration. The combined combustion/reduction tube was packed
using Perkin Elmer EA6000 and Perkin Elmer *Hi-Purity’ copper with a reaction temperature of
975°C. Results were calibrated to 2mg of Perkin Elmer Organic Analytical Standard of Cystine
(formula: (SCH;CH(NH:)CO:H):) with known abundances of carbon (29.99%), hydrogen
(5.07%), nitrogen (11.67%) and sulphur (26.69%). The accepted error range between standards
was £0.3 % for carbon, hydrogen and nitrogen and +0.39 % for sulphur calculated against 12

replicates.

The specific surface area (SSA) of the materials was determined via methylene blue (MB)
adsorption method using UV-Vis spectroscopy (Shimadzu UV-1601, Japan) as described
in our previous work [1, 2].

Fourier Transform Infrared spectroscopy (FTIR, Nicolet 6700, Thermo Fisher) in the range of
500-4000 ecm™ was recorded to detect the functional groups present in the materials. Raman
spectroscopy (LabRAM HR Evolution, Horiba Jvon Yvon Technology, Japan) with a 532 nm laser
{mpc 3000) as excitation source was used to determine the vibrational characteristics of the

materials. All the spectra were collected with an integration time of 10 seconds each on 3 different
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spots. The X-ray diffraction (600 Miniflex, Rigaco, Japan) was used to unveil the composition of
the materials in the range of 26 = 5-80" at 40 kV and 15 mA with the scan speed of 10°min™.
Thermal decomposition of the samples was studied using thermogravimetric analysis (TGA/DSC
2, STAR® System, Mettler Toledo, Switzerland) under nitrogen atmosphere with the samples

heated to 1000 “C at a heating rate of 10 °C min™.

XPS measurement was performed using AXIS Ultra DLD (Kratos, UK) equipped with a
monochromatic Al Ka radiation source (hv =1486.7 eV) at 225 W, 15 kV and 15 mA. XPS wide
scans were carried out at 0.5 eV step size over -10-1100 eV at the pass energy of 160 eV while the
narrow scans were acquired at a 0.1 eV step size and pass energy of 20 eV, The deconvolution and
fitting of peaks were performed using Casa XPS™ software. The binding energy scale was
calibrated with the primary peak (C-C/C-H peak) of adventitious carbon at 285.0 eV the full width
at half maximum (fwhm) for all component peaks were constrained within the difference of £ (0.2

eV,

The zeta potential of the prepared adsorbent was measured as a function of pH in triplicate using
a Malvern Zetasizer (Nanoseries, Australia). The adsorbent was dispersed in Milli-Q water with
the pH of the mixture adjusted using HCl or NaOH in the range of 3-10. Selution ICP-MS (QQQ
8900, Agilent) was used to measure the remaining concentration of Hg(Il) solution after the
adsorption experiments,

Table S1. Main chemical composition of commercial polyamine precursor (West System 205 Fast

Hardener)*

Chemical identity Concentration (%)

Product of tricthylenetetramine with phenol and

formaldehyde 45-70

5-3
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polyethylenepolyamines 10-30
triethylenetetramine 5-13
Triclhylcnctc_traminc, reaction product with 5-10
propylene oxide

tetracthylenepentamine 3-10
hydroxybenzene 1-7

*The exact chemical identity and concentration is held as confidential business information (CBI).

Fig. S1. (a) SEM image of GO, EDX spectra and normalized atomic percentage for (b) HT-rGO-
N and (¢) CM-rGO-N.

S-4
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Fig. S2. Plots of (a) UV-Vis, (b) FTIR, (¢) Raman, (d) TGA-DTA and (e) XRD of GO and

control samples.

Table S2. Normalized chemical composition of samples determined from their respective XPS

survey curves (Fig. 83 and Fig. 6) in atomic %.

Atomic %

Element
C O
GO 71.11 28.89
HT-rGO-C 82.40 17.60
HT-rGO-N 81.92 12.60 547
CM-rGO-C 82.99 14.17 2.83
CM-rGO-N 80.10 11.60 8.28

5-5
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Fig. 83, Plots of XPS survey scan of (a) GO and control samples, (b) pelyamine modified rGO
composites and (c) Cls high resolution scan of GO and control samples. Fitting of Cls high
resolution spectrum for GO, HT-rGO-C and CM-rGO-C show characteristic of GO peaks centered
around 284 4eV, 285.1 eV, 286.3 eV, 287.3 eV, 288.4 eV and 289.0 eV which can be assigned to
C=C, C-C, C-0OH, C-0-C, C=0 and O-C=0 respectively [3, 4].

Table S83. Comparison of Hg (11} adsorption kinetics conditions and performance of various

adsorbents,
Specific Sorbent
i . dosage Sorption
Type of surface area Time to reach Initial lt'lgtt_ll} in Hg T H capacity Ref
Adsorbent (m* g ") equilibrium WH(CELT:]IDI'I (11 (°'C) P qe* y
m solution (mg/ g)
(mg/ L)
HT-rGO-N 63 10 mins 11 125 23.0 53 70.4 This
work
CM-1GO-N 2700 10 mins 1 125 230 53 671 o
waork
]ETES;{GO 97.56° 10 mins 8 200 25 53 2557 (5]
ADGON 4000 12 hrs 0.05 10 210 4.5 4.5 [6]
Aming
functionalised
graphene 62430 120 mins 5 200 250 NA 23.03 7
COMPOSItes
(Fe,0,-GS)

S-6
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Thymine
grafied rGO MLA. 20 ming 250 1000 NA [ 149,25 [8]
(rGO-Thy)

*ge determined using pseudo second arder model

T corresponds o methylene blve adsorption method and * refers to Brunaver—Emmen—Teller (BET) method for specific
surface area defermination

N.A.- Not Available

Table S4. Mercury (II) concentration and pH of river water and seawater used in the sorption

experiments.

Type of water matrix River water Seawater

pH 8.17 8.13

Temperature ("C) 21.50 20.40

[Hg (I1)], pg/L <0.168 1.89
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5. FUNCTIONALIZED GRAPHENE COMPOSITES VIA THERMAL THIOL-ENE

CLICK APPROACH FOR WATER PURIFICATION

5.1. Overview and Significance of Work
Production process of the commercial adsorbent (AC) is energy-intensive and
inefficient to remove residual mercury at low concentration in water systems even
after conventional water treatment. Engineering of functionalized graphene
composites is demonstrated using cysteamine (sulfur- and nitrogen-containing
precursor) through a thermal thiol-ene click approach. This work targets to:
e develop a mild, low energy, environmentally friendly and scalable production
method for an adsorbent, and
e design an adsorbent with a fast adsorption rate, high affinity and selectivity
towards removing low concentrations of mercury in water
Findings from this work accomplished Objectives 3 and 4, which are colligated in a

published peer-reviewed research article.
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ABSTRACT: Engineering of multifunctional binding chemistry on graphene composites using thiol—ene click reaction for
selective and highly efficient adsorption of mercury(11) is demonstrated. Graphene oxide (GO is used as an initial material for
covalent attachment of cysteamine molecules by thiol—ene click reaction on C=C groups to achieve a partially reduced
graphene surface with multiple binding chemistry such as O, §, and N. Batch adsorption studies showed remarkable adsorption
rate with only 1 mg L™' dosage of adsorbent used to remove 95% Hg (I1) (~1.5 mg L™") within 90 min. The high adsorption
capacity of 169 & 19 mg g™', high selectivity toward Hg in the presence of 30 times higher concentration of competing ions
(Cd, Cu, Pb) and high regeneration ability (>97%) for five consecutive adsorption—desorption cycles were achieved.
Comparative study with commercial activated carbon using spiked Hg (II) river water confirmed the high performance and
potential of this adsorbent for real mercury remediation of environmental and drinking waters.

KEYWORDS: thiol—ene, cysteamine, graphene oxide, mercury, adsorbent, adsorption

1. INTRODUCTION

The increasing level of heavy metals in our environment
caused by rapid industrialization and population growth with
their high toxicity and bioaccumulation is causing serious
global concerns. Numerous conventional water purification
technologies including precipitation, membrane fltration,
reduction, ion exchange, and adsorption have been ccmmunlk'
used to remove heavy metals from aqueous s)’stems."‘
However, most of these technologies are ineftective particularly
when facing the removal of very low concentration of heavy
metals (ppb level) such as mercury. To address this
challenging problem, the adsorption process emerged as a
promising method to be used alone or combined with
conventional methods., Thus far, activated carbons and
synthetic silica mesoporous materials (MCM-41 and SBA-
15) are the most successful adsorbents that are developed and
commercially available on the market."™" However, these
adsorbents have some disadvantages including lack of
selectivity, versatility, high cost, energy- and labor-intensive,
as well as their production involving the use and waste of toxic
materials. To address these limitations, the development of
new adsorbents with chemical versatility based on natural or
waste materials such as, graphite, zeolites, clays, starch, fly ash,
© 2018 American Chemical Society
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chitosan, etc. with sustainable and green production is
recognized as a favorable approach."

Graphene with a unique 2D structure which can be
produced at large scale from cheap raw material (graphite),
having large specific surface area, ability to tailor surface
chemistry, and designed in different 3D forms has received
considerable interest for the development of advanced
adsorbents in heavy metals removal.”” Many approaches
using graphene materials including graphene oxide (GO),
reduced graphene oxide (rGO), pristine graphene and their
composites with nanoparticles and polymers in different forms
of 3D composites (hydrogels, aerogels, foams, and mem-
branes) have been explored.”"~"" GO having high density of
different oxygen functional groups (ie, carboxyl, phenol,
lactone} with strong electron donating property and binding
affinity toward heavy metals including mercury has been in
particular an attractive choice.'' In addition to oxygen
functionalities, GO can be modified with specific functional
groups containing sulfur, nitrogen, phosphorus through doping
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Figure 1. Schematic illustration of the functionalization of GO with thiol—ene click reaction to achieve a graphene composite with multifunctional

binding chemistry for high performing adsorption of mercury.

or covalent immobilization providing new prospects to design
advanced adsorbents with high adsorption capacity and
selectivity for heavy metals.” Kumar et al. used this idea in
their work to make graphene oxide-L-cystine adsorbent via the
reaction between amino group bound in L-cysteine with
hydroxyl and carboxyl groups on GO showing the maximum
adsorption capacity of 79.36 mg g for mercury.” In their
latter work, the synthesis of GO-MBT (2-mercaptobenzothia-
zole) adsorbent through the reaction between the carbonyl
groups (after chlorination with SOCL,) on GO with MBT was
demonstrated which outperformed their previous work record-
ing an adsorption capacity of 107.52 mg g~' for mercury.”” In a
study reported by Aghdam et al,, a high maximum adsorption
capacity of 282.7 mg ¢! was determined when a series of
multistep reaction between GO with divinyl sulfone, allyl
acetoacetate and N,N-dimethyl acrylamide was carried out to
fabricate poly(allyl acetoacetate)-grafted graphene oxide (GO-
GAA).™

To combine a synthetic polymer grafted with specific
functional groups on the GO surface, another approach has
been reported to increase the specific surface chemistry to
improve the adsorption capacity of mercury to 277.0 mg g~."”
Most of these functionalization with polymers have also been
achieved via the reaction of polymers with the oxygen
functional groups (carboxyls, hydroxyls or carbonyls) on GO
which limits their involvement in the adsorption process. In
our previous studies, we demonstrated the development of a
unique 3D graphene hybrid composite decorated with iron
nanoparticles interconnected with diatom silica (graphene-DE-
aFeQOH) microparticles” that was then modified with silane
chemistry using 3-mercaptopropyltrimethoxysilane (graphene-
DE-aFeQOH-5H)” to increase the density of thiol active sites,
and to enhance its affinity and adsorption capacity toward
mercury binding. The best performing adsorbent for the
removal of both high and low concentration of mercury in
water with adsorption capacity of >800 mg g~ was achieved.
However, the preparation step of this hybrid is too complex
and hard to scale up, which prompted our team to explore a
more simplified method to produce a graphene adsorbent with
high density of mercury binding chemistry.

It is worth noting that most studies on the development of
graphene-based mercury adsorbents presented results with less
consideration on the relevant mercury removal conditions,
such as the use of extremel?« high mercury concentrations and
large adsorbent dosages.'” There are only few studies
performed for the removal of low mercury concentrations in
water, which is more important and the most challenging. For
these applications, it is critical to have high surface area
adsorbing matrix with optimized surface chemistry and
maximized number of strong binding sites.

6351

To address these limitations, in this paper, we report a facile
approach for functionalization of GO surface with high density
of multiple functional groups including sulfur, amine, and
oxygen to design high performing adsorbents with efficient
removal of ultralow concentration of heavy metals including
mercury. Our concept, as presented in Figure 1, is based on the
covalent attachment of cysteamine on the sp* carbon of GO via
thermal thiol=ene click reaction. The cysteamine and thiol—
ene click reaction were specifically selected to achieve the
attachment of thiol and amino binding functionality through
targeted sp® carbon binding without compensating the merits
of oxygen functionalities on GO. The ultimate goal is to
introduce the additional sulfur and amino functional groups
and combine them with existing oxygen groups in GO to
achieve a graphene composite with multiple surface chemistry
and an enhanced binding performance for mercury. In this
context, thiol—ene click reaction is recognized as one of the
most promising routes as it allows targeted addition to the C=
C using a thiol precursor by the action of heat (thermally) or
light (photochemically) which enables the desired functional
group (thiol) to attack the sp® carbon on GO.'* Owing to its
modular nature, highly efficient, catalyst-free, simple, and mild
reaction conditions, thiol—ene click reaction appears to be a
very popular approach for surface modifications and materials
applications which may provide scalable production of the
graphene adsorbents."” The structural, chemical and thermal
characteristics of the prepared cysteamine modified partially
reduced graphene oxide (Cyst-prGO) composite were studied
in details using a broad range of characterization techniques
followed by systematic batch studies for adsorption kinetics,
isotherms, influence of pH, co-ions, sorbent dosage, and
recyclability to evaluate the performance of the adsorbent
toward Hg (II) ions. Finally, in order to demonstrate the
practical application of this adsorbent at a realistic level, the as-
prepared adsorbent was tested on Hg (II) spiked river water.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. Natural graphite flakes were
obtained from a local mining site (Uley, Eyre Peninsula, South
Australia, Australia), milled into powder using a benchtep ring mill
(Rocklabs) and sieved using a 25 pm sieve. Activated carbon
{Haycarb), potassium permanganate (KMnQ,, Sigma-Aldrich), 98%
sulfuric acid (H,S0,, Chem-Supply), 85% w/w phosphoric acid
(H,PO‘, Chem—Supp]y], 30% hydrugen peroxide [:H.EO!J Chem-
Supply), 36% hydrochloric acid (HCl, Chem-Supply), 67=69% nitric
acid (HNQ,, Seastar Chemicals), IM sodium hydroxide (NaOH,
Chem-Supply), cysteamine hydrochloride (C,H;NS, Sigma-Aldrich),
mercury(Il) chloride (HgCly, Sigma-Aldrich), thiourea (CH,N,S,
Sigma-Aldrich), N,N-dimethylforamide {DMF, Chem-Supply), 2,2-
azobis-2-methylpropionitrile (CQH“N, [AIBN), Sigma-)ﬂdrith:h
hexane (CgH,y, Chcm-Supplyj} ethyl acetate [:C,HSD:J Chem-

DO 10,002 1/ac sarmi Bl 7131
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Supply), and ethanol {C,HO, Chem-Supply) were used divectly
without prior purification. High purity Milli-Q water (18.2 M{-cm)
was used throughout the work, unless otherwise stated.

2.2, Preparation of Graphene Oxide (GO). GO was prepared
by the oxidation of natural graphite based on the improved Hummer's
method." In the preparation, 3.0 g of graphite powder (<25 um) was
used to synthesize GO. A 9:1 ratio of concentrated sulfuric acid and
phosphoric acid (360:40) mL was mixed and cooled to ~4 *C in the
fridge. This mixture was slowly added to the graphite powder in the
presence of 18,0 g potassium permanganate upon stirfing at room
temperature, The mixture was then heated to 60 °C for about 16 h to
form a thick paste. The thick paste was left to cool to room
temperature and was poured onto ice cubes in the presence of 3 mlL
hydrogen peroxide. Subsequently, the mixture was washed several
times with distilled water, 3% hydrochloric acid, followed by acetone
and ethanol. For each successive wash, the product was centrifuged at
4200 rpm, The obtained brown GO was dispersed in ethanol and
freeze-dried to obtain a brown product.”

2.3. Synthesis of Cysteamine Modified Partially Reduced
Graphene Oxide ﬂcy‘s'l-prﬁﬂl. Functionalization of GO was
perfurmed :n:curding to the adaptation of the reported methudolug}r
by Lunns et al."” In order to achieve maximum Iuadlng of functional
groups and retain the oxygen functionalities on GO for better
dispersinn durins mercury a.deaurprinn n aqueous systems, a few
attempts were performed to optimize the modification parameters
(Further details in SI, Figure S1A and B). The most optimized
condition was at 70 “C, 12 h with the mass ratio of GO: cysteamine =
10:5. In a typical procedure, GO (201} mg:} was added into 100 mL of
DMF and ultrasonicated for 30 min to obtain a hnmngeneouﬁ
exfoliated GO di_‘iper_‘iicl]‘l. This was then followed by purging of
nitrugc'n gas for 30 min to create an inert environment. A separate
mixture containing 100 gL AIBN (radical initiator), 100 mg of
cysteaming hydmchlnridx: and 30 mL DMF was ultrasonicated for 30
min and was added into the exfoliated GO dispersion. Subsequently,
this dispersion was continued with purging of nitrogen gas for another
30 min. The reaction mixture was then puun:d into a round-bottom
flask, sealed and heated in a 70 °C silicon oil bath for 12 h. After the
reaction, the rr_'sulh'ng pmduc: was cooled to room temperature and
washed with a mixture of hexane and ethyl acetate in the ratio of 1:1,
followed by ethanol and distilled water uh‘ing ccnlrlfugr_' at 4200 rpm
(51, Figure 51C). The product was finally freeze-dried to obtain the
curr{:spnnding Cyst-prGO (51, Figure 51D

2.4, Batch Adsorption Studies. The batch adsorption perform-
ance toward mercury(Il) removal was conducted using 100 mL Hg
(1) wurkl'ng solution at the desired pH, initial concentration, and
amount of adsorbent on an orbital mixer (Ratek, model OM?7,
Australia). All the adsorption experiments were carried out using
Cyst-prGO dispersed in ethanol in triplicate with a contral (in the
absence of adsorbent) running in parallel. For kinetic study, Cyst-
priGO was added at the desired adsorbent amount into various vials
containing 100 mL mercury(11) solution and these mixtures were
stirred at ambient temperature on an orbital mixer at 170 rpm. Liquid
samples were withdrawn at particular time intervals and immediately
centrifuged prior to ICP=MS analysis. After the adsorption
experiment, liquid samples were withdrawn and immediately
centrifuged at 11000 rpm for 5 min to separate the supernatant
from the remaining mercury(11) solution. The collected liquid sample
was then acidified with 2% HNO, for ICP—MS measurement to
determine the remaining concentration of mercury(11) in the solution,
The amount of mercury(1l) ions adsorbed per unit of adsorbent mass,
at a given time, ¢ (g, mg g') was deduced using the following
equation:”

_ (Cy = CIV

4 "

(1)
where C, and C, are initial and mercury(1l) concentrations at time ¢
{mg L"), while V is the volume of solution (L) and m is the mass of
adsorbent (g). The removal efficiency (R, %) at a given time, f, was
caleulated based on the following equation:'"
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2.5. pH Dependence Study. The effect of pH toward mercury
uptake was in\'esrig.lled at pH range 3=10 of men:ury(lI] solution
(-‘ul.S mg L"} with the pH adjusted using HCI or NaOH before the
adsorption experiments. Same procedure as described above was used
to determine the remaining Hg (I} concentration after mercury
adsorption,

2.6. Equilibrium Study. The adsorption capacity of the adsorbent
was determined by adding 1| mg Cyst-prGO in a series of known
concentration {1—10 mg L") of Hg (11} working sclutions at pH 5.3,
The mixtures were stirred at 170 rpm on an orbital shaker at ambient
temperature for 2 h. The liquid samples were withdrawn, analyzed
with ICP—MS following the same procedure described above,

Kinetic Models. The rate of the sorption process was investigated
by fitting the experimental data into two mathematical models,
namelx Lagergren pseudo-first-order®’ and the Ho's pseudo-second-
order™ (51, Adsorption Kinetics).

Equilibrivm Models. The adsorption process between Cyst-prGO
and mercury(1l) ions was evaluated using two popular equilibrium
models, which are, Langmuir™ and Freundlich™ models (51,
Adsorption Isotherms).

2.7. Selectivity Study. The selectivity of Cyst-prGO toward Hg
(1I) was performed by adding 1 mg of Cyst-prGO into a quadruple
metal ion mixture containing Hg (11), M (II) = Pb, Cu, and Cd stirred
at 170 rpm at pH 53 for 2 h. This study was conducted in two
approaches: [Hg (11}];: [M (11)], = 1:1 and [Hg (11)];: [M ()], =
0.03:1 in order to demonstrate the selectivity of this material toward
Hg (11). The remaining concentration of Hg (II) and M (11} was
determined using ICP=MS after the selectivity experiments.

2.B. Regeneration Study. The regeneration of Cyst-prGO was
investigated by loading Cyst-prGO adsorbent in ca. 1.00 mg L™ Hg
(I1) at pH 5.3 at ambient temperature, The desorption cycles were
carried out by stirring the spent adsorbent with 30 mL 2% (w/v)
thiourea in 0.1 M HCl as eluent at 250 rpm on the orbital shaker for 1
h to wash out the bound Hg (I1) from Cyst-prGO. This was then
followed by washing the spent adsorbent with large amount of Milli-C)
water to bring the pH to above five and drying process, Five
adsorption—desorption cycles were repeated and the remaining Hg
(I1) concentration in each cycle was probed using ICP—MS.

2.9. Real Application Study. The efficiency of Cyst-prGO was
evaluated using Hg (11) spiked river water (pH ~ 7, without pH
adjustmf:nlj collected from Torrens River (Adelaide, South Australia,
34°55'01.4"S 138°36" 10.9"E) to simulate real app]icah'on Soenariao.
The river water was filtered using filter paper prior spiking with ca. 4.0
myg L™" Hg (11} solution. In this study, 5.00 mg of adsorbents (Cyst-
prG0O, GO and commercial activated carbon) were separately added
into 100 mL spiked Hg (I1) river water. These mixtures were then
stirred at 170 rpm for 2 h at ambient temperature. The collected
liquid samples were then subjected for ICP=MS analysis to determine
the remaining Hg (II) concentration.

3. RESULTS AND DISCUSSION

3.1. Characterizations of GO and Cyst-prGO. TEM was
employed to distinguish the morphological difference between
GO and the synthesized Cyst-prGO as visualized in Figure ZA
and B. GO shows a typical ultrathin and wrinkled sheet-like
structure with different sizes while Cyst-prGO displays a highly
connected, aggregated and corrugated hybrid structure with
multilayered assembly of the sheet-like individual GO sheets.”
SEM analysis of the fractured hybrid revealed interconnected
3D microporous skeleton of Cyst-prGO after functionalization
with cysteamine as displayed in Figure 2C confirming its
unique architecture, A close-up image (Figure 2D) unveils the
wrinkled, thin and paper-like structure of Cyst-prGO
analogous to the structure determined from TEM analysis.

GO 10,1021 Facsami B 7131
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Figure 2. TEM images of (A) graphene oxide (GO) sheets and (B)
cysteamine functionalized reduced graphene oxide (Cyst-prGO)
sheets. (C and D) SEM images of Cyst-prGO after freeze-drying.

FTIR analysis was performed to verify the attachment of
functional groups on GO and Cyst-prGO. As depicted in
Figure 3A, the spectra of both materials exhibit a strong broad
band at ~3400 cm™' for O—H stretching vibrations, 1720
em™! corresponding to C=O0 stretching of —COOH, and
peaks at 1030 and 1384 cm™' conform to the C—O and C—
OH bonds, respectively. The band at nearly 3200 cm™" due to
N—H stretching was also recorded on the spectrum of Cyst-
prGO although insignificant in relative to other peaks due to
the overlapping peak with O—H band.*"*"** It should also be
noted that the band at 1620 cm™" (C=C skeleton stretching
vibration of the aromatic ring) on GO was shifted to 1644
ecm™ on Cyst-prGO which could be attributed to N—H
vibration after the functionalization reaction.”™*” In addition,
the targeted thiolation on GO via thiol—ene click reaction was

evidenced by the presence of new peaks near 1435, 1410, and
1350 cm™' on Cyst-prGO which can be allotted to C—S
vibrations.”*” Significantly, peaks at 1247 and 660 cm™'
which could be ascribable to —CH,—S wagging and vibrational
C—S bonds respectively were also found after the functional-
ization process.’”"" The absence of the common peak at
around 2500 cm™' which could be associated with S—H
stretching on Cyst-prGO suggests that the thiol—ene click
reaction has taken place via the reaction between —SH group
on cysteamine with C=C on GO. A small peak at 2929 cm™"
which could be linked to the symmetric stretching mode of —
CH, moiety on the carbon chain of cysteamine was also found
on the spectrum of Cyst-prGO.”** The FTIR results further
corroborated the successful grafting of functional groups in
cysteamine on GO and the partially retained oxygen functional
groups through thiol—ene click reaction.

Comparative TGA thermograms of GO and Cyst-prGO as
shown in Figure 3B was employed to confirm the thiol—ene
click reaction in Cyst-prGO. Both GO and Cyst-prGO showed
thermal instability before 650 °C with step-like profiles unlike
graphite, which displayed no significant weight loss (SI, Figure
S2A). Three major mass losses were identified on GO, whereas
four were detected on Cyst-prGO. The first stage of mass loss
below 110 °C could be attributed to the loss of moisture
content and interstitial water which accounts for 13.36% for
GO and 7.66% for Cyst-prGO™ (SI, Figure $2B and C). The
second mass loss of 46.79% and 24.07% which occurred at 190
and 160 °C for GO and Cyst-prGO, respectively can be
associated with the removal of oxygen-containing functional
groups.” Interestingly, a moderately small mass loss along with
a tiny shoulder peak at 251 °C (18.11%) was only found on
the derivative mass loss plot of Cyst-prGO (SI, Figure S2C),
but not on GO, which could be related to the attachment of
additional functional groups via thiol—ene click reaction.
Subsequently, the last mass loss with nearly 40% on the TGA
curves of both (39.85% for GO and 39.31% for Cyst-prGO)
samples taking place at 538 °C (GO) and $92 °C (Cyst-
prGO) could be related to the bulk pyrolysis of carbon
skeleton.” A relative appreciable amount of residue (~11%)
was left at 600 °C for Cyst-prGO in contrast to GO (0%)
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Figure 3. (A) FTIR, (B) TGA, (C) Raman, (D) XPS high resolution for C Is spectra of graphene oxide (GO) and cysteamine functionalized
partially reduced graphene oxide (Cyst-prGO), XPS high resolution spectra for (E) S 2p and (F) N 1s of Cyst-prGO.
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turther confirming the successful insertion of other function-
alities such as sulfur and amine from cysteamine and increase
in thermal stability.™

The XRD patterns of GO and Cyst-prGO are displayed in
(81, Figure S3A). The peak at 26 = 11.32° (d-spacing = 7.81
A) on GO confirms the complete oxidation of gmphne
commeonly existing at 28 = 26.62° (51, Figure &3!3) On the
other hand, a shift of the peak at 26 = 11.32° on GO to 10.65%
with corresponding higher interlayer spacing of 8.30 A was
observed on the XRD pattern of Cyst-prGO. This signifies the
increased distance between the exfoliated GO layers after the
introduction of cysteamine which could be due to the insertion
of functionalities, including sulfur and amine groups, playing
the role as spacers between the GO interlayers after the
functionalization process.”™"” Meanwhile, the broad peak in
the range of 26 = 20—26° on the XRD pattern of Cyst-prGO
can be associated with the stacking of few layers graphene
sheets.”™™

Figure 3C depicts the Raman spectra of GO and Cyst-prGO
where two characteristic peaks at 1330 and 1575 cm™ related
to the D and G bands, respectively are observed. The D band
can be related to the defects or disorder in the graphitic
structure, whereas the G band carresponds to the in-plane
vibration of the qp‘ carbon to sp h)d)rld]zed carbon resulting
from the destruction of the sp® s-tructures of graphite or
covalent attachment of functional groups.”” Typically, the
intensity ratio of D and G bands (I,/I;) measures the degree
of functionalization, which provides an indicator of the
structural defects of carbon. Cyst-prGO exhibits a higher I,/
I;; ratio (0.90) compared to GO (0.84) which suggests an
increase in the degree of disorder on the partially reduced GO
sheets. Mareover, the presence of a weak band near 640 cm™
(inset of Figure 3C) representing the gauche conformation of
the vibrational stretching of C—8 bond is also identified on the
Raman spectrum for Cyst-prGO which further affirms the
enhanced functionalization with successful insertion of sulfur
and amine groups on the GO sheets using cysteamine.”

XPS analysis was performed in order to gain further insight
on the chemical composition and chemical states of the
synthesized adsorbent. A survey scan of Cyst-prGO (51, Figure
S4) revealed the elemental composition of C, O, §, and N at
78.13%, 18.62%, 1.66%, and 1.59%, respectively, in Cyst-
prGO. The nearly identical atomic percentage achieved by
both N and S atoms in this quantitative data suggests that the
GO surface effectively functionalized via the thiol—ene click
reaction using cysteamine. The slight discrepancy of 0.07%
between S and N atomic composition could be due to the
presence of residual sulfate (use of sulfuric acid) during the
oxidation of graphite.” It should be noted that the evidence of
thiol—ene click reaction in Cyst-prGO is also well supported
by the selected high resolution C 1s, § 2p, and N 1s spectra
(Figure 3D—F). Deconvolution of C 1s spectrum for bare GO
(Figure 3D) shows a few characteristic peaks centered at 284.3,
285, 287.2, 288.9, and 290.8 eV, which can be assigned to C=
C, C-C, C-0, 0-C=0, and 0O-CO-0 bonds, respec-
tively.""~** It is noteworthy to find that all the aforementioned
peaks in GO appear on the C 1s narrow scan of Cyst-prGO
except the peak at 284.3 &V (C=C) which diminished after
functionalization with cysteamine, This suggests that the
oxygen functional groups are still present in Cyst-prGO and
the click reaction took place between the sp® carbon on GO
with the thiol group on cysteamine. This result is also well
correlated with the FTIR analysis in which the band at 1620
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em™! {C=C) diminished in Cyst-prGO after the functional-
ization reaction as mentioned previously in this paper. On top
of that, the fitting of the experimental data of C s in Cyst-
priGO demonstrates two new peaks arise at 285.5 and 287.1 eV
which can be allotted to C—5 bond are consistent with the
peaks (C—5 bond) found in FTIR analysis of Cyst-
prGD."u"“'“ On the other hand, the narrow spectra of § 2p
and N 1s of Cyst-prGO (Figure 3E and F) evidently confirmed
that thiol—ene click reaction has occurred between the -SH
group on cysteamine with C=C on GO. The deconvolution of
5 2p peak into a doublet positioned at 163.6 and 165 ¢V can be
attributed to $ 2p;, and S 2p,;; of C-5 bond,
respectively."™"” Meanwhile, a peak at 168.8 eV associated
with the mudlzed § is visible on the high resolution § 2p
spectrum,”” This is in good agreement with the discrepancy
found in the atomic quantification data of § and N. In addition,
the detailed scan of N 1s indicates the presence of three types
of nitrogen species in Cyst-prGO with the peaks centered at
401.1 and 401.7 eV for N—H, 398.9 eV for C—N—C and near
400 eV for C-NH; bonds. ™" It is apparent that the
chemical states of the species present in Cyst-prGO probed
using XPS analysis are very well correlated to the FTIR results
discussed in the previous section. The combination of the
characterization results including XRD, Raman, FTIR, TGA,
and XPS analyses offer strong evidence on the formation of
Cyst-prGO by thiol—ene click reaction involving =SH group
from cysteamine and C=C on GO.

3.2. Adsorption Kinetics. Figure 4 shows the rate of
Hg(11) adsorption for the three different adsorbent dosages (1,
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Figure 4. Time dependence study of Hg(II) adsorption on different
sorbent dosage of Cyst-prGO. Conditions: pH 5.3, [Hg™*], = ~15 mg
L™, T =23.0 °C.

10, and 100 mg L™") of Cyst-prGO. The steep upward Hg(II)
uptake pattern visibly shows an exceptionally rapid initial
adsorption rate of Hg(IT). About 96% Hg(1I) was removed for
10 and 100 mg L™ of Cyst-prGO and the Hg(II) uptake was
leveled out with approximate 98% at equilibrium for all the
adsorbent dosages, whereas nearly 70% mercury was removed
when 1 mg L™ of Cyst-prGO was used within the first 10 min.
In terms of the adsorption kinetics, the performance achieved
by Cyst-prGO (10 min) in lesser sorbent dosage is outstanding
in relative to the adsorbents prepared in our previous studies,
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graphene-diatom silica aerogels (30 min) and functionalized
graphene hybrid (20 min) to attain the adsorption
equiiibn’um.h"" Moreover, in comparison to graphene oxide/
Fe—Mn hybrid (GO/Fe—Mn) prepared by J. Tang et al,, about
25 min (10 min for Cyst-prGO) were required to achieve the
adsorption equilibrium when almost similar initial mercury(11)
concentration but higher sorbent dosage (120 mg L™') was
used in their studies.”’ On top of that, the adsorption rate of
Cyst-prGO also superseded 3DGON reported by Henrique et
al. when lower initial mercury(11) concentration, 0,05 mg L™
(~1.5 mg L™" for Cyst-prGO) was applied, yet 24 h {10 min
for C}ﬁt—prGU) was needed to achieve about 90% removal at
H 5.
b In order to gain further insight about the adsorption
mechanism of Hg(ll} onto Cyst-prGO, these outstanding
kinetic results were fitted into the linearized form of two
kinetic models (pseudo first- and pseudo second-) as depicted
in (SI, Figure 55). From the fitting analysis using the
aforementioned sorption kinetic profiles, pseudo-second
order kinetic model provides the best fit with the highest
linear correlation coefficient (R* = 1.000) compared to the
pseudo first model (R* 0.473). This suggests that
chemisorption is the rate-controlling step for Hg(II) uptake
on Cyst-prGO. Pseudo-second order model has been
commonly applied to describe the sorption of contaminants
from aqueous solution in wastewater treatment which
undertakes that chemisorption process with respect to the
number of adsorption site available for the exchange process at
the solid-solution interface. This model also presumes the
bimolecular interaction by sharing and exchange of electrons
between the adsorbate and adsorbent which can be correlated
to the electron-donating groups present on Cyst-prGO
adsorbent.™

3.3. Influence of Solution pH. The effect of solution pH
toward Hg(11) removal by Cyst-prGO was studied over the pH
range of 3=10 (Figure 5) with other parameters kept at
constant. The pH studies indicate that this material exhibited
different stages of sorption with the highest Hg(II) removal
efficiency (above 95%) recorded at around pH 5. This
observation is well supported by the highly negative zeta
potential value of Cyst-prGO measured at the same pH, which
accounted for the strong electrostatic attraction between the
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Figure 5. Effect of pH on Hg(11) removal efficiency and zeta potential
of 10 mg L~'CystprGO measured at different pH. Conditions:
[Hg" ] = ~15 mg L™, T = 23.0 °C.
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negative surface charge of Cyst-prGO and the positively
charged divalent mercury ion. At this optimum pH, mercury
exists as a divalent form, which readily coordinates with sulfur,
oxygen and nitrogen atoms on the binding sites of Cyst-prGO
via surface complexation. In addition, the electron rich surface
of the adsorbent which is less protonated at this pH makes the
bond formation between Hg (II} ion and the negatively
charged surface more facile via lone pair electron sharing.'*

A significant drop of about 30% Hg(II) uptake was observed
at approximately pH 3. This unfavorable adsorption phenom-
enon could be attributed to the competition for binding sites
between Hg(I1) and H ions as well as the protonation of the
functional groups on the surface of Cyst-prGO. Moreover,
functional groups such as hydroxyl, carboxyl and amine groups
on the surface of Cyst-prGO tend to be protonated, which are
positively charged at low pH. This leads to the electrostatic
repulsion between the bind]’nﬁ site and Hg(11) ions, resulting
in low mercury upt:llm_”"""K Interestingly, although Cyst-
prGO exhibited almost similar negative zeta potential
magnitude at pH 7—10, a lower sorption of Hg(II) ions was
detected at about pH 9 compared to pH 7. This slight drop of
mercury uptake might be attributed to the formation of
Hg(OH)*" due to the increase of OH™ ions as pH increases,
which are likely to repel the negatively charged surface of Cyst-
prGO.”"* It is also noteworthy that the zeta potential
measurement shows that Cyst-prGO has a negative surface
charge (<—28 mV) which implies that the adsorption of
Hg(lI} onto this material is feasible as evidenced by =60%
Hg(II) uptake regardless of the pH applied. Remarkably, this
material was found to be well dispersed in the solution above
pH 5, which is advantageous for mercury removal as the pH of
most natural water systems fall in this pH region. This further
affirmed the potential application of this material as an effective
adsorbent to remove Hg(11) due to its great affinity toward the
positively charged toxic metal ion based on electrostatic
attraction at different aqueous media. Since most heavy metals,
particularly mercury, tend to precipitate in their hydroxides
form when pH is greater than 6, hence pH in the range of 5.0—
55 was chosen to conduct all the mercury adsorption
experiments, unless otherwise stated, X2

3.4. Adsorption lIsotherms. The study of adsorption
isotherm of Cyst-prGO toward Hg(II) removal is crucial to
evaluate the interactions between adsorbate and adsorbent so
that the use of the adsorbent into real applications can be
optimized. As presented in Figure 6, an adsorption capacity of
169 + 19 mg Hg(1l) per g of adsorbent was achieved in the
study. Further fitting of the experimental data into the
Langmuir and Freundlich isotherm models shows that the
adsorption behavior of Cyst-prGO correlates better with
Langmuir isotherm with correlation coefficient, R* = 0.9901
in relative to Freundlich isotherm (R® = 0.0089) as shown in
(51, Figure S6A and B). Thus, it can be assumed that the
adsorption process that takes place between Cyst-prGO and
Hg(11) is homogeneous with all the binding sites equivalent,
which results in uniform and monolayer surface coverage.™
Furthermore, the estimated maximum sorption capacity, ..
from Langmuir model is found to be 169.5 mg Hg(II) per g of
adsorbent which agrees well with the obtained experimental
data, g, value (1724 mg g~') determined from the estimation
of psendo-second order equation when 10 mg L™ of Cyst-
prGO was used for Hg(11) adsorption. All the calculated Ky
values exhibit positive values which fall in the range of 0—1 (I,
Figure $6C), signifying favorable adsorption of Hg(II) on
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Cyst-prGO under the conducted adsorption conditions. The
Kp values were found to decline as the initial Hg(II)
concentration increased which indicated that the sorption of
Hg(1I) onto Cyst-prGO became more favorable,” "™

It should be highlighted that it is challenging to make an
impartial comparison between the adsorbent investigated in
this work and other adsorbents studied previously due to
different experimental conditions such as amount of sorbent
used, volume of Hg (II) solutions, range of initial Hg(IT)
concentration, equilibration time, pH and temperature used in
the performance assessment of adsorbents. These varied
adsorption parameters could greatly affect the adsorption
capacity achieved by the adsorbents. Moreover, it was found
that some experiments were conducted at unrealistic
adsorption conditions such as extremely high initial mercury
concentration and 10=500 times higher adsorbent dosage
compared to our current study which do not reflect the
practicability of the adsorbents in real applications therefore
may leave behind severe environmental impact with amass of
toxic spent adsorbents generated. As tabulated in Table 1, a
more pertinent comparison was made between GO adsorbents
in the literature with the adsorbent investigated in this work.

By applying similar sorbent dosage (10 mg L") and lower
initial Hg(II) concentration (0.050 mg L™'), Henriques et al.
showed that the maximum sorption capacity of 3DGON is 35
mg g (about 4 times lesser than Cyst-prGO)."" Almost
identical maximum sorption capacity (329 mg g~') was
reported by J. Tang et al. for graphene oxide/Fe=Mn hybrid
using an initial Hg(Il} concentration between 0.1 and 5 mg
L™" and 120 mg of sorbent per liter of Hg(I1) solution (12
times higher sorbent dose compared to the current study).”’
Similarly, lower maximum sorption capacity was found with
some adsorbents reported in the literature including amino
functionalized graphene hybrid (Fe,0,-GS, g, = 23.03 mg gl
[Hg(I1)], = 5 mg L™")," L-cysteine Functionalized exfoliated
graphene oxide (q. = 79.36 mg g, [Hg(I1)], = 10 mg L),
and mercaptobenzothiazole functionalized graphene oxide (g,
= 107.52 mg g, [He(ID], = 80 mg L™')."" It could be
discerned that the sorbent dosage employed in their studies
was more than 20 times higher compared to the present study.
Although Cyst-prGO  exhibited lower maximum sorption
capacity (169 mg g~') than other adsorbents (528 mg g~'
for graphene-diatom silica aerogels” and 881 mg g~ for
functionalized 3D graphene hybrid®} reported in our previous
work, Cyst-prGO was found to have a faster adsorption rate
(10 min) compared to graphene-diatom silica aerogels (30
min) and functionalized graphene hybrid (20 min) to reach
equilibrium. Moreover, the sorbent dosage in this work was
four times lesser than our previously reported studies.””
Taking into account of the efficiency of adsorbents in terms of
dosage, time, cost, and environmental footprint, Cyst-prGO is
found to be a more promising adsorbent although its
adsorption capacity is lower than IT-PRGO (624 mg g~')™
and Fe;0,—polypyrrale-GO (400 mg g"]m adsorbents due to
its lower sorbent dosage (5—10 times lesser dosage) and
outstanding adsorption rate (10 min). Unlike the multistepped
preparation required in some of the aforementioned
adsorbents, the thiol—ene click functionalization invelved
only one-pot synthesis at mild reaction conditions which is
more economically viable. Overall, Cyst-prGQO is found more
environmentally friendly, time-saving, and cost-effective in
terms of its low dosage required to effectively remove mercury
from waters with lower amount of final residue generated.

Table 1. Comparison of Adsorption Capacity with Experimental Conditions of Various Adsorbents for Hg(1I)

initial Hg{IIF sorbent dosage temp. specific surface max. sorption
type of Hg adsorbent conc.(mg L) (mg L' (°c pH area(m® g7')  capacity(mg g7") ref
ADGON 0_055:50 HE 1=20 210 4.5 400" 35 10
L")
gr.'lphenu oxideFe=Mn h}'hrid (GO 0.1=5 1200 5.0 740 153.43 ira 51
Fe—Mn)
2-imino-4-thiobiuret-partially reduced 0-500 100 (0005 g in 5 mL) 250 5 NA 624 28
graphene oxide (IT-PRGO)
MBT-functionalized Graphene Oxide &0 S500—3000 (0.01-0.10 250 SA4—-69 NA 107,52 13
g in 20 mL)
L-cysteine functionalized EGO 1] 1667 = 5000 NA 5.5=T7.0 MA 7936 12
(0.05—0.25 g in
30 mL)
amino functionalized graphene hybrids 5 200 (10 mg in 50 mL) 250 MNA 62.43° 13.03 39
{Fe,0,-GS)
graphene-diatom silica acrogel (GN-DE-  50—400 40 (10 mg in 230 mL) 250 63 368" 528 &
FeOOH)
graphene hybrid (GN-DE-FeQOH-SH) 10—500 40 (10 mg in 250 mL) 250 6.5 340.8" 881 9
cyst-priG0 0=10 10 20.6 53 672" 169 this work

“refers to Brunauer—Emmett—Teller (BET). "Refers to methylene blue method of specific surface area measurement,

DO 10103 1 agsarmi Bl 713)
ACS Appl. Marer. Interlaces 2019, 11, 63506362

110



CHAPTER 5

ACS Applied Materials & Interfaces

Research Article

‘ 100 pm

--

Figure 7. (A) SEM image of Cyst-prGO, (B~F) corresponding EDS mapping of Cyst-prGO containing C, O, S, N, and Hg elements after Hg(11)
adsorption.

3.5. Adsorption Mechanism of Hg(ll). Elemental
mapping, FTIR, and XPS analyses were employed to confirm
Hg adsorption on Cyst-prGO. Prior to freeze-drying, the spent
Hg(11) solid sample was rinsed with copious amount of water
to remove the physically and loosely bound Hg(1I) on the
surface of the adsorbent. Elemental mapping of Cyst-prGO as
displayed in Figure 7 further authenticated the presence of
elements including carbon (C) and oxygen (O) related to GO
structure as well as sulfur (S) and nitrogen (N) related to the
presence of cysteamine on Cyst-prGO due to the successful
grafting of these functional groups on the GO sheet (Figure
7A—E). Apart from that, the uniform distribution of mercury
(Figure 7F) discloses that it may react with elements such as
N, O, or S found on the surface of the adsorbent during the
adsorption process.

FTIR analysis was employed to further identify the chemical
changes happening on Cyst-prGO before and after mercury
adsorption. Three major changes were observed on the
vibration pattern of Cyst-prGO as displayed in (SI, Figure
S7A). Notably, vibrations at 1513 cm™ (NH —C-(S)-NH,),
1410 and 1435 cm™ (C=S8), 1384 cm™" (=C—0), 1247 cm™
(=CH,=S), as well as 660 cm™' (C—S) diminished after
reacting with mercury. Interestingly, the peak at 1644 cm™
(N—H) was also missing on the Cyst-prGO after reaction with
mercury but this peak was shifted to 1616 em™, closer to the
peak at 1620 cm™" (C==C) detected on the GO spectrum.
Furthermore, the less intense peak at 3236 cm™' corresponding
to N—H was found shifted from 3205 cm™". A similar pattern
was also observed on the peak at 1714 em™'(C=0 stretching
of COOH) in addition of a slight shift from 1717 cm™ as well
as the band at 1234 cm™" which can be ascribed to the slight
displacement of the C—O bond from 1229 cm™ before
mercury adsorption.”' ™

In addition, a more surface-sensitive tool, XPS was applied
to study the mechanism of the uptake of Hg(1I) ions on the
adsorbent after mercury adsorption. As illustrated in (SI,
Figure S7B), the survey scan of Cyst-prGO obtained after
Hg(II) adsorption with the inset of the Hg 4f narrow spectrum
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denotes the presence of mercury species. An obvious doublet
peak was observed around 101 and 105 eV which can be
assigned to Hg 4f,, and Hg 4f; ,respectively.'” Significant
changes after mercury adsorption can be evidenced by their
respective deconvoluted peaks of C 1s, S 2p, N Is, and O 1s as
depicted in (SI, Figure S8). The high resolution C 1s spectra
(81, Figure S8A) suggest the interaction between mercury and
S atom following by the disappearance of a peak at 287.1 eV
and a shift of the peak at 285.5 eV corresponding to the C—S
bond in Cyst-prGO. This finding is well supported by a slight
shift observed for the doublet at 163.6 eV (S 2p,;,) and 165 eV
(S 2p,;;) to 163.7 and 164.9 eV, respectively, after mercury
adsorption in (SI, Figure S8B). On the other hand, it can be
seen that the peak positioned at 287.3 eV (C—=0) was shifted
to 287.1 eV after Hg(II) adsorption. This observation can be
well correlated to the narrow scan of O 1s with the minor shift
occurred at 532.9 eV (C—0O/0O—H) to 532.8 ¢V after Hg(II)
adsorption, implying the involvement of oxygen functional
groups in the complexation with mercury. A substantial change
was found on the high resolution spectra of N 1s with the peak
missing at 401.1 eV corresponding to N—H bond and a shift of
about 0.2 eV was detected for C=N—C bond from 398.9 to
399.1 eV after mercury adsorption.

From the FTIR and XPS results, we can infer that three
primary heteroatoms (S, N, and O) in Cyst-prGO significantly
play their roles in Hg(II) adsorption. Based on Hard Soft Acid
Base (HSAB) theory, Hg(11), a soft acid, can be strongly bound
to the ligands (soft bases) including sulfur, amine, and oxygen-
containing functionalities on Cyst-prGO via electron pair
sharing which led to the formation of covalent bonds. A
metal—chelate complex could be resulted from the interaction
between the ligands which donate their lone electron pairs to
metal ion which serves as an electron pair acceptor due to the
availability of vacant orbitals in the divalent mercury ion.”***
Moreover, the adsorption mechanism of Hg(1I) onto Cyst-
prGO can also be discussed in terms of the electronegativity of
the heteroatoms on the adsorbent surface. Typically, the
electronegativity of the electron donors increases in the order

DOk 10.1021/a¢sami8b17131
ACS Appi. Marer. Interfoces 2019, 11, 6350-6362

111



CHAPTER 5

ACS Applied Materials & Interfaces

Research Article

(A)

Removal Efficiency (%)

0
Cdl1) Cu(ll) Hg(ll) Phill) Cd(ll) Culll) Hgill) Pbil)
[Ham] <(MOm* | [l = g =

Type of Metal ions

(C)

(B)

95.3820.43 97442028 9840048 97.3920.77 H.NM

910820

1798+ 2.72
407192
Cyst-PRGO GO AC
Type of adsorbent

Figm'e 8. (A) Influence of co-ions on Hg{") adsorption by Cyst-prGO {*[HS(I[)] = 3{}’115 L-Y, [M(I1)] = IDCH)’HS LY **[HE[II) =[M(I1)] =
1000 jig L"), (B) regeneration of Cyst-prGO and (C) Hg(ll) removal efficiency using Hg(11) spiked river water on different adsorbents.

of § < N < O which results in stronger attraction of lone pair
electrons to their respective nucleus in O than N than S
Therefore, it can be assumed that the tendency to share the
lone pair electron is more facile in § compared to N and O in
forming bond with mercury. In comparisen to S atom which is
strongly attached to C (C=$ bond) via the thiol—ene click
reaction, the complexation of Hg(Il) with N and O atoms in
this case could be more spontaneous due to the presence of
labile=NH; and —COOH groups on Cyst-prGO as evidenced
by the visible changes from FTIR and XPS§ analyses.
Nevertheless, despite the difference in the electronegativity
magnitude of the hetercatoms on Cyst-prGO which affects the
strength of the bond between the heteroatoms and Hg(]I), we
surmised that a stronger Hg—chelate complex could be formed
due to the pronounced chelating effect from multiple ligands
(S, N, and Q) on Cyst-prGO which provide rich electron pair
binding sites to form Hg(Il) complex via electrostatic
attraction and chemical adsorption. Additionally, we found
that the reserve of bountiful oxygen-containing functional
groups such as carboxyl, hydroxyl, and epoxy groups on the
surface of the partially reduced adsorbent due to the improved
functionalization step has rendered good dispersion of this
material in water. This could be explained by the formation of
hydrogen bonds between the oxygen containing groups on the
hydrated Cyst-prGO with the water molecules which enhanced
the interaction between Hg(I1) in water with Cyst-prGO.**
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3.6. Influence of Competing lons. It is essential to
investigate the influence of co-ions such as Cd (I1), Cu (II),
and Pb (I} on Cyst-prGO toward Hg{II} uptake since they
commonly coexist and create competitive adsorption with
Hg(11) in surface water sources.”" The preferential affinity of
Cyst-prGO is found to be in the order of Hg(Il) > Pb{1I) >
Cu(ll) > Cd(Il}) under the two experimental approaches
conducted in this study. As displayed in Figure 8A, the removal
efficiency of Hg(11), Pb(II), Cu(II), and Cd({II) by Cyst-prGO
is 83%, 15%, 12%, and 0%, respectively, when equal
concentration of Hg(Il) and tripartite co-ions was used in
the experiment. The affinity of Cyst-prGO toward Hg(II) is
only slightly affected despite the strong competition between
Hg(11) and the three analyzed metal ions. It is noteworthy that
when initial concentration of 30 g L Hg(II}I in the presence
of 1000 g L™" of each of the three co-ions was used in the
adsorption study, 75.4% Hg(I1) removal was achieved with 7.6
ppb mercury remaining in the final solution using merely 10
mg L™" of Cyst-prGO after 2 h equilibrium time. It should be
emphasized that Cyst-prGO was able to show remarkable
selectivity toward Hg(11) removal to meet the acceptance limit
of mercury (10 ppb) in wastewater despite the strong
competition from about 30 times higher concentration of the
three coexisting metal ions.”” This finding further manifests the
potential applicability of this adsorbent toward Hg(II) removal
in real wastewater systems.

DM 1001021 Facsami Bl 7130
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3.7. Regeneration of Adsorbent. The reusability of the
adsorbent after Hg(11) uptake is an important aspect to be
examined as it significantly leaves an impact on the effective
cost of mercury treatment apart from the generation of
contaminated wastes. A mixture of 2% (w/v) thiourea in 0.1 M
HCI was chosen as the eluent in this work due to its high
desorption efficiency of mercury that also prevented the
overdissolution of the adsorbent b‘y HCI, the common eluent
used in mercury desorption study.” Remarkably, this material
was able to maintain its performance efficiency (>97%) with
negligible decline of mercury uptake even after the fifth cycle of
repeated adsorption—desarption process as displayed in Figure
8B. This could be due to the recovery of plethora of binding
sites available for mercury complexation after each desorption
step with the use of suitable eluent which leads to high
recyclability of this material. This outstanding result reveals
that Cyst-prGO has good stability and reusability which can
help to reduce the amount of spent adsorbent generated. From
an economic and environmental perspective, Cyst-prGO
supersedes several existing mercury adsorbents studied in the
past (51, Table S1) which promises a low cost solution for
mercury remediation technology in the long run.

3.8. The Application Study using Real Water
Samples. In order to assess the efficiency of Cyst-prGO in
real application conditions, adsorption studies were performed
using local river water spiked with Hg(II) and compared with
GO and commercial activated carbon (AC) as the controls
(Fjgure 8C). River water is a complex matrix comprising of
various ions which can compete for available binding sites on
the sorbent. Moreover, the presence of organic matters in this
natural system restricts the mobility of mercuric ions and
complicates the adsorption of Hg(1I) onto the sorbent.'""
Nevertheless, the experimental results revealed that the
adsorption efficiency of Cyst-prGO was only slightly affected
under this complex natural aquatic system. In spite of the lower
specific surface area of Cyst-prGO (672 = 1.0 m* g™)
compared to GO(900 + 1.0 m* g™'), a great removal efficiency
of 91% was achieved in relation to GO (18%) in this real
apzplication study. Furthermore, the efficiency of AC (23 + 0.9
m® g, < 5%) was worse with hardly any affinity to mercury.
Owing to the availability of the active functional groups such as
sulfur and amine groups on the surface of Cyst-prGO, the
decreased surface area in Cyst-prGO due to the insertion of
additional functional groups and the blocking of some pores
during thiol functionalization using cysteamine does not seem
to affect the outstanding performance of the prepared
adsorbent. It was also noticed that the results from the real
application study using river water (pH ~7) is in good
agreement with the pH study where the mercury removal
efficiency is about 90% at pH 7. This reveals that the mercury
removal efficiency of this material is highly dependent on pH.
This outstanding result further promises the potentiality of this
material to trap mercury in real water systems.

4. CONCLUSIONS

In this study, a graphene composite functionalized with
multiple binding functionalities including sulfur, amine, and
oxygen groups was successfully synthesized by covalently
bonding cysteamine on GO via the thiol—ene click reaction
and used as a high performing mercury adsorbent. Character-
ization results confirmed that the prepared Cyst-prGO
adsorbent has tailored multiple surface chemistry with a high
density of active sites for specific binding and high surface area
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that are critical for designing high performance absorbents.
The results from the adsorption studies showed very high
adsorption rate, stability and selectivity toward removal of low
concentration of Hg(Il) (~1.5 mg L") with only a low
amount of adsorbent (10 mg L™') used with a maximum
sorption capacity of 169 mg g~ ' at pH 5. Cyst-prGO fitted the
pseudo-second order and Langmuir isotherm models toward
Hg(11) removal. With only a low dosage (10 mg L™} used, the
merits of this adsorbent are unreservedly manifested in its
remarkable adsorption rate (~96% removal in 10 min),
outstanding regeneration ability (>97% Hg(II) after 5
adsorption—desorption cycles), high selectivity despite the
strong competition from 30 times higher the concentration of
the mixture of competing ions (Pb (1I), Cu (II), and Cd (II}).
In the final experiment, the performance of the adsorbent using
real river water samples for removal of Hg ions was successfully
demonstrated. Based on these performances including eco-
friendly and scalable synthesis, high adsorption capacity for low
concentration of mercury using low dosages, very-high
selectivity and recyclability, the developed Cyst-prGO hybrid
can be considered as a promising candidate for solving
concerning problems of mercury removal from environmental
and drinking waters. This innovative approach to engineer
graphene composites with multifunctional chemistry is generic,
versatile, low-cost, eco-friendly and scalable that can be
adapted for broad applications.
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B ABBREVIATIONS

GO = graphene oxide

graphene-DE-aFeQOH = graphene hybrids decorated with
iron nanoparticles interconnected with diatoms
graphene-DE-aFeOOH-SH = thiol modified with 3-
mercaptopropyltrimethoxysilane graphene hybrids decora-
ted with iron nanoparticles interconnected with diatoms
Cyst-prGO = cysteamine modified partially reduced
graphene oxide

Hg = mercury

H,S0, = sulfuric acid

H,PO, = phosphoric acid

H,0, = hydrogen peroxide

HCI = hydrochloric acid

HNO,; = nitric acid

NaOH = sodium hydroxide

C,H-NS = cysteamine

HgCl, = mercury(1l) chloride

CH,N,S = thiourea

DMF = N,N-dimethylforamide

CgH 3N, /AIBN = 2,2-azobis-2-methylpropionitrile

SEM = scanning electron microscopy

TEM = transmission electron microscopy

FTIR = Fourier Transform Infrared spectroscopy

TGA = thermogravimetric analysis

XRD = X-ray diffraction

XPS§ = X-ray photoelectron spectroscopy

SSA = specific surface area

MB = methylene blue

UW—vis = UV—vis spectroscopy

ICP—MS = inductively coupled plasma-mass spectroscopy
Cy and C, = initial and mercury concentration at time (¢}
V = volume of solution

m = mass of adsorbent

R, = removal efficiency at time (t)

Ip/I; = intensity ratio of D and G bands

GO/Fe—Mn = graphene oxide/Fe—Mn hybrids

IT-PRGO = 2-Imino-4-thiobiuret-Partially reduced gra-
phene oxide

Fe 0 -Polypyrrole-GO = Fe;Oy-Polypyrrole-graphene oxide
EGO = exfoliated graphene oxide

conc = concentration

temp = temperature

max = maximum

ref = reference

C = carbon

O = oxygen

S = sulfur

N = nitrogen

AC = activated carbon
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Figure S1. (A) FTIR spectra of samples prepared with GO: cysteamine =10: 5, 70 °C, 12 hours
and (B) FTIR spectra of control samples (without cysteamine) at 70 “C, 12 hours. Blue line
represents washing step using hexane, ethyl acetate and ethanol. Grey line represents washing step
using NaOH and ethanol and grey shaded area represents significant changes on IR bands.
Photographs of Cyst-prGO (C) after sequential washing steps using hexane, ethyl acetate, ethanol
and water with the inset displaying the final product before washing steps and (D) after freeze-
drying.

The significant changes in FTIR graphs during washing steps are evidenced by the presence of
various bands attributed to the oxygen functional groups including peaks at around 1720 ¢cm’'
(C=0 of COOH), 1030 em™ and 1229 ecm™ (C-O) on the FTIR spectra (Figure SIA) using our
modified washing step’. To further verify this result, we synthesized two control samples (without
cysteamine) at the same functionalization condition with two different washing steps. As displayed

in Figure S1B, the disappearance of the aforementioned peaks on the FTIR spectrum on the control
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sample when NaOH was used in the washing step further affirmed the loss of the oxygen
functionalities during the washing step. This shows that NaOH has greatly reduced the GO by
removing several oxygen functionalities due to the neutralisation reaction between acid and base
in the washing step. Hence, the modified washing step using hexane and ethy!l acetate was found
to successfully produce the functionalized adsorbent without compensating the oxygen functional

groups attached on GO,

Characterizations.

The prepared solid materials were characterized by several techniques including scanning
electron microscopy equipped with EDX Silicon Drift Detectors (FE-SEM, Quanta 450
FEG, FEI, USA; EDX, Ultim Max 170mm SDD, Oxford Instruments, UK) and
transmission electron microscopy (TEM, Tecnai G2 Spirit) to characterize the morphology
of the materials. Fourier Transform Infrared spectroscopy (FTIR, Nicolet 6700, Thermo
Fisher) recorded in the range of 500-4000 cm™" was used to identify the functional groups
present in the materials, Raman spectroscopy (LabRAM HR Evolution, Horiba Jvon Yvon
Technology, Japan) with a 532 nm laser (mpe 3000) as excitation source was employed to
determine the vibrational characteristics of the materials. All the spectra were collected
with an integration time of 10 seconds each on 3 different spots. The X-ray diffraction (600
Miniflex, Rigaco, Japan) was used to unveil the composition of the materials in the range
of 26 = 5-80° at 40 kV and 15 mA with the scan speed of 10°min"'. Thermal decomposition
of the materials was studied using thermogravimetric analysis (TGA, Q500, TA
Instruments, USA) under air atmosphere with the samples heated to 900 “C at a heating rate
of 10 °C min'. The zeta potential of the prepared adsorbent was measured as a function of

pH in triplicate using a Malvern Zetasizer (Nanoseries, Australia). The adsorbent was
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dispersed in Milli-Q water with the pH of the mixture adjusted using HC] or NaOH in the
range of 3-10. The elemental composition and chemical state of the materials were
determined using X-ray photoelectron spectrometer, AXIS Ultra DLD (Kratos, UK)
equipped with a monochromatic Al Ka radiation source (hv =1486.7 eV) at 225 W, 15
kVand 15 mA. Survey scans were performed at 0.5 eV step size over -10-1100 eV at the
pass energy of 160 eV while high resolution data were acquired with a 0.1 eV step size and
pass energy of 20 ¢V, The fitting of curves and data processing were performed using Casa
XPS™ software. Solution ICP-MS (QQQ 8900, Agilent) was used to measure the
remaining concentration of Hg (1) solution after the adsorption experiments. The specific
surface area (SSA) of the materials was determined by methylene blue (MB) adsorption
method using UV-Vis spectroscopy (Shimadzu UV-1601, Japan) as reported in our

previous work.”

Adsorption kinetics.

The pseudo-first order equation:”

The pseudo-second order equation:®

e_ 1 ¢
q. kzq% gq.

where g. and ¢ represent the amount of mercury (1I) ions adsorbed (mg g™') at equilibrium
and at time ¢ respectively; ks, and k> are the rate constants for the pseudo-first order and

pseudo-second order kinetic models respectively.
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Adsorption isotherms.

Langmuir isotherm is used to describe the monolayer coverage of sorption of molecule onto
homogeneous active sites on adsorbents while Freundlich isotherm is based on the

adsorption on the heterogeneous surface with uniform energy and it is not confined to the

7

formation of monolayer.” The collected experimental data were fitted into the

corresponding linearized equations as displayed below:
The Langmuir equation:®

C. 1 C.

= —+
9e DbGmaxr Gmax

where g. is the adsorption capacity (mg g'), Co denotes the concentration of mercury (11)
ions at equilibrium (mg L'"); # and gua: are the Langmuir constants derived from the
intercept and slope of the linear plot of Cu/g against C. respectively. On another hand, the
favourableness of a sorption process in a batch adsorption system can also be predicted
using isotherm shape factor analysis with a dimensionless constant, separation factor, Kg

as defined in the following relationship:®'"

1
T 1+ bC,

Kg
where Ky is the dimensionless separation factor, Cp is the initial Hg (11) concentration and
b is the Langmuir constant. The value of Ky indicates the favourableness of a sorption
process with Kr =1 for unfavourable process, 0 < Kg < 1 being favourable, K = 1 being
linear and Kg = 0 for irreversible process.

The Freundlich equation:'’

1
logqg, = Hlogce + log K

S-3

121



CHAPTER 5

where K signifies the Freundlich adsorption constant (L mg™') and //n is the adsorption

intensity which can be determined from the intercept and slope of the plot of log g. versus

! o (F‘L

Materials characterizations.
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Figure 82. TGA of (A) graphite, TGA and derivative mass change of (B) GO and (C) Cyst-
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prGO showing stages of mass loss.

Graphtte

(B)

ar

Intensity (a.u.)

GO

» n “ n 1 20 30 4 s 60 70 80
2 Theta () 2 Theta (%)
Figure 83. XRD patterns of (A) GO, Cyst-prGO and (B) graphite.
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Binding Energy (eV)

Element Position FWHM  Area At %
Cls 287.14 517859 68134.5 68.01
GO
Ms 5326 318079 0354  31.09
Cls 28470 462600 BOSGEO  TEA3
Ms 53229 29757 625475 18.62
Cyst-prGo M1s 400.7% 380728 32829 1.58
S2p 16370 275901 3197.2 1.66
O1s
Cis
Cyst-prGO
T L ee—" Mis
=1
5 S2s s2p
Z
=
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E
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Figure S4. XPS survey spectra of GO, Cyst-prGO and their respective normalized atomic

quantification.
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Adsorption kinetics and isotherms.
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Figure 85, Fitting of experimental data of Hg (11) adsorption on 10 mg/L of Cyst-prGO for (A)
pseudo-first order and (B) pseudo-second order kinetic models. Conditions: pH = 5.3, [Hg*'); =

~1.5mg L', T=23.0 °C.
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Figure S6. Fitting of experimental data of Hg (II} adsorption on Cyst-prGO for (A) Langmuir (B)
Freundlich isotherm models and (C) plot of Kr against initial Hg (1) concentration for Hg (11)
adsorption on Cyst-prGO. Conditions: pH = 5.3, [Hg*']; = 0- 10 mg L', adsorbent dosage

=10 mg L', T=20.6 °C.
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Adsorption mechanism,
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Figure 87. (A) FTIR of Cyst-prGO before and after Hg (II) adsorption (Grey shaded area

represents changes after Hg (I) adsorption) and (B) XPS survey spectra of Cyst-prGO before and

after Hg (II) adsorption with inset of high resolution spectrum Hgdf.
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Regeneration of adsorbent.

Table S1. Comparison of regeneration cycle of various adsorbents for Hg (1I).

Regeneration cycles with >
T f Hg Adsorbent Refi
ype o g Adsorben 95% removal efficiency elerence
Graphene oxide modified with 2- 0 evele 12
pyridinecarboxaldehyde thiosemicarbazone y
Sulfur / reduced h id hybrid
ulfur / reduce gra'apl ene oxide nanohybri 2 eycles 13
(SRGO) by lemon juice
Thiol-f‘unclionaliz_cd graphene oxide by 3 eycles 14
mercapto benzothiazole
Exfoliated graphene oxide-L-cystine 4 cycles 15
Thi
Cyst-prGO 5 cycles »
work
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6. FUNCTIONALIZED GRAPHENE COMPOSITES VIA PHOTOINITIATED

THIOL-ENE CLICK APPROACH FOR WATER PURIFICATION

6.1. Overview and Significance of Work

Efficient and sustainable water purification technologies are still highly sought-after
due to uncontrollable widespread of multi-pollutants in water bodies. This section
describes the design of three-dimentional (3D) sulfur-functionalized porous
graphene aerogels through a green and scalable UV thiol-ene click approach. This
work aims to:
e devise an energy-efficient, environmentally friendly, and scalable
modification method for preparing robust graphene sorbents
e design robust bio-polymer sorbents with strong affinity and high
regenerability to tackle multi water pollutants
Outcomes from this work fulfilled Objectives 3 and 4, which are consolidated in two

published peer-reviewed research articles.
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1. Introduction

The deterioration of clean water regardless it is in the context of
quantity or quality has been an alarming global challenge, leading to
the global water scarcity and water stress these days. According to a
recent statistics by World Resources Institute, 17 countries (about a
quarter of the world’s population) are identified as the regions with
extremely high water stress [1]. Unpredictable climate change, growing
freshwater demand due to increased population, and worsening water
pollution are the prime factors contributing to the current water crisis.
Water pollution particularly related to heavy metal ions such as lead,
cadmium, mercury and chromium has been a major concern due to
their bio-accumulative, toxic and carcinogenic properties, which ad-
versely poses hazards to human health and environmental sustain-
ability [2]. Due to the long range transport and high mobility of heavy
metals in aquatic ecosystems which eventually magnify in the food
chain, the urge to remove these noxious contaminants from our pre-
cious yet overexploited resource, water, is mandatory [3].

Existing water purification technologies including precipitation,
membrane separation, reduction, ion exchange, electrochemical treat-
ment and adsorption have been broadly applied to remove heavy me-
tals from contaminated water. Adsorption, a mass transfer process to
transport the pollutant substances from the liquid phase to the surface
of a solid, which the adsorbates are then bound to the adsorbent net-
work by physical or chemical interaction, is still the most desirable
approach owing to its cost-effectiveness, flexibility in field operation,
less energy- and labor- intensive in relative to the rest of the water
treatment methods [4-6]. Although conventional adsorbent materials
such as activated carbon, biochar, clay and cellulose are relatively low
cost and possess high surface area, the binding affinity and adsorption
performance of these materials towards the targeted contaminants
(heavy metal ions) are unsatisfactory with poor sorbent recyclability
due to the lack of chemical functionalities on the sorbent surface with
high binding affinity to selectively remove specific metal ions from
waters. To address these drawbacks, specific functional groups parti-
cularly sulfur-containing groups are crucial to modify the surface of the
adsorbents in achieving higher sorption capacity and better selectivity
for heavy metals [7]. To date, myriads of chemically modified

adsorbents such as metal oxides, metal-based nanomaterials, metal
organic frameworks, and carbon ials such as graphene oxide,
graphene, functionalized graphene and their composites have been
explored with improved adsorption performance towards heavy metals
removal [8-11]. One of the key barriers being commonly overlooked in
these developed adsorbents is their formulations in the forms of powder
or suspension which may trigger concerns regarding the risk of nano-
materials for water security, separation and recovery limitations after
adsorption process. These limitations undoubtedly restrict the ad-
vancement of nanomaterial-based adsorbents within the vicinity of lab-
scale research, which hampers its implementation for real water re-
mediation in field operations.

Natural biopolymers such as cellulose, chitosan, pectin and alginate
on the other hand are green alternatives for the development of sus-
tainable sorbent materials in the long run due to their non-toxicity, high
biocompatibility, low cost, and high abundance [12]. Among the bio-
polymers, alginate, a polyanionic polymer, is one of the preferred
candidates owing to its high hydrophilicity and high density of nega-
tively charged oxygen-containing groups which can feasibly attract
posmvely charged heavy metal ions. Apparently, the integration of

with rials laden with desired functional

groups to form crosslinked 3D polymeric networks can be used to
overcome the barriers associated with water security due to the use of
nanomaterials in water, sorbent-sorbate separation and recovery of
spent sorbent after adsorption process. Previous studies have shown
success of the use of 3D alginate-based sorbent and their modifications
for targeted heavy metals adsorption including the fabrication of 3D
graphene/lignin/algi (PG/L/SA) via hydrothermal method

for capturing Cd (II) and Pb (II) in the aqueous system [13]. Meanwhile,
Z-j Shao et al. post-modified the alginate beads by mixing 2-acrylamido-
2-methylpropane-1-sulfonic acid, N,N-methylenebis(acrylamide) and
ammonium persulfate for 12 h, followed by soaking the mixture under
the ice-bath for 12 h before reacting the mixture in the oven for 3 h at
75 °C. The post-modified alginate beads exhibited promising adsorption
capacity for heavy metal ions and methylene blue [14). As reported by
Kolodyriska et al., titania-silica modified with alginate was used to
adsorb various heavy metal ions in water. The adsorbent was first
prepared by heating titanium isopropoxide in 2-propanolinitially at

SH-Graphene

Bio-sponge

N\

Fig. 1. Schematic diagram of the fabrication of Graphene-SH bio-sponge for removal of heavy metal ions, Pb (II) and Cd (I1), from the water.
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200 °C for two hours followed by calcination at 800 °C in air for one
hour [15]. It is worth stating that despite substantial work on com-
bining biopolymer (alginate) with nanomaterials have been reported,
few work has been focused on the grafting of specific functional groups
to enhance the adsorption performance towards heavy metal ions. Al-
though some alginate-based sorbents possess high sorption capacity,
the seleetivity and the reusability of the sorbents are often neglected
which may not reflect the sustainability and economic feasibility in the
long term. Moreover, majority of the fabrication or modification step
for the adsorbents reported are complicated, energy-intensive and time
consuming apart from utilizing harmful chemicals at high temperature
which potentially triggers laboratory hazards,

Inspired by the advantages and proven capabilities of alginate based
bio-adsorbents, we proposed to develop a highly-engineered hybrid
composites with the aims to further enhance their adsorption perfor-
mance and selectivity towards heavy metals. To achieve that, we pre-
sented the use of alginate bio-sponge as porous scaffold modified with
reduced graphene oxide (rGO) which is specifically functionalized to
achieve these aims in ereating a stable and robust adsorbent in the bio-
sponge form. Firstly, the GO sheets were decorated with magnetic iron
oxide nanoparticles to encapsulate within the GO network to provide an
enhanced heavy metal ions uptake, stabilization of graphene- alginate
network and magnetic separation capability by magnetic field after the
adsorption process, Secondly, the functionalization of GO sheets em-
bedded in the alginate network is performed by covalent attachment of
multithiol {pentaerythritol tetrakis-mercaptopropionate) (4TH) mole-
cules using photoinitiated thiol-ene click chemistry approach to achieve
high density of sulfur-containing groups for targeting efficient removal
of heavy metal ions in the water. The significance of this functionali-
zation approach is given that this method is generic, environmentally-
friendly and scalable with the ability to provide controllable surface
maodification. The proposed concept of SH-graphene bio-sponge ad-
sorbent and its application for removal of selected heavy metals such as
Pb and Cd is illustrated in Fig. 1. Via the optimized control of the UV
irradiation time, we proposed that the surface of Graphene bio-sponge
can be tailored with desired functional groups including free thiol
group and thioether without changing the concentration ratio of the
thiol and -ene precursors, Unlike the thermal thiol-ene click reaction as
deseribed in our previous work, the photoclick modification approach
developed hereby, apart from giving rise to a more effective functio-
nalization, can also be regarded as highly energy efficient as this re-
action can be conducted at room temperature without the need to raise
the reaction temperature. In comparison to our previous reported
thermal thiol-ene click approach, the merits of this alternative green
UV-click reaction also lie on the use of non-toxic solvent, shorter re-
action time with no emission of harmful organic compounds which
areatly emphasize on the concept of 12 principles of Green Chemistry
developed by Paul Anastas and John Warner [16-18]. The surface,
thermal and chemical properties of this new and eco-friendly multithiol
maodified 3D graphene bio-sponge were elucidated using a series of
characterization techniques. The heavy metal ions uptake performance
of the developed adsorbent was evaluated in view of the sorption ki-
netics, capacity, effect of pH, competing ions and in real water sample
system. The outcomes of this study suggest that the alginate biopolymer
sponge combined with multithiol functionalized graphene is a pro-
mising and realistic solution in designing a new generation adsorbent
for efficient water purification,

2, Experimental
2.1. Materials and characterization
The details of the chemicals and instruments used in this work are

provided in the Supplementary Material, All the chemicals and instru-
ments were used as received unless otherwise stated.

Chemical Engineering Journal 395 (2020) 124965
2.2, Graphene bio-sponge and SH-Graphene bio-sponge fabrication

GO was synthesized using improved Hummer's method as published
previously [15,19] while magnetic Feq0,-rGO was prepared according
to the modification of methodology stated in the literature [20]. For the
fabrication of Graphene bio-sponge, first, FeSO,7H:0 (0.8340 g) and
FeCly6Ho0 (0.8109 g) were added in 60 mL milli-Q water, heated at
50 “C under continuous magnetic stirring and nitrogen gas purge for
10 min. 120 mL of well-dispersed GO (2 mg/mL) was added slowly into
Fe** /Fe®* solution with continuous stirring under nitrogen blanket for
15 min. 15 mlL ammonium hydroxide was added dropwise into the
mixture and stirred in nitrogen gas at 50 °C for 1.5 h, After 1.5 h, the
temperature was further increased to 70 °C for 1 h and allowed to cool
to room temperature prior washing with milli Q water using centrifuge.
In a separate beaker, about 2 g sodium alginate was dissolved in 60 mL
water under continuous stirring until a well-mixed gel formed. 60 mL of
well-dispersed FesQu-rGO solution (2 mg/mL) was added into the al-
ginate gel with stirring until a hemogeneous hydrogel formed and the
hydrogel was lyophilized at — 20 °C for 72 h. The freeze-dried gel was
spaked in 1 M calcium chloride solution for 2 h, washed with milli-Q
water and lyophilized again at — 20 °C for 72 h to make Graphene bio-
sponge (Alginate,/rGO/Fes04 composite). For SH-Graphene bio-sponge
synthesis, about 17.5 mg 2,2-dimethoxy-2-phenylacetophenone
(DMPA) and 1.5 mL 4TH were first mixed in 120 mL ethanol and so-
nicated for 30 min at 45 °C to obtain a homogeneous mixture, The
Graphene bio-sponge was then added into the mixture and brought
under UV irradiation at 365 nm with about 5 ¢m distance from the UV
light source (Luyor-3405, 20 mW /em®, Luyor Corporation) for 180 min.
After UV irradiation, the as-formed product was washed thoroughly
with ethanol and milli-Q water until a clear filtrate was observed before
loading it into the freeze dryer at —20 °C for 72 h to obtain SH-Gra-
phene bio-sponge.

2.3. Heavy metal ions adsorption

In this study, Cd (I1) and Pb (i) were chosen as the representatives
of heavy metal ions and were used to perform all the adsorption ex-
periments, The uptake of heavy metal fons using solid adsorbent with
known mass was conducted via batch study in triplicate by oscillating
the contained adsorbent in their respective metal jon solution at
200 rpm on an orbital mixer (Ratek, Model OM7) with a control
(without adsorbent) running in parallel. The pH of the solutions was
adjusted with diluted HCl or NaOH and measured using a pH meter
FiveGD FG2, (Mettler Toledo) at ambient temperature. Liquid samples
were withdrawn at particular time intervals and diluted with acidified
2% HNOQy prior to ICP-MS analysis to determine the metal ions con-
centration. The amount of heavy metal ions adsorbed per unit of ad-
sorbent mass at a given time, t (q, mg g~ ') was caleulated using the
following equation [16]:

_(@-c)V
== M

where Cy and C, are initial and metal ion concentration at time t (mg
L"), while V is the volume of solution (L) and m is the mass of ad-
sorbent (g). The removal efficiency (R, %) at a given time, t, was cal-
culated based on Eq. (2) [16]:

Co—C)

ke="g—x® @

2.3.1. Effect of solution pH

For the effect of solution pH, approximately 20 mg sample was
added into the 20 mL metal ion solution (3 and 5 ppm for Cd (I1) for Pb
(I1), respectively) at 21 °C for 5 h.
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2.3.2. Effect of contact time

For effect of contact time, about 20 mg sample was added into in-
dividual metal ion solution containing 70 mL of 10 ppm Cd (II) for Pb
(11) each at 21 °C pH around 5. The obtained kinetics data was fitted
into Lagergren pseudo-first-order [21] and Ho’s pseudo-second-order
[22] kinetic models in their linear forms as represented by Eqs. (3) and
(4):

The pseudo-first order equation:

3(q. — q) = logg, — ——
108(q, = 40 = log4. = 3353 (3)
The pseudo-second order equation:

!

a ke q, (4)

where q. and q, are the amount of heavy metal ions adsorbed (mg
¢~ ") at equilibrium and at time t respectively; k;, and k; are the rate
constants for the pseudo-first order and pseudo-second order kinetic
models respectively; C is the intercept.

2.3.3. Effect of initial metal ion concentration
The effect of initial metal ion concentration (C,) was performed by

Chemical Engineering Journal 395 (2020) 124965

adding about 20 mg sample into 20 mL metal ion solution
(Cp = 10-110 ppm) at pH around 5 under 24 h equilibration time. The
collected data was fitted into the linearized Langmuir [23] and
Freundlich [24] isotherm models to study the adsorption behaviour of
SH-Graphene bio-sponge. The Langmuir relationship is provided in Eq.
(5) while the feasibility of a sorption process in a batch adsorption
system can be predicted using isotherm shape factor analysis with a
dimensionless constant, separation factor, Ky as defined in Eq. (6).

(4 1 C.
~ +

9 DG Qo (5)
<

T 4Gy 6)

where q. and q,, denote the adsorption capacity at equilibrium and
maximum monolayer coverage capacity respectively (mg g™ "), C. re-
presents the concentration of heavy metal ions at equilibrium (mg L™")
and b is the Langmuir constant.

Meanwhile, the Freundlich equation can be described in the fol-
lowing relationship:

logg, = - logC. + logK
n

@)

T

— MM
v

Transmittance (a.u)

UV @ 60 mins |

UV @ 180 mins |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm,

c)

Fig. 2. (a) Baseline corrected FTIR spectra of thiol-modified Graphene bio-sponge under UV irradiation at different time interval (30, 60 and 180 min) with magnified
FTIR spectra at the right embedded with an inset showing the chemical structure of pentaerythritol tetrakis (3-mercaptopropionate), 4TH. (b) SEM image and (c-f)
selected EDX map of SH-Graphene bio-sponge consisting of C, O, Fe and S elements. Particular element (Fe and S) concentric area is circled in white dotted line in its

respective EDX map.
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where K is the Freundlich adsorption constant (L mg™") and 1/n is
the adsorption intensity determined from the intercept and slope of the
plot of log q. versus log C..

2.3.4. Effect of competing ions in spiked milli-Q water and sea water

The effect of competing ions (selectivity) of the adsorbent was
performed by adding separately about 20 mg adsorbent into a container
consisting of 20 mL milli-Q water and spiked sea water with mixed
metal ions containing Cd (1), Pb (1I), Cu (II) and Co (II) ions (~5 ppm
for each metal ion) at around pH 5 for 5 h. Commercial activated
carbon (AC) was used as a benchmark adsorbent and alginate sponge as
a control. The sea water (Henley Beach, Adelaide, South Australia,
34'54’51.1"S 138729 30.0"E) was used without pre-treatment and pH
adjustment to simulate real natural water sample.

2.3.5. Effect of recyclability

The regeneration capability of the fabricated adsorbent was studied
under adsorption condition of 20 mL mixed metal ions solution (2 ppm
for each metal ion, Pb (II) and Cd (II)), stirring at 200 rpm at pH ~5.5
for 6 h. The spent adsorbent was then desorbed using 30 mL eluent (2%
w/v thiourea in 0.1 M HCI), stirring at 250 rpm for 1 h. The desorbed
adsorbent was then washed to pH above 5 with large amount of milli-Q
water and was left to dry for one day at ambient conditions before the
next adsorption-desorption cycle. The adsorption-desorption cycles
were repeated for five times and the remaining metal ion concentration
in each cycle was determined by ICP-MS analysis.

and SH-Gr bi

P PORE!

Fig. 3. (a) Photographs of Alginate, Graph

after freeze- drying process, (b) SH-Graph bi
TEM image of (c) GO, (d) Fe304 nanoparticles on rGO sheet. (e) Size distribution plot of Fe;0, nanoparticles determined from lhe
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3. Results and discussion
3.1. Optimization towards the formation of SH-Graphene bio-sponge

With the aim to synthesize SH-Graphene bio-sponge functionalized
with high density of thiol group to maximise its adsorption capacity and
selectivity, the click-chemistry process was optimized by exploring
different UV irradiation time (30-180 min). Successful modification
was monitored by FTIR with the presence of functional groups, -SH and
-C = 0, of neat 4TH around 2556 and 1730 em ™", respectively [25].
The time dependence study monitored by FTIR (Fig. 2A) showed that
shorter irradiation time (30 and 60 min) was not enough to allow
successful grafting of -SH group within the network of Graphene bio-
sponge. The appearance of one of the main functional groups, -C = O
band, on the FTIR spectra for irradiation time 30 and 60 min with no
sign of thiol group, indicates that longer time (180 min) is required to
achieve free -SH group on graphene surface via thiol-ene click reaction.
This tetrafunctional thiol agent is well-recognized in polymer science as
an active polythiol coupling agent which is commonly used to react
with the alkene group via photoinitiated thiol-ene click reactions [26].
In principle, thiol-ene photoinitiated reaction is governed by a step
growth radical polymerization mechanism by reacting an active thiol
group with -ene group of a molecule. A photoinitiator, once activated
by light, abstracts the hydrogen atom from thiol group, generating a
thiyl radical which then propagates by attacking the alkene group [27].
Our results suggest that UV irradiation time prolonged to 180 min is
needed to allow remaining free thiol groups to dangle on the graphene

2 4
Diameter (nm)

1ded

in different sizes.
of Fe;04

sl
particles

with reference to Fig. 3d. SEM images of (f) bare alginate sponge and (g-h) SH-Graphene bio-sponge at different magnifications.
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structure when available sp® carbon binding sites within the graphene
structure was saturated after photoinitiated click reaction. Since there
are four thiol groups per molecule of 4TH, we surmised that only cer-
tain number of the thiol groups have successfully coupled to the gra-
phene structure, while some remain as free thiol. This outcome was also
corroborated with stronger -C = © band (1730 cm ™ ") recorded on the
FTIR spectrum of the product treated at 180 min compared to the
products ebtained at 30 and 60 min as depicted in the magnified image
of Fig. 2a.

On the other hand, it is also possible that the active thiel group may
have reacted with iron which is present as iron oxide in the polymeric
network of SH-Graphene sponge. To confirm this deduction, elemental
mapping of SH-Graphene bio-sponge was performed as presented in
Fig. 2b-f. Based on the concentration of the spatial elemental dis-
tribution, carbon and oxygen were found to dominantly make up ma-
Jjority of the framework of SH-Graphene bio-sponge. This was because
alginate and GO mainly consist of carbon and oxygen elements in their
polymeric structure, The individual elemental distribution map of iron
and sulfur (Fig. 2e and f) showed that both of the highly concentrated
regions did not overlap with one another, implying that no interaction
or covalent bond was formed between iron and sulfur elements, This
result precludes the possibility of the reaction between the iron with the
active thiol group.

Few key findings can be inferred from the coupling of the system-
atically-devised experiments and characterization results: First, the in-
tensified C = O band collected on the sample treated for 180 min
showed that this functional group does not involve in the new bond
formation during the photoinitiated reaction. Second, the reaction site
on the graphene structure was not completely saturated with available
sp® carbon on graphene structure at 30-60 min. Nevertheless,
prolonging the UV irradiation time promotes the maximum extent of
covalent attachment of thiol group on the graphene structure. Unlike
maost of the reported work which typically showed the manipulation of
the ratio of ene: thiol precursor to achieve the desired functional
groups, here, we demonstrated that the control of UV irradiation time
can be used as a more efficient controlling parameter to tailor the
surface functionality without changing the precursor concentration
[28,29], This result is significant, unveiling that a very simple, eco-
friendly UV-directed click-chemistry modification approach can be used
to create desired surface functional groups in materials design which is
highly advantageous for numerous applications. In order to demon-
strate the application of this novel engineered and designed material,
SH-Graphene bio-sponge (UV irradiation under 180 min) was chosen to
conduct the heavy metal ions adsorption experiments in this work. The
surface and struetural properties of this thiol-modified graphene sponge
was further confirmed using a series of characterization techniques as
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discussed in the next seetion.

3.2, Characterization of SH-Graphene bio-sponge

Fig. 3a shows the physical appearance of the 3D alginate-, Gra-
phene- and SH-Graphene bio-sponges. The colour of the Graphene hio-
sponge changed immediately from white to black after the incorpora-
tion of iron oxide nanoparticles and GO sheets. Both the alginate and
Graphene bio-sponges exhibit soft and slightly elastic structure after
freeze-drying process. Meanwhile, SH-Graphene sponge, appearing in
black, shows harder and more robust structure after the UV modifica-
tion process using 4TH precursor, As evidenced in Fig, 3b, the shape of
SH-Graphene bio-sponge can be controlled depending on the mould and
can be made into any size and form including tubes, cylinders, pads and
membranes which makes the large scale fabrication highly feasible.
Characterization results of initial materials used for the preparation of
SH-Graphene bio-sponge such as alginate, GO, magnetic oxide nano-
particles (NPs) decorated on rGO are summarized in Figs. 51 and 3 ¢-f.
The microstructure of these sponge structure was investigated using
scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM) techniques. Fig. 2c depicts the TEM image of GO which
clearly revealed the successful exfoliated GO sheet, showing the pre-
sence of single layer GO nanosheet produced from the graphite flakes.
The existence of Fe;0, nanoparticles was evident with the TEM image
(Fig. 3d) showing the spherical nanoparticles decorated on the ex-
foliated rGO sheet with the histogram (Fig. 3e) indicating the diameter
distribution of Fey0, nanoparticles in the range of 2-5 nm with an
average size of 3.37 + 0.76 nm. The SEM images, of the control al-
ginate sponge (Fig. 3f) illustrates a highly porous architecture in mi-
cron-size range with well-defined and interconnected pores within its
framework. While, the porous structure of the thiol-modified sponge
was slightly different from its control with less-defined and uneven
pores observed after the photoinitiated reaction as depicted in Fig. 3g.
The magnified area as displayed in Fig. 3h (dotted box in Fig. 3g) shows
the presence of a mass of micro-pores (pore size in few micron-size
range) on the wall of the alginate-rGO network which are vital to en-
hance the surface area of the sorbent material for better heavy metal
ions removal,

More details about the chemical identity of GO, intermediates and
functionalized Graphene bio-sponge can be unravelled from the FTIR
graphs (Fig. 51) to collect the information on their chemical bonds in
order to understand their chemical properties related to their adsorp-
tion performances. Typically, the FTIR spectrum of GO (Fig. S1a) shows
characteristic functional groups of bare GO including = OH stretching
(~3400 em™"), € = O stretching of COOH (1720 em™"), € = C
(1622 ¢m™ ") and C-0-C (1030 cm ") groups. With reference to the
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Fig. 4. (a) XRD diffractogram with the inset showing the corresponding lattice fringe of Fes0,4 nanoparticles and (k) TGA-DTG plot of SH-Graphene bio-sponge.
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chemical structure of alginate (Fig. 51b), the common peaks such as
—OH (~3400 cm ™ '), -CO0™ (1590 em ™" and 1420 cm ™ ") and C-0-C
{1020 em™") groups were detected on the FTIR specirum of bare al-
ginate sponge (Fig. S1a) which were also found on the FTIR spectrum of
SH-Graphene bio-sponge [16,30]. This reveals that the highly negative
-COO™ groups of alginate still remain as active species in the final
product. As evidenced from the FTIR analysis (Fig. 2a with UV exposure
at 180 min), several indicative bands of successful functionalization
using 4TH precursor including peaks at 2569 cm™' (-8H) and
1730 em ™' (-C = 0) could be observed [25], The -C = O peak was
found initially on the FTIR spectrum of GO but was absent from the
alginate and Graphene bio-sponges. This particular functional group
(=C = 0) which is part of the chemical structure of the 4TH precursor
arose again after the photoinitiated reaction, confirming the suceessful
modification of the SH-Graphene bio-sponge. Meanwhile, the key peak,
-5H, did not appear on the FTIR spectra of all the control samples
prepared in this work but appear on the FTIR plot of SH-Graphene bio-
sponge treated under UV irradiation of 180 min.

The XRD diffractogram of SH-Graphene bio-sponge (Fig. 4a) ex-
hibits a strong and broad peak at around 21° after the photoinitiated
reaction. In comparison to its control, GO (Fig. Sle), a typical sharp
peak was found at ~10.8°, indicating the successful insertion of oxygen
functional groups after the harsh oxidation reaction of graphite flakes.
The diffraction peaks of iron oxide (Fe,0,) nanoparticles with its cor-
responding planes of (22 0), (31 1), (400), (51 1) and (4 4 0) were
identified on the XRD diffractogram of the SH-Graphene bio-sponge
(Fig. 4a). The interlayer spacing (3 1 1) plane identified on the XRD
diffractogram was in good agreement with the lattice fringe determined
on the HRTEM image, verifying the existence of magnetite nano-
particles in the SH-Graphene bio-sponge, The peak broadening effect
observed on the XRD diffractogram was because of the nano-sized iron
particles as verified by TEM analysis in the previous section (Fig. 3d and
e) [31,32].

The thermal behaviour and stability of the SH-Graphene sponge
were characterized using thermogravimetric technique under air at-
mosphere with its corresponding thermogram depicted in Fig. 4b. As
displayed in Fig. 4b, the thermal decomposition pattern of the multi-
thiol-modified graphene sponge is distinctly different from GO and
slightly dissimilar to the rest of the controls (Fig. 51d and e). From the
thermograms, GO can be considered as the most thermal unstable
material which started to lose its mass at temperature below 100 °C due
to the elimination of interstitial water and decomposed completely at
around 570 “C. The major mass loss occurred between 150 and 300 °C
can be associated with the loss of oxygen-functional groups including
hydroxyl and epoxy moieties. In comparison to the thermogram of the
controls (Fig. 51d), SH-Graphene bio-sponge is relatively more stable
with its first mass loss (10,06 %) took place below 100 "C owing to the
removal of adsorbed water (Fig. 4h). Similar to GO, the main mass
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decomposition event in the range of 150-300 "C can be linked to the
loss of oxygen functional groups attached in the alginate and GO
polymeric network. The additional peak maximum at 432.5 °C detected
anly on the DTG curve of SH-Graphene bio-sponge in relative to its
controls (Fig. S1e) can be correlated to the detachment of thiol moiety
from 4TH molecules in the GO-alginate matrix. The lower char residue
remained (34.65 %) for SH-Graphene bio-sponge at 626 "C in com-
parison to the control sponges suggests the successful modification of
the graphene sponge [16,33],

Fig, 5a illustrates the XPS survey scan of SH-Graphene bio-sponge
with four characteristic peaks which can be assigned to Cls, O1s, §2p
and Ca2p at around 284.5, 531.5, 163 and 346.5 eV, respectively, are
identified on its survey spectrum, confirming the presence of these
elements on the surface of SH-Graphene bio-sponge. Notably, results
(Table 51} showed that the surface of SH-Graphene bio-sponge consists
of extraordinarily high sulfur content (10.20 at %) apart from other
expected elements including carbon (63.46 at %), oxygen (25.77 at %)
and Ca (0.57 at %), suggesting that its surface was successfully deco-
rated with S-containing groups. This observation was well-supported by
the absence of 52p peak on the survey spectra of all the controls (Fig.
51f). From Table 51, both the controls, alginate and GO recorded high O
at % (35.85 and 28.89 at %, respectively), indicating that these two
materials are enriched with oxygen functional groups. Meanwhile,
Graphene bio-sponge exhibited 33.54 at % O with its C/0 atomic ratio
of 1.83, between GO (2.46) and alginate (1.68). Interestingly, the
multithiol-modified bio-foam showed the same C/0 atomic ratio of GO
(2.46), implying that the combination of the precursors used in this
hybrid did not lead to oxygen compensation in relative to GO due to the
presence of rich oxygen functionalities in alginate matrix although
multithiol precursor, commonly used as a mild reducing agent tends to
reduce oxygen groups [34]. Given that majority of the functionalization
agents are likely to reduce the oxygen content of GO after the mod-
ification process, the use of alginate which is rich in oxygen groups to
prepare the adsorbent hereby is strategically advantageous for heavy
metals adsorption because oxygen is one of the major chelating agents
for metal complexation. Calcium element on the other hand detected in
alginate (3.95 at %) and Graphene (4.93 at %) bio-sponge was origi-
nated from calcium chloride solution which was used as the ionic
crosslinking agent to interact with the carboxylate groups in the aero-
foam matrix. Nevertheless, the corresponding peak of Ca2p was am-
biguously detected on the spectrum of SH-Graphene bio-sponge with
only 0.57 at % calcium (Table $1), suggesting that the initial Ca®* jon
crosslinking agent in the aerofoam matrix could be displaced by the
multithiol crosslinker during the UV initiated reaction. The peak fitting
of the high resolution scans for the Cls and $2p core levels of SH-
Graphene bio-sponge as depicted in Fig. 5b and ¢ was performed to
understand the formation chemistry of the thiol modified bio-sponge.
As illustrated in Fig. 5b, five peaks positioned at 284.3, 284.8, 285.9,

a) s b) c)
#AC1s % $2p
s\
— v.— ! -
- o » E i tal E .
: gy {3
"S { c_c' 'y S}p”[C-s-cl
'E a N | W S2p (C-S-C
g [ § &9 szp)_gs-mf\
L Sip"'l\jsl-.ﬁl
1000 800 600 400 200 0 292 290 288 286 284 282 170 168 166 164 162 160
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 5. XP& (a) survey spectrum, high resolution spectra (b) Cls and () $2p of SH-Graphene bio-sponge.
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286.2, 286.6 and 288.3 eV corresponding to C = C, C-C, C-OH, C-0-C,
C = 0 and O-C = O, respectively, were resolved for the detailed Cls
core peak of SH-Graphene bio-sponge. Additionally, the peak at
285.2 eV which can be assigned to C-S bond is visible on the Cls
spectrum of SH-Graphene bio-sponge [35,36]. Interestingly, no iron
peak was identified from the XPS spectra of all the samples from XPS
analysis although its presence was verified from XRD and elemental
mapping analyses discussed in the previous section. This could be due
to its non-homogeneous distribution in the alginate-GO matrix. To
confirm this deduction, a more detailed EDX analysis was performed on
the 5H-Graphene sample as demonstrated in Fig. 52. The localized
elemental composition analysis clearly corroborated the deduction on
the uneven distribution of Fe element based on different spots captured
with a broad range of relative atomic concentration determined in-
cluding 0.10 at %, 0.21 at%, 6.20 at % and 7.39 at % of Fe element on
Spot 1, 2, 3 and 4 respectively. Remarkably, higher Fe at % was re-
corded on the bulges microstructure (spots 3 and 4) appeared on the
surface of alginate-GO matrix (Fig. 52), indicating the encapsulation of
iron oxide nanoparticles which can be distinguishably observed from
the smooth surface found on spots (1) and (2), Since the depth profiling
of XPS analysis is approximately 10-15 nm while it is 1000-2000 nm
for EDX analysis, the absence of Fe peak on the XPS spectrum can be
Jjustified with that the iron oxide nanoparticles were embedded un-
demneath the surface of the modified sponge which is beyond the de-
tectable limit of XPS technique.

Primarily, further deconvolution analysis of the core 52p peak
(Fiz. 5¢) for SH-Graphene bio-sponge verified successful photo-
ninitiated click reaction of multithiol precursor onto the alginate-GO
matrix with resolved peaks detected at 1629 and 164.0 eV, which
could be referenced to $2py. and 52p,, respectively for C-5-C bond
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while another doublet peak positioned at 164.2 and 165.4 eV, re-
sponsible for $2ps,s and S2p.., respectively, of unbound -SH species,
Remarkably, the thiol-modified bio-sponge does not record any peak
with binding energy > 166 eV (high binding energy for 5-0 peak),
suggesting that the immobilized sulfur species is highly stable within
the polymeric network without any oxidized sulfur species including
sulfenates or sulfates formed despite the exposure of the material to
readily oxidized conditions [27,38]. This prominent information also
suggests that the reactive thiol group does not react with the bountiful
oxygen groups in the alginate-GO matrix, confirming the thiol-ene click
chemistry between thiol and C = C groups. Based on the combined
outcomes collected from FTIR, XPS, EDX and its mapping analyses, it
can be further ascertained that the multithiol precursor has successfully
clicked onto the GO-alginate network via the UV-directed reaction,

3.3, Heavy metal ions adsorption

The evaluation of the multithiol-modified sponge (SH-Graphene)
was conducted under the effect of several factors including pH, initial
concentration, contact time, recyclability, co-existing ions and attested
for its application in real sample assessment using activated carbon as
benchmark.

3.3.1. Effect of solution pH

Initially, the surface charge of the SH-Graphene bio-sponge was
determined using zeta potential measurement prior to the study of the
effect of pH towards the adsorption efficiency of Pb** and Cd**.
Results indicated that the surface of the modified SH-Graphene bio-
sponge was negatively charged ranging from —20 to — 10 mV over pH
4-9 (Fig. 6a). Coupled with the information on the surface charge of the
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Fig. 6. Effect of (a) solution pH for adsorption of Pb (1) and Cd (1) using SH-Graphene bic-sponge; zeta potential as a function of pH measurment of SH-Graphene
bic-sponge, [Conditions: Cp = ~5 ppm for Ph (1), Gy = —3 ppm for Cd (1I), temperature = 21.0 °C, mass of sorbent = ~20 mg, volume of metal ion
solution = 20 ml, equilibration time: 5 h], (b) contact time [Conditions: G = —10 ppm, pH —5, temperature = 21.0 "C, mass of sorbent = —20 mg, volume of

metal ion solution = 70 mL] and (c) initial concentration of heavy metal ions [Cenditiens: Co = 10-110 ppm, pH =5, temperature = 21.0 “C, mass of sor-
bent = ~20 mg, volume of metal ion solution = 20 mL, equilibration time: 24 h]. (d) Plot of dimensionless separation factor (Kg) over initial metal ion concentration
of SH-Graphene bio-sponge.
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adsorbent system and the speciation diagrams (Fig. 53) constructed
based on the possible species present in the adsorbent-adsorbate
system, the interaction involved can be elucidated over the pH in-
vestigated. It can be clearly observed that the adsorption behaviour of
SH-Graphene bio-sponge was entirely different for Pb (1) and Cd (1)
ions, For Pb (I1) ion, higher metal ion removal trend was detected at
region pH 4-5.5. The high uptake could be due to the strong electro-
static attraction between the negatively-charged surface of the ad-
sorbent and the presence of positively charged Pb®* ions (Pb®* and
PbC1™) at this pH region. A drastic drop of the sorption capacity was
detected at pH 7-9 which could be due to the unfavourable binding
affinity of the neutral species such as Pb (OH); present at this pH on the
charged surface of the modified graphene bio-sponge which affected its
adsorption efficiency towards Pb (11) in the water. On the other hand,
the Cd (1) uptake pattern by the SH-Graphene bio-sponge was rela-
tively stable over the pH studied. Almost similar removal efficiency was
achieved over the acidic to neutral pH. This could be attributed to the
strong electrostatic interaction between Cd** and CdCl* jons as evi-
denced from the cadmium speciation diagram (Fig. 53b) with the ne-
gative charged adsorbent surface, At alkaline pH, a slight drop of Cd**
uptake was observed which could be related to the absence of positive
charged Cd** species with the formation of Cd (OH), due to the pre-
sence of excessive OH™ ions. In summary, the adsorption of heavy
metal ions from aqueous solution at alkaline pH leads to precipitation
of created metal jon hydroxide complexes on the active sites of the
adsorbent that could potentially block the binding sites of the ad-
sorbent, thus affecting the mass transport of the heavy metal ions to the
adsorbent. As a result, the adsorption of Pb (11} and Cd (1) ions was
affected at alkaline pH [10,39],

3.3.2. Effect of contact time and adsorption kinetics

The kinetics aspect of an adsorbent towards metal ions uptake is
also crucial to understand the mechanism and the rate of metal ions
uptake of the modified sponge. From Fig. 6b, a gradual and steep in-
clination could be observed with the equilibrium achieved within the
first hour for both Cd (I1) and Pb (II) ions, indicating a steady uptake of
heavy metal ions into the porous structure of SH-Graphene bio-sponge.
Interestingly, the uptake of Cd (II) ions surpassed Pb (11) ions initially
but with Pb (II) ions overtook Cd (II) eventually. Furthermore, the ki-
netics data was fitted into two linearized kinetic models (pseudo-first
and pseudo-second) to unveil their respective adsorption mechanisms.
The kinetics fitting analysis (Fig. 54, Table 52) clearly indicated that the
adsorption of both metal ions follows pseudo-second-order kinetic
model with high correlation coefficients (R > 0,99) attained, sug-
gesting that chemisorption is the rate controlling step for the adsorption

Table 1
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of both the metal ions studied using the SH-Graphene bio-sponge.
Pseudo-second-order model has been broadly adepted to describe the
adsorption behaviour of water pollutants, particularly heavy metal ions
on the adsorbent by taking the assumption that the interaction between
the adsorbent and adsorbate is by electron sharing and exchange.
Owing to the presence of rich oxygen and thiol groups on the surface of
the modified graphene bio-sponge which readily share or donate their
electrons with Pb (1) and Cd (II) ions, the primary adsorption me-
chanism could be associated to the electron sharing or exchange process
between the adsorbent-adsorbate system. [16,40]

3.3.3. Effect of initial concentration of metal ions and adsorption isotherms
The effect of initial concentration of metal ions was investigated to
determine the adsorption capacity of Pb (1) and Cd (II) onto the mul-
tithiol-functionalized bio-sponge. Higher initial concentration of metal
ions resulting in greater sorption capacity due to stronger driving force
to compensate the mass transfer resistance for the transport of ad-
sorbates (metal jons) from the water system to the binding sites of the
adsorbent. The fitting of the equilibrium data for Cd (11) and Pb (11) into
the linearized isotherm models, Langmuir and Freundlich isotherm
models, (Fig. 55) showed that adsorption of both Cd (11) and Pb (1) ions
correlates well with Langmuir isotherm model with high correlation
coefficient, R®, = 0,97 achieved, According to the described model, we
can surmise that monolayer coverage of Cd (II) and Pb (11} over the
homogeneous binding sites occurred on the SH-Graphene bic-sponge
[16]. The caleulated maximum sorption capacity, 101.01 mg g and
102.99 mgg ', for Pb (11) and Cd (1), respectively also disclosed strong
binding affinity between the metal ions and the modified graphene bio-
sponge. This could be well-evidenced by all the dimensionless separa-
tion factor, Ky, accomplished in both metal ions which fall within
0 = Kg = 1, the favourable region as depicted in Fig. 6d. This out-
come strongly suggests that the adsorption of Cd (1) and Pb (11) is fa-
vourably driven to the binding sites of the modified bio-sponge [41].
It is critical te highlight that several experimental parameters such
as the sorbent form, sorbent dosage, initial concentration of metal ions,
pH and the temperature applied in the adsorption studies should be
carefully considered when making comparison across the adsorbents in
the literature. A more relevant evaluation was made among the pre-
vious investigated alginate-based adsorbents with the green surface-
modified SH-Graphene bio-sponge fabricated as tabulated in Table 1. It
could be seen that the developed SH-Graphene bio-sponge out-
performed several alginate-based sponge reported in the literature for
Ph (11} and Cd (11) ions removal. Taking silica modified caleium algi-
nate-xanthan gum hybrid bead composites as example, although it
passessed high regeneration ability (> 25 times), its ~5 times lower

Comparison of adsorption capacity with experimental conditions of alginate-based adsorbents for Pb (1) and Cd (11} ions removal.

Adsorbent SSA(m* g~ ") Metal jons uptake Conditions Max. sorption Regeneration cycles with Ref.
capacity (mg g~ ") = Q0% removal efficiency
Silica modified caleium alginate- 196.47° Cy 5-100 mgL. ™", sorbent dosage: 3750 mgl™", Ph (I} 18.9 25 eyeles in Pb (11 single [42)
xanthan gum hybrid bead 25°C,pH 6 system
composites
Carboxymethyl chitosan-sodium, NA Cot 100 mgL ™", sorbent dosage: 1200 mgl~ ', 20°C,  Pb (I1): 19.19 NA [43)
graphene oxide ([CMCNaAGD) pH &
hydrogel Cd (11 2701
Tron axide modified clay activated 433 ° Cyt 12=350 mgl.~* (P17 * )5 10=300 mgL~ "(Cd* "), Ph (1) 74.2 NA [44)
carbon composite beads sorbent dosage: 2000 mgL ™", 21.0 °C, pH 4.5
Cd () 41.3
Titania-coated silica modified sodium 42° Cy 50=250 mgl. ", sorbent dosage: 1000 mgl ", Ph (Il 32.49 NA [15]
alginate (ST20-ALG) 200°C, pH: 5
Cd (1) 18.85

SH- Graphene big-sponge
210 °C, pH 5.3

115 + 027%  Cg 10-110 mg/L, sorbent dosage: 1000 mg/L,

Pb (I} 101.01 5 cycles in binary metal ioms  This
(Pb and Cd) system work

Cd (1) 102.99

S5 Specific Surface Area, NA: Not Available. a refers to Brunaver-Emmett-Teller (BET) and b refers to methylene blue method of specific surface area mea-

surement.
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maximum sorption capacity (18.9 mgg™" for Pb (1) ions) using 3.75
times higher sorbent dosage (3750 mgl~") compared to SH-Graphene
bio-sponge (101.01 mgg ™", 1000 mgL.™") simply did not reflect the
adsorption efficiency and economic feasibility of the adsorbent [42].
Furthermore, despite the complicated synthesis method, carboxymethyl
chitosan-sodium/graphene oxide (CMCNa/GO) hydrogel could only
achieve the maximum sorption capacity of 1919 mgg™' and
2700 mgg™' for Pb (1) and €d (1) ions, respectively, by
using = 1200 mgl.~" in their adsorption studies, The performance was
considered less efficient because higher maximum sorption capacity
(Pb**: 101,01 mgg ™", Cd**: 102,99 mgg~") with lower sorbent do-
sage (1000 mgL~") could be achieved by SH-Graphene bio-sponge to
immobilize these noxious ions in the water system [43]. The out-
standing uptake of Pb (II}) and Cd (II) ions from the water is un-
reservedly manifested by the SH-Graphene bio-sponge (maximum
sorption capacity:101.01 mgg~ ' (Pb%+), 102.99 mgg~ {cd**); sorbent
dosage = 1000 mglL~") compared to the work published by Pawar
et al.,, on iron oxide medified clay activated carbon composite beads
(742 mg g '(PH**), 413 mg g (Cd**); sorbent do-
sage = 2000 mgL™'). Despite the double amount of sorbent dosage
applied in their metal ions sorption studies as well as many different
types of precursors introduced to modify the adsorbent, the lower
maximum sorption capacity simply reflected the incompetence of their
adsorbent. It is alse surprising to find out that activated carbon which
has been commercially vsed as the adsorbent for removing various
types of pollutants was unable to meet the performance expectation
even after multiple stepwise modifications [44]. Moreover, Kolodyriska
et al. also reported the synthesis of titania-coated silica sorbent mod-
ified by sodium alginate for the adsorption of heavy metal ions in-
cluding Pb (II) and Cd (II) ions, Apart from the complex synthesis
process as well as huge energy consumption (calcination in air at
800 *C), the maximum sorption capacity accomplished by their mod-
ified sorbent (32.49 mgg ~' for Pb**, 18.85 mgg ! for Cd**) was ap-
proximately 3-5 times lesser than SH-Graphene sponge (101.01 mgg ™'
for Pb**, 102,99 mgg ! for Cd**) with the same sorbent dosage ap-
plied in the metal ions removal experiments [15]. Overall, it is para-
mount to emphasize that the sorbent dosage used and the performance
efficiency are highly correlated to the economic viability and practie-
ability of an adsorbent to be introduced for water purification process
in the industry scale. Taking into account of all the aspects (cost, per-
formance efficiency and sustainability), SH-Graphene bio-sponge en-
gineered via an environmentally-friendly modification approach (UV at
365 nm) clearly exhibited its potential in wastewater management due
to its energy-efficiency, cost-effectiveness and performance competency
in relative to majority of the sorbent materials reported in the litera-
ture.

3.3.4. Effect of recycling times
The regeneration and recovery of an adsorbent are one of the chief
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criteria to evaluate its feasibility for long term adsorption—desorption
cycle performance to accomplish the cost efficiency and sustainability
of an adsorbent. Fig. 7a shows the removal efficiency of Pb (II) and Cd
(1) uptake in their co-existing metal fon mixture for five consecutive
adsorption—desorption cycles using 2% wy/v thiourea in 0.1 M HCI as
eluent. In general, the removal efficiency of metal ions, during recycling
of adsorbent, decreases with each cycle, This is mainly influenced by
lack of full recovery of adsorbed metals during desorption process and
by potential damaging of structure or binding chemistry of adsorbent in
this process, We observed a slight increase of the metal ion adsorption
after the first eycling for = 7%, but no further increase with expected
slight decrease after third and fifth cycle. We assumed that the in-
creased efficiency after the first desorption eycle could be attributed to
the use of acidic diluent that removes the impurities in the alginate
matrix (from the commercial manufacturer) which could be trapped
within the pores of the adsorbent, thus exposing larger binding sites for
adsorption to take place [45] SH-Graphene bic-sponge showed ex-
cellent results for the reusability of the sorbent material with > 85%
and 90% removal efficiency achieved for Cd (II) and Pb (11} ions, re-
spectively, even after five adsorption-desorption cycles. With merely
0.247 mgL.™" Cd (11) and 0.015 mgL~" Pb (II) ions detected after the
fifth metal ions uptake, SH-Graphene bio-sponge can be regarded as a
highly stable material with bountiful of binding sites for water pollu-
tants, This is because not only that this material can persistently
withstand the co-existence of both heavy metal ions, but also the harsh
eluent used as well as the multiple washing steps throughout the con-
tinuous regeneration experiments, It should also be highlighted that the
remaining concentration of Pb (I} in the water after the continuous
regeneration cycles meets the stringent maximum contaminant level
(MCL) for lead (0.015 mg/L) as regulated by US EPA [46]. This again
affirms the reusability of the SH-Graphene bio-sponge developed as a
promising futuristic adsorbent for water decontamination,

3.3.5. Effect of competing ions in spiked milli-Q water and spiked-sea water

In order to investigate the effect of co-existing ions in real water
sample, special designed adsorption experiments were performed using
the SH-Graphene bic-sponge, commercial adsorbent (activated carbon)
as benchmark and alginate sponge as control adsorbent in multiple
mixed metal ions solution containing Cu (11}, Cd (II), Pb (II) and Co (II)
ions. Similar selectivity test in mixed metal ions-spiked local sea water
was also conducted to probe the performance of SH-Graphene bio-
sponge in natural water matrix. Fig. 7b shows that the selectivity of the
SH-Graphene bio-sponge achieved in milli-Q water was extraordinarily
good with > 90% remaoval efficiency for nearly all the metal jons in-
vestigated except for Co (I1). Remarkably, the best selectivity perfor-
mance was achieved for Pb (1) with only 0,058 ppm (58 ppb) of Pb (II)
detected using the SH-Graphene bio-sponge, reaching 98.8% removal
efficiency despite the strong competition with the co-existing heavy
metal ions in the water, Meanwhile, 0.47 ppm Cd (II) with 90.2%

a) = Poon Milli-Q Wate 100 Sea Wat T Cul)
‘_-'m ! A I PR _ 1004 b) T g c) L:E] ar —t ]
£ 2 gl = ¥ = Ph)
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Cycle
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Fig. 7. Effect of (a) recyclability of SH-Graphene bio-sponge towards Cd (11) and Pb (1) ions, selectivity of multiple metal ions in (b) milli-Q water and (c) spiked sea
water for Graphene-SH bio-sponge in comparison with activated carbon and alginate sponge.
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Fig. 8. (a) SEM image of Cd-SH-Graphene bio- sponge after Cd (II) adsorption, (b-f) corresponding EDX map with selected elements (C, O, Fe, S and Cd) after

adsorption process.

250 pm

Fig. 9. (a) SEM image of Pb-SH-Graphene bio-sponge after Pb (II) adsorption, (b-f) corresponding EDX map with selected elements (C, O, Fe, S and Pb) after

adsorption process.

removal efficiency recorded in the same selectivity test using SH-Gra-
phene bio-sponge. On the other hand, when SH-Graphene bio-sponge
was investigated in the similar mixed metal ions in spiked sea water,
the removal efficiency was reduced to 63.1% and 36.1% for Pb (1) and
Cd (I1) ions, respectively. Although the heavy metal ions removal effi-
ciency of SH-Graphene bio-sponge was decreased in sea water, the
modified sponge still outperformed activated carbon (25.5% for Pb**;
0% for Cd**) and alginate sponge (43.3% for Pb**; 0.79% for Cd**) in

real water sample assessment, It is noteworthy to state that sea water is
a complex natural water comprising of various kinds of inorganics and
organics which compete for sorption sites of an adsorbent. The organics
present in the sea water tend to block the pores of the adsorbent which
may greatly affect the metal ions uptake performance of an adsorbent.
Among all the tested sorbents, it should be emphasized that SH-Gra-
phene bio-sponge still demonstrated the highest removal efficiency for
Pb (1), Cd (II) and Co (II) in comparison to activated carbon and
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alginate sponge regardless of the type of water matrix despite the stiff
competition for active sites from the huge flux of inorganics and organic
matters in the natural water sample, as well as the co-existing spiked
metal ions. Given the high tolerance ability as well as strong binding
affinity for Pb (1) and Cd (II) ions compared to the commercial ad-
sorbent, SH-Graphene bio-sponge meets the requirements and ex-
pectation as a potential adsorbent in real water purification application.

3.4, Establishing the structural and chemical properties of SH-Graphene bio-
sponge with metal ions removal performance

The presence of functional groups including the oxygen and thiol
groups in the polymeric matrix of the SH-Graphene bio-sponge are
primarily accountable for good binding affinity towards Pb (11) and Cd
(11) ions in the water system. From the detailed pH studies in this work,
electrostatic attraction is the dominant mechanism resulting from the
presence of rich carboxylate groups on alginate as well as the depro-
tonation of the thiol and oxygen functionalities of the SH-Graphene bio-
sponge in water. This is well-evidenced by the zeta potential mea-
surement of the thiol-modified graphene sponge at different pH which
confirmed the highly negative charged surface of the fabricated ad-
sorbent that resulted in strong attraction with the positively charged Pb
(I1) and Cd (1I) species.

On the other hand, according to Hard Soft Acid Base (HSAB) theory,
a metal-ligand complex could be formed between the metals (Lewis
acids with vacant orbital) and the ligands (Lewis bases with readily
shared valence electron pair) via covalent bonding [47]. Considering
that SH-Graphene bio-sponge is enriched with Lewis bases including
thiol and oxygen-containing groups as evinced from the FTIR analysis
discussed in the previous section, a metal-chelate complex could be
resulted from the valence electron pair donated to the electron-deficient
metal ions (Pb** and Cd** ). Due to the fact that Cd (11) falls under the
soft acids category while Pb (II) is a borderline Lewis acid, a more fa-
vourable chelation process could be expected between the SH-Graphene
bio-sponge with Cd (1) ions according to the rule of thumb in HSAB
concept: “Hard acids prefer to bind to hard bases and soft acids prefer to
bind to soft bases” [47]. In relative to Pb (11} ions, a more stable metal-
chelate complex and more feasible adsorption process is expected be-
tween Cd** (soft acid) and the thiol groups (soft base) on the modified
graphene sponge as supported by the dimensionless Ky plot discussed in
the section above. As reported in the literature, the existence of a
myriad type of oxygen functional groups including carbonyl, carbox-
ylate and epoxide groups in the adsorbent framework also act as elec-
tron-donor which led to surface complexation with the Cd** and Ph**,
contributing to the uptake of metal ions. In addition, the magnetic iron
oxide nanoparticles encapsulated in the alginate-GO matrix also im-
proved the removal efficiency of the heavy metal pollutants besides
facilitating in adsorbent-adsorbate separation after adsorption process.
As described in the literature, the surface oxygen groups from the iron
oxide particles as well as its nano-size particles give rise to higher
surface area, leading to better uptake of the heavy metal ions
[31,48,49].

We also found that the porous matrix with opened and inter-
connected pores found within the SH-Graphene bio-sponge as verified
from the SEM imaging technique also helps in the metal ions uptake by
providing more rooms to immaobilize and trap the water pollutants
within the micropores for adsorption process to take place. This is well-
supported by the elemental mapping of the spent adsorbents (Figs. 8
and 9) which evidently showed that the studied water pollutants, lead
and cadmium metal ions, were scattered within the large and tiny pores
of the SH-Graphene bio-sponge, indicating that the opened and inter-
connected pores allowed the pollutants to penetrate through easily for
adsorption to take place. Unlike activated carbon, this observation also
implies that the mass transport of the metal ions throughout the poly-
meric matrix of SH-Graphene bio-sponge is highly accessible and not
limited by internal diffusion. For activated carbon, the interaction of

Chemical Engineering Jownal 395 (20200 124965

pollutant with activated carbon requires diffusion into its porous
structure and may often experience pore blockage [50]. Another im-
portant highlight as shown in Fig. 8a and 9a revealed that the pore
structure of the modified graphene sponge did not collapse which can
be considered robust with its 3D porous structure retained even after
oscillating in water for 24 h in the presence of heavy metal ions,
washing with highly acidic conditions and drying steps, This again
ascertained its potential application for water purification purpose,

4. Conclusions

In summary, SH-Graphene bio-sponge grafted with high density of
S-comtaining groups (10.2 at %) was successfully synthesized via pho-
toinduced thiol-ene click approach. The successful surface engineered
graphene bio-sponge using multithiol was confirmed uging XPS, FTIR,
elemental mapping and TGA-DTG techniques. Assessment of adsorption
performance of the multithiol modified Graphene bio-sponge showed
satisfactorily high adsorption capacity, best fitted into Langmuir iso-
therm models (R* = 0.97) at ~103 mg/g and ~101 mg/g for Cd (1)
and Pb (1) ions, respectively. Kinetics evaluation of the developed
adsorbent revealed that this modified adsorbent followed pseudo-
second order model for both Cd (11} and Pb (I1) ions with B > 0.99
attained. Adsorption studies suggested that the multithiol functiona-
lized graphene bio-sponge showed exceptionally good selectivity to-
wards Cd (II) and Pb (1) in both milli-Q and sea water. This novel
surface-engineered graphene bio-sponge also demonstrated extra-
ordinarily high recyclability (> 90 %) with only 15 ppb Pb (I} and
470 ppb Cd (1) detected after five consecutive adsorption—desorption
cycles. The highly sustainable, selective and regenerative SH-Graphene
bio-sponge provides a cutting-edge water purification solution with its
promising results surpassing commercial adsorbent and control in real
water sample assessment. The green and sustainable UV.directed thiol-
ene click surface modification by combining biopolymers and functio-
nalized graphene presented hereby paves a promising strategy to design
advanced adsorbents for removal heavy metals from waters con-
tributing to address global environmental problems.
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Materials

Matural graphite rocks (Uley, Eyre Peninsula, South Australia, Australia) were crushed into
powder using a benchtop ring mill (Rocklabs) and sifted through 25 pm sieve. 85 % w/iw
phosphoric acid (Chem-Supply), 98 % sulfuric acid (Chem-Supply), potassium permanganate
(Sigma Aldrich), 30 % hydrogen peroxide (Chem-Supply), 36 % hydrochloric acid (Chem-Supply),
sodium hydroxide (Chem-Supply), ethanol (Chem-Supply), sodium alginate (Chem-Supply),
calcium chloride (Chem-Supply), 2,2-dimethoxy-2-phenylacetophenone (DMPA, Sigma-Aldrich),
iron(I11) chloride (Chem-Supply), iron (11} sulfate (Chem-Supply), ammonium hydroxide (Sigma
Aldrich), pentaerythritol tetrakis(3-mercaptopropionate) (4TH, Sigma Aldrich), cadmium nitrate
(Mallinckrodt), copper nitrate (Chem-Supply), lead nitrate(Univar), cobalt nitrate (Ajax), and

thiourea (Sigma Aldrich) were used directly without prior purification.

Materials Characterization

The morphology, mapping and EDX analysis of the materials were studied using scanning electron
microscope equipped with EDX Silicon Drift Detectors (FE-SEM, Quanta 450 FEG, FEI, USA,
EDX, Ultim Max 170 mm SDD, Oxford Instruments, UK) at 10-15 kV (operating voltage). The
functional groups in the samples were identified by FTIR (Nicolet 6700, Thermo Fisher) in the
range of 500-4000 cm™. High-resolution transmission electron microscope (HRTEM, Philips
CM200, Japan) was used to capture the sample image at 200 kV. The sample preparation involved
the dispersion of sample in ethanol via bath sonication to form a homogeneous dispersion on a Cu
grid. XRD with Cu X-ray tube (600 Miniflex, Rigaku, Japan) was performed under 40 kV and 15
mA with 10° min™' scan speed at 26 = 5- 80° to probe the bulk phase identification. Thermal

stability and properties of the materials were investigated using TGA/DSC 2, STARe System

S-2
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(Mettler Toledo, Switzerland) under air atmosphere with the samples heated in alumina crucible
to 1000 °C at 10 °C min™" heating rate. The surface elemental composition and chemical species of
the materials were studied using X-ray Photoelectron Spectroscopy (XPS, AXIS Ultra_DLD,
Kratos, UK) equipped with a monochromatic Al Ka radiation source (hv =1486.7 V) at 225 W,
15 kV and 15 mA. XPS wide scans were recorded at 0.5 eV step size over -10-1100 eV at the pass
energy of 160 eV while the narrow scans were collected at a 0.1 eV step size and pass energy of
20 eV. The peak fitting and deconvolution were analysed using Casa XPS™ software with the
core-level spectra involved calibrated to the primary peak (C-C/C-H peak) of adventitious carbon
at 284.8 eV. The full width at half maximum (fiwhm) for all corresponding components were
constrained within the difference of 0.2 eV, For the curve fitting of S2p high resolution peak, the
peak was resolved into S2ps2 and S2pi2 components at a peak area ratio of 2: 1 with 1.18 eV
energy separation. The specific surface area measurement was determined using methylene blue
adsorption approach using UV-Vis spectroscopy (Shimadzu, UV 1601, Japan) as described in our
previous work [1, 2]. The surface charge of the materials was determined as a function of pH with
the average zeta potential repeated three times using a Malvern Zetasizer (Nanoseries, Australia).
The sample was dispersed in milli-Q water and bubbled in nitrogen gas to drive off the dissolved
CO; gas and allowed to stand for a week before zeta potential measurement using HCl or NaOH
solution adjusted between pH 3-10. Solution ICP-MS (QQQ 8900, Agilent) was applied to
measure the concentration of metal ions remained after the adsorption experiments. Specific

surface area of the material was analysed according to the method reported in our previous work[1].
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Fig. S1 (a) FTIR spectra of the synthesized materials. (b) Chemical structure of alginate. (¢) XRD,
(d) TGA, (e) DTG plots and (f) XPS survey spectra of the products prepared.

Tabhle 51 Normalized chemical composition of samples determined from their respective XPS
survey plots.

Atomic % C/O atomic
Element .
C O Ca s ratio
GO T1.11 28.89 - - 2.46
Alginate bio-sponge 60.20 35.85 395 - 1.68
{Graphene bio-sponge)
.54 54 4, - .
Alginate/rGO/Fes04 61.5 3335 9 183
SIREL T EOIT 63.46 25.77 0.57 10.20 2.46
sponge
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Fig. S2 EDX analysis performed on four different spots with SEM image, showing the
normalized elemental composition of SH-Graphene bio-sponge.
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Fig. 83 Metal species distribution diagram plotted as a function of pH (total metal concentration
1.0 x 107* M) for (a) lead and (b) cadmium calculated using the computer programs HYDRA
and MEDUSA([3].
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Fig. 84 Kinetic modelling plots of pseudo-first order and pseudo-second order, respectively, for
the experimental data extracted from the sorption process of SH-Graphene bio-sponge for (a and

b) Cd (D), (c and d)

Pb (II) ions.

Table 52 Adsorption kinetics parameters of pseudo-first order and pseudo-second order kinetic

models for Cd (1I) and Pb (II) ions on SH-Graphene bio-sponge.

Kinetic Metal ion
Model Parameter
Cd (II) Pb (II)
Pseudo-  k (min™) 2258 x10° 1.1376 x10°"
first order
=1
q.(mgg’) 9.01 19.71
Rz 0.6883 0.8945
Pseudo- i (gmg ' min")  5.814x10” 1621 x10”
second
=1
order q,(mgg) 20.53 22.75
R 0.9992 0.9927
S-6
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(11) ions on SH-Graphene bio-sponge. [Conditions: sorbent dosage= 1000 mgL™', initial metal

ion concentration=20-110 mgL™", pH ~5 at 21.

0°C.]

Table 83 Adsorption isotherm parameters of Langmuir and Freundlich models for Cd (1I) and Pb

(11) ions on SH-Graphene bio-sponge.

Isotherm Metal ion
Model Parameter
0 Cd(II) Ph(II)
Langmuir  ma(mg g™) 102.99 101.01
b (L mg™") 0.0089 9.61
R? 0.9698 0.9970
Freundlich 0.0132 0.2038
K(mgl-lfng-l
L Vmy 33.81 94.25
R? 0.8672 0.9565
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All-in-One Bioinspired Multifunctional Graphene
Biopolymer Foam for Simultaneous Removal
of Multiple Water Pollutants

Pei Lay Yap, Kamrul Hassan, Yow Loo Auyoong, Negar Mansouri, Farzaneh Farivar,
Diana N. H. Tran, and Dusan Losic*

1. Introduction
Polluted waters are complex systems with many different co-existing con-

taminants that make their simultaneous removal a very challenging task.
To address this problem, all-in-one ad/ab-sorbent with unique combina-
tion of interfacial properties and multiple surface chemistry is developed
to simultaneously and efficiently remove several pollutants including
heavy metals, dyes, oils, and organic solvents. By mimicking the wetting
micro-topology of a darkling beetle with a combined hydrophilic-hydro-
phobic surface, a new bioinspired adsorbent, graphene biopolymer foam
(Alg-Fe;0,-rGO-4S) for removal of multiple water pollutants is engineered
by combining alginate (Alg) and reduced graphene oxide (rGO) functional-
ized with tetrathiol that is also decorated with iron oxide nanoparticles
(Fe;0y). This concept is first proved by single pollutant removal, showing
adsorption capacity of 789.7 + 36 mg/g for methylene blue (MB), 107.0 +
2.1 mg/g for Hg (1), 73.5 + 0.7 mg/g for Cu (l1), and rapid oil-water separa-
tion with high sorption capacity (11-18 g/g). A remarkable performance for
simultaneous removal of their mixtures in milli-Q, river, and sea water is
demonstrated with efficiency for MB (=90%), Cu (Il) (>99.99%) and Hg (Il)
(100%) and rapid (=30 s) uptake of organic solvents and oils. The obtained
results indicate a valuable potential of proposed concept for simultaneous
removal of co-existing water pollutants.

With the rapid industrial and agricultural
development, the water pollution caused
by the discharge of wastewater from broad
range of industries such as chemical,
metallurgy, mining, oil and petrol, paper-
making, printing, dying, food and agri-
culture become one of the most serious
global challenges faced by the humanity.
The pollutants in contaminated water
system become more diverse with thou-
sands of different hazardous compounds,
making the search for universal water
purification technology a very challenging
task.l' Various separation and treatment
technologies including precipitation, sepa-
ration membranes filtration, reduction,
ion-exchange, adsorption, and photocata-
Iytic degradation have been introduced.”
Among them, adsorption using adsor-
bents is well accepted as a water purifi-
cation method to remove inorganic and
organic pollutants from water owing to its
low operational cost, high efficiency, sim-
plicity, and high flexibility to be applied in
different water systems.” Many adsor-
bents have been explored and practically used in the last dec-
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ades including activated carbon (AC), different types of porous
carbon and their composites, natural or synthetic clays and
silica, metal oxides, metal organic frameworks, natural and syn-
thetic porous polymers.’] AC produced from waste material is
one of the most frequently and commercially-used adsorbents
due to its high porosity, large surface area, low-cost, and good
sorption capacity. However, AC has many disadvantages such
as pore blockage, lack of selectivity especially for heavy metals
that limits its applications to be used as a universal adsorbent.l¥

Graphene has recently emerged as an excellent choice for
designing a new generation of multifunctional sorbent mate-
rials attributed to its desirable physicochemical properties
including its opened-up layer structure, large surface area,
high mechanical strength, and tailorable surface chemistry.**l
Numerous studies based on different forms of graphene,
GO and their composites have been performed showing an
excellent performance for removal of single type pollutant
from water. Surprisingly, although graphene is renowned
for its highly tailorable surface that enables decoration of a

(10f14) © 2020 Wiley-VCH GmbH
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Figure 1. Schematic diagram showing the formation of multifunctional graphene biopolymer (Alg-Fe;0,-rGO-4S) foam with a combined hydrophilic-
hydrophobic microstructure and specific surface chemistry functionalized for efficient and simultaneous removal of co-existing water pollutants

including heavy metals, organic dyes, solvents, and oils in water.

wide range of functional groups to target for different class
of water pollutants, very limited research has been reported
on their application for simultaneous removal of co-existing
water contaminants. One of the examples included highly
porous and superhydrophobic graphene reported by Tabish
et al. that exhibited high selectivity, good recyclability, and
excellent adsorption capacities for arsenic, fluoride, nitrate,
MB, rhodamine B, and oil from water performed on single
pollutant but not on their simultaneous removal. The study
with sulfonated graphene adsorbent was shown to effectively
remove the water pollutants such as phenanthrene, MB, and
Cd?* from water.”) In another work, Cheng et al. have dem-
onstrated the efficient removal ability of polydopamine assem-
bled graphene aerogel to remove multiple type of oils, organic
solvents, and dyes from contaminated water.® However, one of
the disadvantages of this composite is the use of styrene which
is a carcinogen and mutagen that is not acceptable for water
purification systems.

Majority of the reported adsorbents were explored to remove
pollutants individually from single or binary models of water
pollutants with no consideration to target on simultaneous
uptake of co-existing pollutants from complex water pollution
systems. Realistically, contaminated waters consist of not only
a single type of pollutant, but a broad spectrum of pollutants
such as oil, dyes, and heavy metals that occur simultaneously
resulting from residential, agricultural, and industrial sources,
which impose a very challenging task of designing universal
adsorbents for their remediation'® This phenomenon is fur-
ther accentuated by the recent call for multi-pollutant modeling
approach instead of the conventional single pollutant modeling
method for comprehensive water quality assessment at a global
scale.”’ The key challenge to address these requirements is
to design sorbents that can integrate multifunctional surface

Adv. Mater, Interfaces 2020, 2000664

2000664 (2 of 14)

chemistry with the dual-surface-bulk wettability, which is able
to meet the ad/ab-sorption criteria for both hydrophilic heavy
metal ions and organic substances (dyes) as well as hydro-
phobic organic pollutants (oil and solvents). Despite the syn-
thesis of these multifunctional composites have been reported
for different purposes, there are still many remaining gaps on
practical studies to confirm their applicability for simultaneous
adsorption of multiple contaminants.”?™ There is a lack of better
understanding on the relationship between their structural-
physiochemical surface properties and properties of contami-
nants during simultaneous and competitive adsorption process.

Motivated by this challenging problem to design an all-in-
one and “universal” sorbent toward achieving comprehensive
remediation of multiple pollutants, in this paper, we present
our biomimetic approach on specially-engineered multifunc-
tional graphene-biopolymer foam with unique combination of
interfacial properties and multiple surface chemistry to simul-
taneously and efficiently remove a broad spectrum of pollut-
ants including heavy metals, organic dyes, oils, and organic
solvents. The concept is inspired by the asymmetric wetting
micro-topology of a darkling beetle that possesses combined
hydrophobic-hydrophilic surface, which is able to attract/
retract both type hydrophilic (water) hydrophobic (oil) com-
pounds. To mimic these properties, we engineered a new
adsorbent consisting of alginate (Alg) polymer foam with
embedment of reduced graphene oxide (rGO) sheets deco-
rated with iron oxide nanoparticles (Fe;0,) and functionalized
with tetrathiol using a photoinitiated thiol-ene click chem-
istry as presented in Figure 1. In this approach, the graphene-
biopolymer (Alg-Fe;0,,1GO-4S) with chemically functionalized
hydrophobic and hydrophilic porous patterns can be generated
in hundreds of micron meters dimensions that are randomly
organized and interconnected across the foam structure. The

© 2020 Wiley-VCH GmbH
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second important feature proposed is its highly porous net-
work in the foam which serves as a depot to store contami-
nant molecules apart from allowing a continuous passage of
water carrying pollutants to the binding sites of the sorbent,
Unlike the use of majority commercial foams such as mela-
mine and polyurethane, in this work, sodium alginate (Alg)
biopolymer was selected as the basic structural scaffold owing
to its low-cost, non-toxicity with hydrophilic surface, high den-
sity of hydroxyl and carboxylate groups, which are beneficial for
attracting hydrophilic and cationic pollutants. While, reduced
graphene (rGO) is used in the design of this sorbent material
for several reasons. First, it improves mechanical strength and
robustness of the foam in the foam matrix. Second, rGO is
decorated with magnetic iron oxide nanoparticles (NPs), which
also have binding affinity for many pollutants (phosphates,
arsenic, etc.) that can provide magnetic property to the foamn. "™
Finally, rGO structure is used as a functionalization platform
for attachment of specific binding chemistry that can be tai-
lored by selection of functional groups for uptake of specific
contaminants, In this work, UV photoinitiated thiol-ene click
reaction was used to covalently attach tetrathiol molecules with
four thiol groups on sp® carbon on the basal plane of graphene
to enhance the adsorption of heavy metals. 2145 The UV thiol-
ene click modification is regarded as a mild, environmentally
friendly, and sustainable approach with low energy (room tem-
perature) consumption compared to the conventional thermal
click chemistry process demonstrated in our previous work 1#
The structural, thermal, chemical, and mechanical properties of
the developed graphene-biopolymer foam (Alg-FeyO,rGO-45)
were elucidated using a series of characterization techniques
including scanning electron microscopy-energy  dispersive
X-ray (SEM-EDX), high resolution transmission electron
microscopy (HRTEM), powder X-ray diffraction (XRD), thermo-
gravimetry analysis (TGA), Fourier transform infrared (FTIR),
X-ray photoelectron spectroscopy (XPS), contact angle, dynamic
mechanical, and mercury porosimetry analyses to understand
their interfacial and adsorption properties for simultaneous
removal of multiple water pollutants. Adsorption performances
and recyclability of prepared graphene-biopolymer foams were
explored by series of experiments using single and mixed pol-
lutants scenarios (milli-Q, river, and sea water) such as MB, Hg
(I1), Cu (1), oil, and series of organic solvents. These removal
experiments were also benchmarked and compared with AC as
commercial adsorbent to confirm their application for simulta-
neous removal of broad range of co-existing pollutants.

2. Results and Discussion

2.1. Characterization of Multifunctional Graphene-Biopolymer
Foam (Alg-Fe;0,-rGO-45)

Structural and chemical composition characterizations of the
fabricated graphene-biopolymer foam  (Alg-Fe;0,1G0-45)
during different stages of preparation were elucidated using
SEM and EDAX as summarized in Figure 2. The GO material
before and after the decoration with iron oxide nanoparticles
(NPs) are presented in Figure 2a,b showing typical few layered
GO sheets with randomly dispersed NPs, Higher magnifica-
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tion of the HRTEM image (Figure 2¢) confirmed the presence
of randomly dispersed Fe;0, NPs with average particle size of
3.40 £ 0.77 nm on GO surface (Figure Sla, Supporting Infor-
mation). The inset image depicts the refined lattice fringes and
the selected area electron diffraction (SAED) patterns of FeyQ,
NPs with an interplanar distance of 0.25 nm, corresponding
to the (311) diffraction plane of magnetite, Fe;0,. This result
clearly shows that the desired size of highly crystalline Fe 0,
NPs was achieved and well-dispersed on the GO sheets."!| SEM
image of cross-sectional structure of functionalized graphene-
biopolymer foam (Figure 2d) with highly porous architecture
after tetrathiol modification showed similar morphology resem-
bling the contrcl, alginate foam (Figure Slc-e, Supporting
Information) before thiol modification. The foam structure
is composed of intersected micropores networks with dimen-
sions of 5-13 um (Figure 2e) embedded in the large few hun-
dreds micrometers pore structures. These special architectural
micropores are beneficial for water penetration to readily trap
the water contaminants with different sizes,

Elemental mapping on the tetrathicl modified foam
confirmed the distribution of elements within the foam
microstructure through thiol-ene click chemistry (Figure 2g-k).
A noticeable observation from the micrographs of Figure 2h,i
revealed the uniform distribution of carbon and oxygen within
the foam network, authenticating the existence of carbon and
oxygen in the pristine framework of alginate and rGO. Mean-
while, the iron elemental distribution map (Figure 2j) shows
that the iron element is randomly located within the foam
matrix based on its concentric spots detected (white arrows).
Sulfur element is found throughout the analyzed region
(Figure 2k) with intense 5 regions identified (white arrows).
Under the same analyzed region, the high concentric sulfur
region does not coincide with the region rich with iron, indi-
cating that 5 does not bound to or react with iron to form Fe,S,
which ruled out the possibility of the chemical reaction between
tetrathiol with iron oxides during the photoinitiated reaction.

XPS results of different stage of prepared functionalized gra-
phene-biopolymer foam are summarized in Figure 3a showing
survey spectra of three prominent peaks (Cls, Ols, and CaZp
at around 285, 532, and 347 ¢V, respectively). From Table 81,
Supporting Information, both the controls, alginate and GO,
recorded high oxygen at% (35.85 and 28.89 at%, respectively) as
expected, indicating that these two materials are enriched with
oxygen functional groups which are beneficial for metal compl-
exation in the water purification process. Peak fitting analysis of
the Cls narrow scan (Figure 3b) showed that five peaks deconvo-
luted at 284.7, 286.2, 286.9, 288.1, and 288.9 eV can be assigned
to C—=C, C—=0H, C=0-C, C= 0, and O—C= O, respectively. A
noticeable shift of binding energy could be observed on the Cls
high resolution spectra of Alg-Fe;0,-rGO and Alg-Fe,0,1GO-45
after the incorporation of GO sheets into the alginate matrix
with additional C= C peak deconvoluted at 284.7 and 284.1 eV
for Alg-Fe,0,rGO and Alg-Fe;0,rGO-45, respectively. Assign-
ment of C—=5 peak at around 285.4 €V on the Cls high reso-
lution spectrum of Alg-Fe,0,1G0-45 showed successful
grafting of the tetrathiol molecule on the alginate-graphene
network." Deconvolution of the high resolution $2p peak of
Alg-Fe;0,-rGO-4S foam into 163.0 and 164.2 eV (52p; ; and $2py)
can be assigned to C—5—C species while additional doublet

© 2020 Wiley-¥CH GmbH
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Figure 2. TEM image of a) GO, b) Fe;O, nanoparticles on rGO sheet, and ¢) HRTEM micrographs of Fe;O, nanoparticles on rGO sheet with the
inset of lattice fringes and SAED pattern of Fe;O, nanoparticles. d,e) SEM images of functionalized graphene-biopolymer (Alg-Fe,0,-rGO-4S) under
different magnifications and f) pore size distribution plot of functionalized graphene-biopolymer foam with the inset showing the photograph of
Alg-Fe,0,-rGO-4S foam. g) SEM image and h-k) selected EDS map of Alg-Fe,0,-rGO-4S foam consisting of C, O, Fe, and S elements. White arrows

indicate the concentric area of the particular element found in the sample.

peak centered at 163.5 and 164.6 eV could be allotted to
S2p;;,; and S2py, of C—S peak"™ No sign of S—O peak
(>166 eV) was observed, suggesting that sulfonates or sulfates
did not form despite the exposure of the material to readily
oxidized conditions and the active thiol group did not react
with the oxygen groups in the alginate-rGO matrix. This result
strongly suggests that the photo-click modification approach is
highly resistant to oxidation.!””)

The prominent appearance of the peak around 1733 cm™
attributed to the strong —C= O stretch of ester group in the
tetrathiol molecule and the disappearance of the peak at
2564 cm™ corresponding to the reactive thiol group (—SH)
on the infrared spectroscopic (IR) spectra of functionalized
graphene-biopolymer foam (Figure 3d). These results clearly
indicate that tetrathiol molecules were covalently attached to
graphene surface via the photoinitiated reaction providing
chemical functionalization of the Alg-Fe;0,rGO matrix, It
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could be observed that the C= O vibration band at 1720 ¢m™
of GO disappeared after grafting of Fe—O particles on the
GO sheets, however, the C= O peak was observed again on
the Alg-Fe;0,rGO-4S foam after the functionalization reac-
tion. While, the existence of alginate was evinced by the two
strong and common bands at 1593 cm™ and 1421 cm™ due to
the asymmetric and symmetric stretching vibrations, respec-
tively of =COO~ group on the IR spectra of all alginate compos-
ites.""® The strong and broad peak between 3000 and 3500 cm™
resulted from the stretching vibration of =OH group was found
in all the IR spectra of the samples, revealing the abundance of
—OH groups in the developed samples.

As shown in Figure 3e, the phase and the crystallinity of the
samples prepared were confirmed by powder XRD technique.
Typically, GO shows a strong and sharp peak at 10.76° (inter-
layer distance = 8.22 A) which reveals its enhanced interlayer
spacing after the incorporation of oxygen functional groups
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Figure 3. XPS a) survey, b) Cls high resolution, ¢) S2p high resolution spectra, d) FTIR spectra, ¢) XRD diffractograms, and f) TCGA-DTG plots of

samples prepared in this work,

resulting from the complete oxidation of graphite with its char-
acteristic peak positioned at 26.62° (3.34 A)./%) The XRD plot
of alginate is distinguished with a broad peak recorded at 13.6°
(6.50 A), signifying the amorphous state of alginate foam.!”)
Additionally, broad diffraction peaks of Fe;O, NPs with its
indexed planes, (220), (311), (400), (511), and (440) as confirmed
by bare FeyO, NPs in Figure S1b, Supporting Information, were
observed on the XRD diffractograms of both the unmodified
and modified Fe;0,-Alg-rGO foams. This result agrees well
with the interlayer spacing of (311) plane determined from
the HRTEM analysis in the previous section, which verified
the incorporation of Fe;O; NPs in the Alg-GO matrix. The
obvious broadening peaks recorded for the encapsulated Fe;O,
particles could be due to the nano-sized of the iron particles
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as manifested in the HRTEM image (Figure 2¢)."™ On the
other hand, the shift of the apparent diffraction peak at =20.9°
(4.25 A) for the UV-modified sample from the broadened peak
of Alg-Fe,0,rGO centered around 35° (2.56 A) could be due to
the effective insertion of the tetrathiol moieties through pho-
toinitiated thiol-ene click reaction.

The fabrication of Alg-Fe,0,rGO-4S foam was also con-
firmed by TGA-DTG analysis with its distinctive thermal
decomposition profile compared to the controls, alginate and
Fe,O,AlgrGO foams, as illustrated in Figure 3f. The first
derivative of the TGA curve, DTG, of the foams, (solid line,
Figure 3f) clearly corroborated the grafting of the thiol mole-
cule with prominent peaks observed at around 308, 340 and
413 °C which could be due to the degradation of tetrathiol
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moieties covalently attached in the alginate-GO matrix in rela-
tive to the thermal degradation of the controls. The mass loss of
the foams can be generally divided into three main steps with
the first mass loss that occurred below 120 °C, attributed to the
removal of physisorbed and interstitial moisture trapped within
the foam."™ This was followed by the thermal degradation
from 120 to 400 °C due to the elimination of oxygen functional
groups of the alginate~-GO matrix. Finally, the foams showed an
insignificant mass loss after 370 °C with a minor shoulder peak
traced at 600 °C on their DTG curves which could be due to
the pyrolysis of carbon network and their TGA curves remained
almost unchanged after 650 °C.*°! Consistent with the collec-
tive outcomes from TGA-DTG, XRD, FTIR, XPS, EDX and its
mapping analyses, we can infer that the tetrathiol precursor has
been successfully clicked onto the rGO-alginate network via
the photoinitiated thiol-ene click reaction. Further discussion
on the mechanical and pore properties of the functionalized
graphene-biopolymer foam are discussed in Supporting Infor-
mation S1.

2.2. Adsorption Performance of Heavy Metal lons

The adsorption performance of the tetrathiol-functionalized gra-
phene-biopolymer foam (Alg-Fe;0,rGO-4S) on selected heavy
metals was first evaluated under the influence of initial solu-
tion pH (pH 4-9) and presented in Figure 4a. As evident from
Figure 4a, almost similar metal ion adsorption trend could be
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observed with optimum metal ion removal efficiency recorded
around pH 5 for Hg (I1) and Cu (1), This was followed by a drop
in the performance at pH around 9 for the two metal ions studied.
To better understand the metal sorption mechanism at different
pH the zeta potential and surface charge of the adsorbent at dif
ferent pH correlated with the created metal species distribution
diagrams are presented in Figure S4, Supporting Information.
The sorption process between an adsorbent and the metal ions
at different pH is a complex process by taking into account that
metal ions do not solely exist as a cation but feasibly complex with
other ligands exist in the aqueous system. More details on the
existence of different ionic species for Hg and Cu and their impact
on adsorption process at different pH is provided in Figure S4,
Supporting Information. Overall, the good performance of func-
tionalized graphene-biopolymer foam to maintain its optimum
performance over a broad range of pH is highly advantageous to
be used in different contaminated water systems.

Figure 4b demonstrates the heavy metal ions adsorption effi-
ciency of Alg-Fe;0,-rGO-4S foam under the influence of contact
time at a steady uptake trend with their corresponding plateaus
reaching at around 200 min for Hg (1) and Cu (I1) ions. Fur-
ther fitting of the kinetics data into the non-linearized kinetic
models (pseudo-first and pseudo-second) was performed to
understand their adsorption mechanism toward Hg (1) and Cu
(1) ions. The kinetics fitting outcomes (Table S4, Supporting
Information) visibly showed higher correlation coefficients
(R? > 0.998) for pseudo-second-order kinetic model for both
investigated ions, implying that the adsorption kinetics of
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Figure 4. a) Influence of solution pH of Hg (Il) and Cu (Il) ions on multifunctional graphene biopolymer (Alg-Fe;0,rGO-4S) foam (conditions:
Co =5 ppm, temperature = 21.0 °C, mass of sorbent =20mg, volume of metal ion solution = 20 mL, equilibration time: S h). b} Influence of contact
time with fitted kinetic models (conditions: C =10 ppm, pH =5, temperature = 21,0 °C, mass of sorbent =20mg, volume of metal ion solution =70 mL).
c) Adsorption isotherms with fitted isotherm models for Hg (I1) and Cu (ll) ions (conditions: Cp = 20-110 ppm, pH =5, temperature = 21.0 °C, mass
of sorbent =20mg, volume of metal ion solution = 20 mL, equilibration time: 24 h). Influence of d) adsorption-desorption cycle of multifunctional
graphene biopolymer foam toward Hg (11) and Cu (11) ions, competing ions in €) milli-Q and f) river water.
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Alg-Fe;0-rGO-45 foam can be well-described using the
pseudo-second-order model. This signifies that chemisorption
is the rate controlling step for the uptake of the studied metal
ions (Cu, Hg) on Alg-Fe;0,rGO-45 foam. In fact, pseudo-
second-order model has been widely adopted to relate the
adsorption of water pollutants, particularly heavy metal ions,
on the adsorbent by assuming that the interaction between the
adsorbent and adsorbate is by electron sharing and exchange.
This phenomenon can be associated to the interaction between
the electron-rich donor, Alg-Fe,;0,-rGO-45 adsorbent, with the
electron-deficient acceptors, Hg (11} and Cu (11) ions 1221

Influence of initial concentration of metal ions was explored
to probe the adsorption capacity of tetrathiol-functionalized gra-
phene biopolymer foam toward Hg (11) and Cu (11} ions. The
equilibrium isotherm profiles of the metal ions studied were
simulated using non-linear Langmuir and Freundlich isotherm
models to establish the equilibrium relationship between the
adsorbent and the adsorbates. According to the fitting analysis
of non-linear isotherm models (Table $5, Supporting infor-
mation), the high correlation coefficient (R* > 0.9) achieved
for both the investigated metal ions clearly disclosed that its
adsorption behavior can be well-correlated with the Langmuir
isotherm model. This suggests that the adsorption of the Hg
{I1) and Cu (I1), adsorbates, took place by homogeneous and
uniform monolayer coverage over the binding sites within
the functionalized graphene-biopolymer foam (adsorbent).*!
Furthermore, the maximum sorption capacity, gy, was deter-
mined as 1070 and 73.5 mg/g for Hg (11} and Cu (11}, respec-
tively, implying high affinity of these ions toward the binding
sites of functionalized graphene-biopolymer foam.

Comparison of adsorption capacity with experimental con-
ditions of various adsorbents for Cu (I1) and Hg (I1) ions
reported in literature is presented in Table 56, Supporting
information,"43-%] |n comparison, the tetrathiol modified
graphene biopolymer foam presented in this work showed
very good performance for heavy metal ions removal in terms
of its adsorption capacity and uptake efficiency at different
pH range considering the adsorbent dosage required. More
details about previous studies are provided in Supporting
Information.

One of the main criteria to assess the cost efficiency and
sustainability of an adsorbent is its long-term adsorption-des-
orption cycle performance in pollutants removal. With the use
of 2% w/v thiourea in 0.1 M HCl as eluent, good removal effi-
ciency up to fourth cycle of recurring adsorption=desorption
process (Figure 4d) was attained when the fabricated adsorbent
was oscillated in a dual-mixed metal jon (Hg and Cu) system.
Notably, the residual concentration (0.38 mg L7} of Cu (1)
detected in the water after the fourth continuous adsorption-
desorption cycle was below the maximum contaminant level
{MCL} of drinking water for copper (1.3 mg L™') as regulated by
United States Environmental Protection Agency (US EPA).
This again affirms the high stability and reusability of the func-
tionalized graphene biopolymer foam despite the use of binary
metal jons and corrosive eluent, portraying it as a promising
futuristic adsorbent for water decontamination,

Since presence of inorganic fons in water can compete for
binding sites of the adsorbent, the influence of co-existing
ions was explored in milli-Q water as well as natural water
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{river water) to evaluate the potential practical applications of
multifunctional graphene biopolymer foam. Apart from the
control adsorbents {Alg and Alg-Fe;0,.rGO foams), a com-
mercial adsorbent, AC, was also characterized to benchmark
the metal ions removal efficiency using multiple metal jons
(Cu, Cd, Pb, Co, and Hg)-spiked water samples. In the milli-Q
water system, the outstanding performance of multifunctional
graphene biopolymer foam was unreservedly manifested by
its highest removal efficiency (>30% for Cu®, Cd*, Pb™, and
Hg™ ions; =65% for Co™ ion), superseded the performance of
the controls and AC. Particularly, in the presence of multiple
ions that co-existed in the water, the measured concentration
{0.33 mg L) of Cu (I1) was lower than the MCL of drinking
water for copper (1.3 mg L) regulated by US EPAJY] Despite
the strong competition among the co-existing spiked metal
ions, large flux of inorganics and organic matters present in the
river water, the functionalized graphene biopolymer foam out-
performed the control and commercial adsorbents for majority
of the studied metal ions, particularly for Hg (I1) ions in the
river water assessment. This strongly suggests that it has excep-
tionally strong binding affinity toward Hg (1), followed by Pb
{11}, Cd (11}, Cu (1), and Co (1) ions regardless in pure water
or complicated water system (river water), reflecting excellent
binding affinity and high tolerance ability of the tailored foam
for potential real water purification application.

2.3. Adsorption Performance of Organic Dyes

In order to evaluate the multiple pollutant removal ability of
the prepared Alg-Fe,0,rG0O-45 foam, the adsorption study
was extended to include organic dyes, where MB was selected
as the model organic dye, which is a commen water pellutant
in textile industry. Under the influence of initial concentration
of MB (Figure 5a), the foam shows exceptional good removal
efficiency (>85% removal efficiency) over 1-500 ppm MB as evi-
denced by the significant decolorization of ME {Figure 5b). The
strong affinity of MB is caused by multiple factors including
the high porosity of the foam structure, the strong electrostatic
interaction between the positively-charged MB molecule and
the negatively charged oxygen groups in alginate matrix and
iron oxide NPs." The fitting of the isotherm data into non-
linear Langmuir and Freundlich isotherm models (Table S5,
Supporting Information) showed that the adsorption behavior
of Alg-Fe0,rG0O-45 foam conforms well with Langmuir iso-
therm, achieving 789.70 + 36 mg/g maximum sorption capacity
with high correlation coefficient, (R? = 0.9982) compared to Fre-
undlich isotherm (R* = 0.9895).

Comparative studies of several alginate-based adsorbents
reported in literature are summarized in Table 57, Supporting
Information. Previous reports using different type of graphene
alginate adsorbents such as GOfalginate gel, GO/calcium algi-
nate, and tannic acid-poly(vinyl alcohol) fsodium alginate exhib-
ited significantly lower maximum sorption capacities of 35714,
181.81, and 14706 mg/g, compared to functionalized graphene
biopolymer foam (78970 mg/g).*” Based on this outstanding
maximum sorption capacity accomplished, functionalized gra-
phene biopolymer foam can be successfully used for removal of
toxic dyes from contaminated waters.
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Figure 5. a) Influence of initial concentration and isotherm study of MB on Alg-Fe;0,-rGO-4S foam (conditions: Cy = 1-500 ppm, pH =5.3, tempera-
ture = 21.0 °C, mass of adsorbent =20 mg, volume of metal ion solution = 20 mL), b) photographs of MB solutions before and after adsorption on
functionalized graphene biopolymer foam at different initial concentration (1-500 ppm) of MB, <) Influence of contact time and kinetics study of MB
on functionalized graphene biopolymer foam (conditions: C, =10 ppm, pH 5.5, temperature = 21.0 °C, mass of adsorbent =20 mg, volume of metal
ion solution = 70 mL). d) Comparison of removal efficiency of MB and rhodamine B using AC, Alg, Alg-Fe;0,rGO, and functionalized graphene
biopolymer foam in milli-Q and river water (conditions: Cy =10 ppm, pH = 5.5 (MB); pH 4.6 (rthodamine B); pH 8.1 (binary system in river water),
temperature = 21.0 °C, mass of adsorbent =20 mg, volume of metal ion solution = 20 mL).

In terms of the kinetics toward MB adsorption, a gradual
uptake trend of MB could be observed until a plateau was
reached at around 120 min, signifying that the sorption equilib-
rium was achieved. Similar to the uptake of heavy metal ions,
further fitting analysis performed on the kinetics data (Table S4,
Supporting Information) confirmed that it follows pseudo-
second-order with R? > 0.99 accomplished. In order to reflect
the practicability of the modified sorbent for MB removal,
selectivity adsorption experiments were first conducted
independently over two single systems (MB and rhodamine
B) in milli-Q water, followed by a binary system (mixed MB
and rhodamine B) in river water using the controls (Alg and
Alg-Fe;0,rGO foams), AC and functionalized graphene
biopolymer foam. As depicted in Figure 5d, preferential binding
affinity was shown toward MB (=90%) in relative to rhoda-
mine B (=20%). Over the tested adsorbents, functionalized
graphene biopolymer foam (=90%) performed slightly better
than Alg-Fe;0,-rGO foam (=86%), showing better MB removal
performance than the commercial adsorbent (=56%) and algi-
nate foam (=72%). Remarkably, the uptake performance of the
modeled organic dye was not significantly affected when the
functionalized foam was tested in the binary system in the river
water compared to the experiment conducted in milli-Q water
despite the fact that river water is a complex entity containing
high flux of ions and organic species which tend to compete for
binding sites of the adsorbent. These results again confirm that
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the functionalized graphene biopolymer foam can be excellent
adsorbent to be applied for MB removal in real water system.

2.4. Absorption Performance of Organic Solvents and Oils

Furthermore, the potential application of the Alg-Fe;0,rGO-4S
foam is finally investigated for removal of organic solvents and
oil pollutants in waters. Prior to the assessment of organics
removal, water contact angle measurement was performed to
determine the wettability of the materials at the solid-water
interface. It is noteworthy to state that the surface of both the
controls (Alg and Alg-Fe;0,rGO foams) is superhydrophilic
(<90° for hydrophilic, >90° for hydrophobic, and >145° for supe-
rhydrophobic) with water contact angle =0° as the water droplet
completely spread out and instantaneously absorbed from their
solid surface (Movies S1 and S2, Supporting Information).
While, the water droplet still remains spherical and static on
the surface of the functionalized graphene biopolymer as evi-
denced in Movie $3, Supporting Information.™ Figure 6a,b
shows the water contact angle measurements performed on
randomly selected spots on the top and cross-sectional sur-
face of the prepared graphene biopolymer foam. These results
showed that the foam have both the hydrophilic and hydro-
phobic properties with contact angles spanning between 50°
and 130° at different spots confirming similar interfacial
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Figure 6. a) Photographs of Alg-Fe,0,-rGO-4S graphene biopolymer foam (diameter: 2.5 cm, thickness: 1.0 cm) before and after cutting using a blade
exposing its surface and cross section before water contact angle (WCA) measurement. b) Water contact angle measurement performed on several
spots of the top surface and cross section of functionalized graphene biopolymer foam with photographs of selected water contact angle droplets.
¢) Photograph of water absorption experiment using Alg, Alg-Fe;0,rGO and Alg-Fe;0,rGO-4S foams. d) Plot of water absorption capacity over resi-
dence time. e) Photograph of an example of experiment showing before and after absorption using functionalized graphene biopolymer foam in dyed
turpentine-water system. f) Plot of sorption capacity of functionalized graphene biopolymer foam using different type of oils and organic solvents.

properties of a darkling beetle as evidenced by the measured
contact angles (475°-109.1°) on the elytral surface of various
adult beetles in the literature.®" These findings implied that the
wettability of the modified material has been extended to the
hydrophobicity spectrum compared to its highly superhydro-
philic controls throughout the surface and the bulk structure of
the functionalized graphene biopolymer foam.

To confirm this postulation, a couple of experiments
including water absorption test over a period of time was con-
ducted using the controls and the functionalized graphene-
biopolymer foam (Figure 6¢,d). The results clearly showed that
the uptake of water of both the controls (completely sink in the
water in less than 5 min) was almost 6-7 times higher than the
functionalized graphene biopolymer foam (partially submerged
in the water). Meanwhile, contact angle on the surface of the
functionalized graphene-biopolymer foam was also measured
using petroleum crude oil. The tested oil was absorbed entirely
and instantly into the foam (Movie S4, Supporting Informa-
tion), indicating the oleophilicity feature of the tetrathiol modi-
fied graphene-biopolymer foam. This promising result was
also well-supported by the rapid absorption of dyed turpentine
(within 5 s) as presented in Figure 6e and Movie S5, Supporting
Information. As depicted in Figure 6f, excellent absorption
capacity was also achieved using several examined organic sol-
vents (hexane-1717 g/g. toluene-18.00 g/g) and oils (petroleum
crude oil-16.16 g/g, paraffin 0il-16.73 g/g, gasoline-13.65 g/g
and turpentine-11.52 g/g) with the oils and organic solvents
characteristic detailed in Table S8, Supporting Information.
Despite the combined hydrophilic and hydrophobic wettability
exhibited by the functionalized graphene biopolymer foam, its
sorption performance toward organic pollutant was found to
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overperform many composite materials reported in literature
which are deemed as strongly hydrophobic (Table $9, Sup-
porting Information). This outstanding result could be attrib-
uted to the unique porous architecture that can concentrate oil
pollutants within the pores to facilitate the transport, storage,
and separation of oil from water. The interconnected porous
network with micrometer size as evident by its SEM images
and pore size distribution plot of the functionalized foam can
provide a larger room for organics including oil storage which
enhanced the organics absorption to take place,

2.5. Simultaneous Ad/Ab-Sorption Performance
of Multiple Water Pollutants

The most important and final experiment with simultaneous
water pollutants removal using Alg-Fe,0,-rGO-4S graphene
biopolymer foam was explored using mixture of all water
pollutants from different classes including heavy metal ions
(Cu?* and Hg?), organic dye (MB), solvents (hexane and tol-
uene), and oils (turpentine, paraffin and petroleum crude oil)
in three different water systems (milli-Q, river, and sea water).
Results are summarized in Figure 7a-c in order to confirm the
multifaceted application of functionalized graphene biopolymer
foam for practical water purification purpose. Notably, instan-
taneous removal of mixed organic phase water pollutants
which initially appeared on the top layer of aqueous phase
was observed for the first 30 s after loading the functionalized
graphene biopolymer foam into the water pollutants mixture
(Movie S6, Supporting Information). The rapid absorption of
the organic pollutants with complete disappearance of the dyed
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Figure 7. Characterization of performance of Alg-Fe;0,-rGO-4S foam for simultaneous removal of multiple contaminants. a) Photo of water pol-
lutants mixture containing aqueous phase (Cu®*, Hg?* and MB) and organic phase (dyed turpentine, paraffin oil, petroleum crude oil, hexane
and toluene) before ad/ab-sorption, b) photo of ad/ab-sorption after 30 s, showing complete removal of organic pollutants after adfab-sorption,
¢) photo showing adsorption after 3 h showing decolorization of aqueous phase from blue to colorless confirming removal MB and Cu®*, and d) com-
parative performance of Alg-Fe,0,-rGO-4S foam and activated carbon (AC) for simultaneous removal of water pollutants including Cu(l1), Hg (I1), M8,
oils, and organic solvents in milli-Q water (pH = 5.10 at 23.4 °C), river water (pH = 8.00 at 21.9 °C), and sea water (pH 7.38 at 221 °C).

organic pollutants by the functionalized graphene biopolymer
foam significantly outperformed AC with no apparent removal
spotted even after three hours (Movie S7 and Figure S5, Sup-
porting Information). The outstanding organics uptake results
of functionalized graphene-biopolymer foam can be attributed
to its highly porous structure, the 7~ interaction, and hydro-
phobic effect of the sp? carbon in the graphene framework.
Meanwhile, functionalized graphene-biopolymer foam also
demonstrated remarkable removal efficiency for aqueous pol-
lutants including MB (=90%), Cu®* (>99.99%), and Hg?* (100%)
in the three investigated water systems (milli-Q, river, and sea
water). Remarkably, undetectable Hg?* (<3.3 ug L™ recorded,
detection limit of inorganic mercury by ICP-MS), which is
below the maximum acceptable limit of drinking water recom-
mended by WHO, 6 pg L™, was found in the remaining solu-
tion for all the investigated water systems of functionalized
graphene biopolymer foam after three hours of simultaneous
ad/ab-sorption.”*” Meanwhile, only 1.4 ug L™' Cu®* was detected
in the sea water sample using functionalized graphene-
biopolymer foam, which was far beyond the MCL of drinking
water for copper (1.3 mg L) as enforced by US EPA.¥) Excel-
lent MB uptake was also recorded by functionalized graphene
biopolymer foam with only 0.05 mg L™' MB remaining in the sea
water sample after the simultaneous water pollutants removal
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experiment. It should also be highlighted that the volume of
aqueous solution remained was almost 20 mL with no signifi-
cant withdrawal of water uptake by the functionalized graphene
biopolymer foam. The outstanding performance for simulta-
neous uptake of multiple classes of water pollutants including
heavy metal ions, organic dyes, solvents, and oils achieved by
the functionalized graphene biopolymer foam evidently con-
firmed its feasibility and efficiency for multi-pollutant control
in targeting the co-existing of pollutants in water which could
be hardly achieved by any reported ad/ab-sorbent.

2.6. Unraveling the Relationship between the Structural-Physico-
chemical Properties and Ad/Ab-Sorption Efficiency
of Functionalized Graphene Biopolymer Foam

It is well accepted that the ad/ab-sorption efficiency toward
pollutants is highly directed by the combination of struc-
tural and physicochemical properties of an ad/ab-sorbent.
The observed outstanding performance of the functionalized
graphene biopolymer foams toward broad range of different
classes of co-existing pollutants could be explained as a result
of their unique structure, combined hydrophobic-hydrophilic
properties, and thiol-ene chemical functionalization. First, as it
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was proposed, their wettability was successfully tailored from its
superhydrophilic controls (Alg and Alg-Fe;0,-rGO) to an asym-
metric hydrophilic-hydrophobic structure after a photoinitiated
reaction using a tetrathiol modifier. Hydrogen bonds formed
between the water molecules and the —OH groups (alginate
and rGO sheets) as well as the same remaining —COOH
group at the edges of rGO sheets are the key contributors to
the hydrophilicity of the foams as supported in the contact
angle measurement and water absorption studies. Based on the
measured contact angle and the adfab-sorption experiments
using different solvents, we surmise that the grafting of the
tetrathiol precursor to the Alg-rGO matrix with the introduced
—5 group has rendered hydrophobic domains to the modified
foam. The unique wetting feature, combined hydrophobicity,
and hydrophilicity, created on both surface and bulk structure
of the modified foam endows a good passage and flow of water
for efficient penetration of both inerganic and organic pollut-
ants, allowing sufficient exposure of water pollutants within the
porous network of the modified adsorbent.

Second, the formation of a porous network with intercon-
nected pores in general aids in entrapping organic pollutants,
resulting in enhanced ad/ab-sorption removal efficiency.*™ The
opened and interconnected pores found in the tetrathiol modi-
fied foam network clearly divulged that the highly porous and
interconnected structure with the creation of pores allows a
greater capacity for oil storage in the porous material. Moreover,
our preliminary metal ions and organic dyes adsorption studies
applying both the beads and foam forms {detailed discussion in
Supporting Information 53) also verified that the highly porous
structure induced within the thin layers in the modified foam
matrix demonstrated up to four times better removal efficiency
than the beads form due to the presence of increased active ad/
ab-sorption sites for the enhanced pollutants uptake.

Third, the presence of high-density functional groups grafted
on the sp* carbon of 1GO (S-bearing groups) and the alginate
(hydroxyl and carboxylate groups) framework are active for
pollutants adsorption. We surmised that electrostatic interac-
tion (coulombic attraction) is the deminant adsorption mecha-
nism for the cationic pollutants owing to the strong attraction
between the negatively charged surface resulting from the
ionization of densely-packed oxygen functional groups such as
hydroxyls and carboxylate groups with the cationic pollutants
{mercury, copper, and MB as presented). The poor sorption
efficiency of rhodamine B could be ascribed to the repulsion of
the deprotonated oxygen groups in the rhodamine B molecule
owing to the existence of its zwitterionic form [N* and COO)
at pH =>3. At pH >3, the positive charge density of the maolecule
decreased as a result of the aggregation of RhB molecule due
to interaction between the zwitterions in RhB moelcue. This
reduced the interaction of the RhB meoclecule with the nega-
tively charged surface on the modified foam, thereby resulting
in low uptake of rhodamine B from the water*¥ The removal
outcomes clearly manifested that the engineered functionalized
graphene biopolymer foam works chiefly based on the elec-
trostatic attraction to remove the pollutants from the aqueous
systems.

Furthermore, the high removal efficiency achieved by func-
tionalized graphene biopolymer foam could be explained
based on hard soft acid base concept which expounded on the
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contribution of covalent and electrostatic interactions stem-
ming from the existence of soft acids and soft bases in this
work, The high atomic % of —8 groups detected on the func-
tionalized graphene biopolymer foam can be accounted for the
high uptake of the cationic pollutants. Conceptually, soft bases
including the electron-rich aromatics, C=C, CO, and C-5-C
groups found in the modified graphene-biopolymer can readily
donate their electrons to the electron-deficient soft acid such as
Hg (11} to result in a stable metal-chelate complex via covalent
bonds. This could be reflected by the high sorption capacity,
107 mg/g for Hg (11). Meanwhile, the lower sorption capacity,
73.5 mg/g, achieved for Cu (II} may be due to the borderline
nature of Cu (11} to complex with the soft ligands found on the
surface of the medified sorbent, leading to less favorable affinity
toward the binding sites of the sorbent compared to Hg (11).%%
The decoration of iron oxide NPs on the rGO sheets also aids
in enhancing the removal efficiency of the heavy metal pollut-
ants as supported in the reported work that the adsorption of
Cu (I} primarily occurred through the complexation with the
surface oxygen groups from iron oxide particles, leading to an
enhanced removal efficiency of the heavy metals. 15

Additionally, the absorption affinity of Alg-Fe;0,1GO-4S
foam toward the organic pollutants including rhodamine B,
MB, hexane, teluene, and hydrocarbons found in the oils could
be due to the presence of m—x interaction and hydrophobic
effect with the planar sp® hybridized rGO surface present in
the absorbent framework. This increased the propensity of the
same kind attraction (m-r interaction) and hydrophobic effect,
making this modified absorbent highly desirable for decon-
tamination of organic pollutants after the recovery of the sp?
hybridized graphene structure. 725

3. Conclusion

In summary, a highly porous functionalized graphene/alginate
biopolymer foam (Alg-Fe;0,-rGO-48) with unique combination
of mixed hydrophilic-hydrophobic feature, functionalized with
polythiol surface chemistry and iron oxide NPs is successfully
fabricated and demonstrated for simultaneous and efficient
removal of several co-existing pollutants including heavy metal
ions, cationic dyes, organic solvents, and oils in water. Detailed
structural and compositional characterization of prepared foam
confirmed the microporous structure of rGO and alginate net-
waork, high porosity and pore volume, good mechanical strength
with mixed hydrophilic-hydrophobic feature, negative surface
charge at pH 4-9, and specific surface chemistry with high den-
sity of sulfur and oxygen as well as presence of iron oxide NPs.
Single adsorption experiments confirmed very high maximum
sorption capacity for heavy metals Hg**and Cu® (1070 + 2.1
and 73.5 + 0.7 mg/g. respectively), MB (789.7 + 36 mg/g) with
high regeneration ability up to 90% and 75% removal efficiency
for Hg (11) and Cu (11} even after fourth consecutive adsorption-
desorption cycles in their mixed metal ion solution. Very rapid
and good maximum absorption efficiency of oil and organic
solvent (13-18 gfg) is achieved for the oils and organic solvents.
Finally outstanding results are achieved in targeting simulta-
neous removal of multiple co-existing water pollutants in real
and sea water conditions to undetectable concentration for Hg
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(11}, L4 pg L™ for Cu (I1), 0.5 mg L™ for MB and rapid (=30 s)
uptake of organic solvents and oils.

These results showed that the performance of prepared
Alg-Fey0,-rGO-45 foam surpassed the reported adsorbents in
the literature and more significantly commercial adsorbent (AC)
in the spiked river water assessment despite the co-existing ions
and organic matters in the mixed metal ions-spiked river water.
Unlike the majority research on environmental adsorbent that
focused on single pollutant removal, this presented multifunc
tional graphene falginate foam addressed the challenging issues
as a promising new generation adsorbent in targeting simulta-
neous removal of multiple co-existing water pollutants and pro-
vides valuable contribution to this field.

4, Experimental Section

Fabrication  eof Functionalized  Grapheme  Biopolymer  Foom
(Alg-Fe;0,rG0-45); GO was prepared according to the improved
Hummer's method as reported in the authors’ pravious work "
Fe;0,rGO  composite was synthesized based on the adapted
methodalogy in the literature."™ Briefly, FeCl;6H,0 (0.8109 g) and
FeS0,-TH,0 (0.8340 g) were dissolved in ultrapure water (60 mL, 50 °C)
under continuous magnetic stirring and nitrogen gas purge for 10 min.
The well-dispersed GO in milli-Q water (2 mg mL™, 120 mL) was added
inte Fe®* (Fe'* solution with continuous stirding under nitrogen gas purge
for 15 min. Ammonium hydrexide (15 mL) was added dropwise into
the mixture and stirring was continued under nitrogen blanket (50 °C,
1.5 h) with heating extended to 70 °C for 1 h. Subsequently, the abtained
Fey0,rGO solution was cooled to room temperature and washed with
milli-Q water using centrifuge, Separately, sodium alginate (1.9367 g)
was dissolved in water under continuous stirring (60 mL, 45 °C) until a
homogeneous gel formed. Ultrasonically dispersed Fe;0,-rGO solution
(2 mg miL"", &0 mlL) was added into the alginate gel with stirring until a
well-mixed hydrogel was formed and transferred into the well plates. The
hydrogel was freeze dried (-20 °C, 72 h) to retain its parous structure.
For crosslinking process, the freeze-dried gel was immersed in calcium
chloride solution (1M, 2 h), washed with milli-Q water a couple of times
and freeze dried (—20 °C, 72 h) to form Fe,0,-Alg-rGO foam. For the
photoinitiated functionalization of Fe;OpAlg-rGO, DMPA (17.5 mg),
tetrathiol (1.5 mL), and ethanol (120 mL) were first mived and sonicated
(30 min). The freeze-dried Alg-Fe;0,-rGO foam was then added into
the mixture and brought under UV irradiation at about 5 cm distance
fram the UV light source (Luyor-3405, 365 nm, 30 min). The as-formed
product was washed with ethanaol and copious amount of milli-Q water
until the filtrate turned clear before loading it into the freeze dryer
(-20 "C, 72 h) to abtain Alg-Fe,0pr00-45 foam (detailed information
on materials and materials characterization are described in Supporting
Information 54 and §5).

Metal lons Uptake Studies: Removal of water pollutants using solid
adsorbent with known mass was carried out via batch study in triplicate
by oscillating the adsorbent in their respective solution on an orbital
mixer (Ratek, Model OMT) at 200 rpm with a blank (without adsorbent)
running in parallel, The pH of the solutions was measured using a pH
meter FiveGO FGZ, (Mettler Toledo) and adjusted using diluted HCl or
MaOM in a series of pollutant concentrations at ambient temperature.
The condition for adsorption experiments to investigate the influence
of solution pH, contact time and initial concentration of heavy metal
ions was detajled in the caption of Figure 4, For selectivity experiment,
liquid samples were withdrawn at particular time intervals and diluted
with acidified with 2% HCl (for Hg?* ion) or 2% HNOy (for the rest of
the metal ions) prior to ICP-MS analysis to determine the residual metal
ions concentration from their respective standard calibration curves,
The selectivity experiment was performed by adding =20 mg adsorbent
inte a 20 mL mixed metal ion solution containing Cu (1), Cd (1), Pb
{1y, Hg (1), and Co (1) at around pH 5 for 5 h using commercial AC
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as benchmark, alginate (Alg) and FeyOgAlg-rGO foams as controls. For
real sample assessment, =20 mg of each adsorbent was loaded into
=5 ppm mixed metal jons-spiked river (Torrens River, Adelaide, South
Auvstralia, 34°55°02.775 138736° 14.67E) water without pre-treatrment and
pH adjustment to simulate real natural water sample, The regeneration
experiments (adsorption cycle] were conducted using 20 mL mixed
metal ions (2 ppm of each mercury and copper) selutien for each metal
ion, stirring at 200 rpm at pH =5.5 for & h. For the desorption cycle, the
spent adsorbent was desorbed using 30 mL eluent (2% w/v thiourea in
0.1 m HCI), stirring at 250 rpm for 1 h. The desorbed adsorbent was
washed to pH above 5 with large amount of milli-Q water and was left
ta dry for 1 day at ambient conditions befare the following adserption
cyele. The adsorption-desorption cycles were repeated for four times and
the remaining metal ion concentration in each cycle was determined by
ICP-MS.

Organic Dyes Uptake Studies: The selectivity performance of the
functionalized graphene-biopelymer foam toward arganic dyes remaoval
was carried out by oscillating =20 mg adsorbent in individual =10 ppm
MEB and rhodamine B (without pH adjustment) at 200 rpm for 3 h on
the orbital shaker. The real sample evaluation of the adsorbents was
performed by loading =20 mg of each adsorbent into =10 ppm mixed
organic dyes-spiked river (Torrens River, Adelaide, South Australia,
34°55°02.775 138°36° 14.6"E) without filtration and pH adjustment
to simulate real natwral water condition. The concentration of the
remaining dyes after adsorption experiment was analyzed by measuring
their corresponding maximum absorbance (MB at 664 nm and
rhodamine B at 555 am) determined from their standard calibration
curves respectively using UV—vis spectrometer (Shimadzu, UV-1601).

Performance Analysis of Pollutants: The amount of pollutants adsorbed
per unit of adserbent mass at a given time, ¢ (g, mg/g) was quantified
using the following equation:?4

- I[Cu-mC.JV i}

where Cy and C, are initial and pollutant concentrations at time ¢
[mg L'1}, while V is the volume of solution (L) and m is the mass of
adsorbent (g). The removal efficiency (R, %) at a given time, ¢, was

calculated based on the following equation:

#,= CoC) g0 2
o
Kinetic Models: The uptake rate of the pollutants by the adsorbent was
studied by fitting the kinetics data into Lagergren pseudo-first-ordert®’]
and the Ho's pseudo-second-order’® models in their non-linear forms:
The pseudo-first-order equation:

a=q. (1) 2)
The pseudo-second-order equation:

q: = (gikat) /(14 g, kst) 4)

where g, and g, represent the amount of pollutant adsorbed (mg/g) at
equilibrium and at time § respectively; k; and k; are the rate constants
for the pseudo-first-order and pseudo-second-order kinetic models
respectively; ¢is the time,

Isotherm Models: The interaction between the adsorbent and the
pollutants was investigated using the two-parameter isotherm maodels in
their non-linear forms, that is, Langmuir®! and Freundlich™ isotherms:

The Langmuir equation:

— gmbLCl £
9 = Y&bC, &)
where g, and g, are the adsorption capacity at equilibrium and
miaimum monolayer coverage capacity respectively (mg/g), C, denotes
the concentration of pollutant at equilibrium (mg L) and by is the
Langmuir constant,
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The Freundlich equation:

g = KeCJ" (6)

where K; represents the Freundlich adserption constant (mg"™"" L= g™,
€, signifies the concentration of pollutant at equilibrium {mg L™} and
1/n is the adsorption intensity.

Uptake of Oils and Organic Solvents: The oil and organic solvent
absorption experiments were conducted using =20 myg solid sorbent and
placed in a saturated oil systern for an h as adapted from ASTMF726-99
(Standard Test Method for Sorbent Performance of Adsorbents) and the
authors' previous wark ™ The weight of the absarbent before and after
absorption experiments was recorded using a mass balance (Mettler
Toledo, Model XSEI05). All the experiments were performed in triplicate
and the oils (gasoline, petroleum crude oil, and paraffin il) as well as
the organic solvents (hexane and toluene) were stained with Sudan red
Il (except for petroleum crude oil) prior to absorption experiments
to improve the visibility by naked eyes. The water absorption test was
conducted by placing the adsorbent into a container filled with water and
the interim weight at a particular time interval was recorded aver 60 min.
The weight of the adsorbent before (w)) and after (wy) water absorption
was recorded using the mass balance. The absorption capacity (Q, g/g)
for both water and erganics was determined by the weight gain after the
absorption experiments divided by the initial weight of the adsorbent as
stated in the following:

o= wpTw ]
H"I

Simultaneous  Ad/Ab-Sorption  Performance of Water Pollutants:
Simultaneous water pollutants removal experiments were carried out
using three different water systems (milli-Q, river, and sea water),
Same river water as described in the previous section was used while
sea water was collected from Henley Beach, Adelaide, South Australia,
34°54'S1,1°5 138°29° 30.0"E. About 100 mg samples (Alg-Fe;0,-rGO-45
and AC) was separately loaded into three pre-mixed water systems
containing an aqueous phase (20 mL of =1.5 mg L' each Cu .,
Hg (1), and MB) and an organic phase (2 mL of mixed and dyed
turpentine, paraffin oil, petroleum crude oil, toluene, and hexane),
oscillated at 200 rpm with a blank (without adfab-serbent) running
in parallel for 3 h. The pH of the pre-mixed milli-Q water systern was
adjusted to =5.5 while both river and sea water were used without pre-
treatment to simulate real natural water samples. After 3 h, aliquot of
solution from each water system was withdrawn and separated into
three different vials to determine the remaining concentration of metal
ions and MB. Two portions of the withdrawn aliquots were diluted
using 2% HMNO; and 2% HCI for Cu (11} and Hg (11} ions, respectively,
prior analysis by ICP-M5. Meanwhile, concentration of remaining MB
in the final portion was analyzed with maximum absorbance at 664 nm
by UV—vis measurement.

Supporting Information

Supporting Infarmation is available frem the Wiley Online Library or
from the author.
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S1. Characterization of Multifunctional Graphene-Biopolymer Foam (Alg-Fe;04-rGO-4S)

Structural Characterizations
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Figure S1. (a) Particle size distribution with inset of TEM image of Fe;O4 nanoparticles, (b)

XRD diffractogram of Fe;O4 nanoparticles, (¢) Pore size distribution plot determined from the
pore size measurement of Figure S1d with the inset displaying freeze-dried alginate (Alg) foam,
(d-e¢) SEM images under different magnifications. Meanwhile, the alginate foam exhibits highly
porous polymeric network (Figure S1d). A higher resolution image (Figure Sle) indicates the
formation of interconnected pores in the polymeric matrix with wide range of pore size ranging

from 25 to 325 pm as visualized from the pore size distribution plot (Figure Slc).

Table S1. Normalized chemical composition of samples determined from their respective XPS

survey plots in atomic %.
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T O
Eleme nt Afomic %
C 0 Ca S
GO T1.11 28.89 - -
Alg foam 60.20 35.85 3.95 -
Alg-Fe;0,4-rGO foam 61.54 33.54 4.93 -
Alg-Fe304-rGO-48 foam 63.03 27.59 0.51 8.86

EDX analysis of Functionalized Graphene Biopolymer Foam. Since the expected iron peak
could not be detected from the XPS analysis although its presence was confirmed using XRD
and elemental mapping techniques as discussed in the previous section, backscattered electron
(BSE) technique was used to verify the existence of iron oxide (Figure 52¢). As shown in Figure
S2¢, the brighter region (Spot A) compared to Spot B, clearly divulged the formation of a bulge
particles embedded within the polymeric matrix. EDX results on Spot A and B (Table 52)
showed a huge difference of Fe content (16.6 at% and 8.0 at%) which corroborated with the
EDX mapping analysis that iron oxide was non-homogeneously distributed across the polymeric
matrix. Furthermore, Figure S2b imaged under secondary electron microscopy showed obvious
dark and bright contrast, indicating the depth difference of the topography of the material
studied. Under secondary electron microscopy technique, a darker region shows a deeper or
inner side of a material while brighter region indicates an upper surface. The darker region of
Spot A which is rich with ron oxide nanoparticles indicated that the iron oxide nanoparticles was
embedded i the mner layer of the polymeric matrix which justified the undetectable ron by ~10

atoms thickness depth detection limit of surface sensitive XPS analysis.
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Figure S2. (a) SEM micrograph of Alg-Fe;04-rGO-4S foam at detailed (b) secondary electron

(SE) and (c) backscattered electron (BSE) showing the concentric region of Fe with the relative

chemical composition analysis tabulated in Table S2. (d) EDS map of Fe with red arrows

showing the distribution of iron in the Alg-Fe;04-rGO-4S foam.

Table S2. Normalized EDX chemical composition of Alg-Fe;04-rGO-4S for Spot A and B as

outlined in Figure S2.

Normalized at %
Ele ment

Spot A Spot B
¢ 48.3 47.8
O 24.5 23.8
Fe 16.6 8.0
Ca 9.3 16.0
S 1.3 4.4
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Mechanical and pore porosity analysis of Functionalized Graphene Biopolymer Foam. The
mechanical strength is also a pivotal aspect for designing a sorbent given that the sorbent for
water purification is subjected to withstand stress and strain resulting from the water flow which
may affect its practical application in water treatment.!'! Representative compressive stress—
strain curves (Figure S3a) demonstrated the mechanical behaviour of Alg, Alg-Fe;O0:rGO and
Alg-Fe;04-rGO-45 foams. It could be clearly observed that the mechanical strength of the
tetrathiol modified foam (Alg-Fe;04-rGO-48) has been enhanced with compressive modulus of
16.039£0.756 kPa recorded after thiol-ene click functionalization compared to its controls
(9.107£0,756 kPa and 12.425+0,685 kPa for Alg and Alg-Fe;04-rGO, respectively). However,
due to the hydrated condition of the mechanical analysis, the samples” strength could be notably
reduced as water deteriorates the structure's resistance to the external force. The enhanced
mechanical performance of the functionalized foam could be due to the reinforcement of the
covalent bond formed between the thiol groups (tetrathiol) with the sp” carbons on rGO sheets,
which is highly beneficial for the practical application of this material in water treatment.

The porograms (mercury intruded and extruded volumes against pressure) of the foams
were converted into pore diameter distribution against cumulative and pore volume (Figure S3b
and ¢) plot according to the Washburn equat ion.”] Both the controls, alginate and Alg-Fe;0,;-
rGO foams, (Figure S3b) exhibit similar intrusion-extrusion pattern with only a single step
observed on the intrusion curve, clearly denoting the unimodal pore size distribution for the ir
unmodified structure as also evidenced by a distinet and sharp peak detected in the order of
hundred micrometer range. This result is in good agreement with the pore size distribution plot
of alginate foam determined from the SEM imaging technique (Figure S1a) which showed that

the pore size of alginate foam falls between 40-200 pm. Unlike the unimodal trend exhibited by
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the control samples, the stepped-intrusion curve of tetrathiol modified graphene foam indicates
bimodal distribution of pore size as verified by the presence of multiple peaks found in few
micrometers and in the order of hundreds micrometers range, indicating the effect of the
insertion of tetrathiol moieties using photoinitiated reaction,” ! It should also be noted that the
mercury injection and ejection curves for both the control samples were consistent without a
hysteresis loop, implying that the sample network consists of mainly closed pores. In contrast
with the control samples, a significant hysteresis loop (Figure S3c) identified on the mercury
intrusion-extrusion curve for tetrathiol functionalized graphene foam which may indicate the
1

presence of closed and open pores in its structure resulted from the photoinitiated reaction,

More details on the porosity characteristics of the analysed samples can be found in Table S3.

™ o050 51\'.!:' ] i -
a) 16.038/0.75 1P w/b) | it | c) ;
— 44 5 i r-,-";.“. Alg :—U " :;_”
g 12.425 ,0.685 kPa i | *mg’ i | g:
T X5 W
g n{—AigFe,0,4G04 Log - ]
& |—MNgFe04G0 . P2 59y iy
104 —Alg s = < Alg-hlﬂ.m-ﬁ ;
F 4 & B 1 5 10 W - " w0 oW ow oW ow W
Strain (%) W enimarp Pore Diametet (ne)

Figure S3. (a) Average stress-strain curve of Alg, Alg-Fe;04-rGO and Alg-Fe;0,4-rGO-4S foams
immersed in water before performing the dynamic mechanical analysis. Pore size distribution
analysis derived from mercury intrusion porosimetry plotted as functions of cumulative
intrusions/extrusions (left axis) and percentage of pore volume (right axis) for (b) Alg and Alg-

Fe;04-rGO control samples and (c) Alg-Fe;04-rGO-45 foam.

Table S3. Summary of porosity characteristics of foams analysed using Mercury Intrusion

Porosimetry technique.
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Mean pore Total pore Porosity Grain Bulk
Foam diameter volume (%) Density Density
(um) (mL/g) (g/em’) | (g/em’)

Alg 2277 20.4 98.3 2.8591 0.0483
Alg-Fe;04-rGO 206.9 14.4 70.9 0.1700 0.0494
Alg-Fe104-rGO-48 63.1 4.1 83.3 1.2100 0.2018

S2. Sorption Performance of Alg-Fe ;04-rGO-48

rH

b) -

Fruchion

T

= 3580

Figure S4. Metal species distribution diagram as a function of pH (total metal concentration

1.0 x 107* M) for (a) mercury and (b) copper calulated by using the computer programs

HYDRA and MEDUSAP',

For the studied metal ions (Hg and Cu), they predominantly exist as soluble divalent metal ions

up to pH 6.5 for Hg (II) and around pH 6 for Cu (II). The negatively charged surface of the

functionalized graphene-biopolymer as evident from the negative zeta potential values (Figure

da) strongly suggests that electrostatic interaction is the primary adsorption mechanism

accounted for the excellent uptake of metal ions from pH 4 to 7. At acidic pH, the uptake

performance of mercury is slightly reduced (~90%) which could be attributed to the competition

with H" ions for binding sites on the adsorbent surface. Significantly, the removal efficiency of

all the tested metal ions decreased at basic pH which could be due to the dramatic reduction of
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positively charged metal ion species (Hg”', Cu’") and the presence of excessive hydroxide ions
(OH’) which potentially react with the nvestigated metal ions to form Hg (OH),, HgCIOH and
CuO precipitates as evidenced from their respective speciation diagrams (Figure S4). These
neutral species may not feasibly adsorb on the highly negatively charged surface of the
functionalized graphene biopolymer foam as compared to their highly positive charged species in

the water, thereby reducing the metal ions uptake atthis pH region.

Table 84. Adsorption parameters of pseudo-first and pseudo-second order kinetic models for Hg

(II), Cu (IT) ions and methylene blue on Alg-Fe;04-rGO-4S foam.

P Water Pollutants
Kinetic Parameter
Model Hg (1) Cu (1) Methylene Blue
k, (min ) 0023400036 0.044+0.0017 0.042::0.0024
Pseudo- .
first q.(mgg) 28.80+0.52 21.5120.58 25.66--0.40
order
Rz (0.9956 0.9926 ().9983

=1 =1
k,(gmg min )  0.0010:0.00018  0.0016 £0.000022 0.0018 +0.000016
Pseudo-
second g (mgg) 31.6940.72 2429+ 0.13 28.83+ 0.55
order ¢
R’ 0.9981 0.9997 0.9984

Table 55. Adsorption sotherm parameters of Langmuir and Freundlich models for Hg (I1), Cu
(I1) ion and methylene blue on Alg-Fe;0,-rGO-4S foam.

e o
Isotherm Water Pollutants

Parameter
Model Hg (II) Cu (II) Methylene Blue
-1
q (mgg) 107.02.1 73.5+0.7 T89.7+36
Langmuir - .|
b(L mg ) 0.23+0.01 1.01+0.04 0.0260.0019
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2

R 0.9952 0.9950 0.9982

n 2774033 5.38+0.87 1.4420.078
Freundlich K(mg g L) 3133326  40.18:3.03 34.00+3.95

R 0.9747 0.8055 0.9895

Table 56. Comparison of adsorption capacity with experimental conditions of various
adsorbents for Cu (II) and Hg (II) ions,

Surf Metal i tak Maxil;r_mm
Surfage area etal ions uptake sorption
Adsorbent {mgg"] conditions ca]l;paci_ v Ref
(mg g
Bovine serum albumin-
protected nanocluster- Cy: 20-100 mg/L,
loaded cellulose sorbent dosage: o {11\ [6]
nanocrystal-alginate NA. 100x10° mglL, 25 He (11)- 26
hydrogel beads (Au@BSA C,pH 7
NCs)
Trlcapry}rInl'l:l?_ylammunlu Co: 10-50 mg/L,

sorbent dosage:

(methylthio)benzoate(A336 NA. ) i Hg (I11): 49.89 1
) (MTBA) PVA-alginate 1000 “‘E’I;";j ;4'9 C,
beads pHL 2.
. . N.A. Cy: 50 mg/L, sorbent
Alginate-entrapped humic ' 8]
. dosage: 2000 mg/L, Hg (I1): 74
acid (AL/HA) 25 °C, pH 3-4
N.A. Cy: 100 mg/L,

Carboxymethyl chitosan-
sodium /graphene oxide
(CMCNa/GO) hydrogel

sorbent dosage:
1200 mg/L, 20 °C,
pH 6
Co: 48.5 mg/L,
sorbent dosage:

Cu (I); 2841 M

Zirconium oxide

) oy o 320 . . 0 G [10]
immobilized alginate beads 13.2 1000 me/L, 25 °C. Cu (II): 69.9
(ZOAB)
pH 5
Mg alginate/M gAl-lavered Cyp: 80 mg/L, sorbent
double hydroxide 342 dosage: 2500 mg/L, Cu (II): 64.66 [
(Fe;04/LDH-AM) 25.0 °C, pH NA
CCemml T
Alg-Fe;04-rGO-45 Foam  125.10£0.07 . 107.0 .
1000 mg/L, 21.0 °C, Cu (I1): 73.5 wo
pH 5.3 T rk

NA: Not Available. “ refers to Brunaver—Emmett—Teller (BET) method and * refers to methylene
blie method.
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For Hg (II) ions, Mohammed et al demonstrated that the maximum sorption capacity
achieved by the bovine serum albumin-protected nanocluster-loaded cellulose nanocrystal-
alginate hydrogel beads (Au@BSA NCs) was 26 mg g"[nearly 4 times lesser than Alg-
Fe304-rGO-48 foam) using 100 times higher sorbent dosage compared to our present
study.'®! In another study conducted by Zhang et al., chemically modified alginate beads,
tricapryylmethylammonium  2-(methylthio)benzoate{A336) (MTBA) PVA-alginate
(PVAJIL([A336][MTBA]) achieved 49.89 mg/g of maximum sorption capacity (2 times
lower than Alg-Fe;04-rGO-45 foam) when same sorbent dosage was adopted in the Hg
(I1) ion removal study.!” Almost 1.4 times lower maximum sorption capacity (74 mg g”)
was recorded for alginate-entrapped humic acid (AL/HA) adsorbent in relative to
functionalized graphene biopolymer foam (107 mg g™) when 2 times higher sorbent
dosage was used in their work.™ Excellent Cu (II) ion removal performance also
showcased by functionalized graphene biopolymer foam (maximum sorption capacity
=73.5 mg g'; sorbent dosage =1000 mg/L) compared to the work reported by Liu et al.,
on carboxymethyl chitosan-sodium/graphene oxide (CMCNa/GO) hydrogel (maximum
sorption capacity =28.41 mg g ; sorbent dosage =1200 mg/L)."! Similarly, when same
sorbent dosage and pH were applied in Cu (II) removal study, zirconium oxide
immobilized alginate beads (ZOAB) reached lower maximum sorption capacity (69.9
mg/g).!"" Higher Cu (II) sorption capacity (73.5 mg/g) compared to alginate/MgAl-
layered double hydroxide (Fe;O4/LDH-AM) which showed 64.66 mg/g maximum
sorption capacity using 2.5 times higher sorbent dosage in relative to our material.!'" In

brief, the tetrathiol modified foam is evidently an economical-efficient and
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environmentally -friendly sorbent given that the amount of spent sorbent generated with

regard to the sorbent dosage required to achieve similar or higher uptake performance.

Table 87. Comparison of adsorption capacity with experimental conditions of selected
alginate-based adsorbents for methylene blue (organic dye).

Maximu
Surface ; Organic dyes m,
Adsorbent "Eﬁ;-"}'ea uptali;ge gnnd?ﬁuns f_,g;;g?&i', Ref
(mg g7)
Cp: 50-250 mg/L,
GOlalginate gel N.A. R?:;Et fﬁ;‘*ﬁ ]p“g” 357.14 02
NA
. . . Cy: 20-70 mg/L,

GO/calcium alginate NA sorl,:znt dosagcj;'j 500 181.81 [13]
composites o me/L. 25 °C p.H 5.4 )
T"‘";ifw.i:{f‘ Cot 20160 mg/L,

POVAVIIY N.A. sorbent dosage: 500 147.06
alcohol)/sodium o/L, 30 °C, pH 9
alginate hydrogel met, ' P
Cy: 100-500 mg/L, Thi
Alg-Fe;04-rG0O-48 125.10£0.07" sorbent dosage: 5
Foam 1020 1000 mg/L, 21.0 °C, 9070 o
pH 5.3 rk

NA: Not Available. “ refers to Brunawer—Emmett—=Teller (BET) method and g refers to methylene
blue method.

Table 88, Viscosity and density values of the studied organic solvents and oils.

Oreanics Viscocity Density

e (cP) (g/em?)
Hexane 0.31 (.66
Toluene 0.58 0.87
Pt:tmll:u_m crude ) 0.88

oil

Paraffin oil 32 0.93
Gasoline 0.6 0.75
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Table S9. Comparison of sorption capacity with material property of various adsorbents
for organics pollutants removal.

Water Tvoe of Max.
Sorbent Surface area  Contact P sorption
(n'g") Angle Organics capacity f.
() g
Swellable porous
polydimethylsiloxane Hexane 15.05
/ multiwalled carbon N.A. 153.4 Toluene 12.04 Y
nanotubes Gasoline 11.1
(PDMS/MWNTSs)
Swellable porous Toluene 18.7
polydimethylsiloxane N.A. 144 Crude oil 9.0 3]
(PDMS) Gasoline 22.0
PDMS sponge N.A. 120-130 Toluene 5 1o
Polyurethane-CNT- Hexane 15 [
PDMS Lt 192 Gasoline 18
MTMS-DMDMS slexans ) 18
ol N.A. 153 Petroleum ether 6 (18]
g Toluene 8
Hexane
Toluene :;(l)z Th
Alg-Fe;04rGO-4S 125.1080.07"  50-130 Petrole um 16.16 is
foam Crude oil wo
p 16.73
Paraffin oil rk
s 13.65
Gasoline

NA: Not Available. “ refers to Brunauer—Emmett-Teller (BET) method and " refers to methylene
blue method.

Before After
ad/ab-sorption ad/ab-sorption

a)

Organic phase
Aqueous phase

186



CHAPTER 6

Figure S5. Photographs of (a) water pollutants mixture containing aqueous phase (Cu’’, Hg" ‘and
methylene blue) and organic phase (dyed turpentine, paraffin oil, petroleum crude oil, hexane
and toluene) before sorption, Activated carbon (AC) in water pollutants mixture after ad/ab-
sorption of (b) 30 seconds, showing no significant removal of organic phase pollutants and (c) 3

hours, showing no significant visual change of pollutant mixture compared to blank sample in

(a).

53. Optimization of ad/ab-sorbent form for enhanced pollutants uptake efficiency

The effect of concentration or wt % of Fe;04-rGO towards the robustness and strength of the
final sorbent material was studied. Figure S6a shows that as the concentration (wt %) of Fe;04-
rGO increases, the robustness of the foam decreases, resulting in the deformation of the foam
structure. Hence, 6.2 wt % (2 mg/mL) of Fei04-rGO was used to perform the water pollutants
removal studies due to its optimum strength to maintain its structure. Alg-Fe;04-rGO-45
composite was also fabricated in two different forms, i.e. bubble beads and foam as illustrated in
Figure S6b to explore the effect of sorbent form towards sorption of water pollutants. Notably,
we found that the removal efficiency of Alg-Fe;04-rGO-4S in foam form was up to four times
better compared to its beads form in the preliminary metal ion adsorption study (Figure S6c and
d). These results clearly confirmed that material of the same chemical composition but different
forms could significantly affect the adsorption performance. Hence, the adsorbent material in

foam was applied for all the sorption investigations in this work.
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[Fe,0,-rGO] (mg/mL) 2 5 10

g
o
-

Fe,01GOW % 62 155 3.0
a)

Removal Efficiency (%)
82 8 8 8

S N

Hydrated beads  dehydrated beads Foam

Removal Efficiency (%)

0d
Dehydrated beads Foams
Adsorbent Form

Figure S6. (a) Photograph of Alg-Fe;04-rGO-4S foams in different wt % showing that as the
concentration or wt % of Fe;04-rGO increases, the foam becomes less robust and difficult to
hold its structure. (b) Photograph of Alg-Fe;04-rGO-4S in different forms. (c) Preliminary
selectivity adsorption study in a multi-metallic ion solution containing Cu (1I), Cd (II), Pb (II),
Co (1) and Hg (II) ions using Alg-Fe;O;-rGO-4S in dehydrated beads and foams forms
[Conditions: Co= ~10 ppm, pH~S5, temperature=21.0°C, mass of sorbent= ~20mg, volume of
metal ion solution = 20 mL]. (d) Preliminary adsorption study of methylene blue using Alg-
Fe304-rGO-4S in dehydrated beads and foams forms [Conditions: C¢= ~25 ppm, pH~S.5,

temperature=21.0°C, mass of sorbent= ~20mg, volume of metal ion solution =20 mL].

S4. M aterials
Natural graphite rocks were obtained from a local mining site (Uley, Eyre Peninsula, South

Australia, Australia), crushed into powder using a benchtop ring mill (Rocklabs) and sifted using
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a 25 um sieve. Potassium permanganate (Sigma Aldrich), 85 % w/w phosphoric acid (Chem-
Supply), 98 % sulfuric acid (Chem-Supply), 30 % hydrogen peroxide (Chem-Supply), 36 %
hydrochloric acid (Chem-Supply), sodium hydroxide (Chem-Supply), ethanol (Chem-Supply),
sodium alginate (Chem-Supply), calcium chloride (Chem-Supply), 2,2-dimethoxy-2-
phenylacetophenone (DMPA, Sigma-Aldrich), ron (I} sulfate (Chem-Supply), iron (I}
chloride (Chem-Supply), ammonium hydroxide (Sigma Aldrich), pentaerythritol tetrakis(3-
mercaptopropionate) (tetrathiol, Sigma Aldrich), cadmium nitrate (Mallinckrodt), copper nitrate
{Chem-Supply), lead nitrate (Univar), mercury chloride (Chem-Supply), cobalt nitrate (Ajax),

and thiourea (Sigma Aldrich) were used directly without prior purification.

85, Material Characterization

Surface topography, elemental composition and mapping of materials were mvestigated by
scanning ¢lectron microscope equipped with EDX Silicon Drift Detectors (FE-SEM, Quanta 450
FEG, FEI, USA, EDX, Ultim Max 170 mm SDD, Oxford Instruments, UK) at operating voltage
of 10 kV. A high-resolution Philips CM200 transmission electron microscope (TEM, Japan) was
used to image the sample at 200 kV. The sample was prepared by dispersing it in ethanol to form
a homogeneous dispersion on a Cu grid. FTIR (Nicolet 6700, Thermo Fisher) in the range of
5004000 cm™" was recorded to identify the chemical functional groups in the materials. XRD
equipped with Cu X-ray tube (600 Miniflex, Rigaku, Japan) in the range of 28 =5- 80" at 40 kV
and 15 mA with 10° min™" scan speed was primarily used for bulk phase identification. Thermal
stability and decomposition of the materials were studied using TGA/DSC 2, STAR® System
(Mettler Toledo, Switzerland) under nitrogen atmosphere with the samples heated to 1000 °C at a

heating rate of 10 °C min™'. The surface chemical composition and species of the materials were
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determined using XPS (AXIS Ultra DLD (Kratos, UK) equipped with a monochromatic Al Ka
radiation source (hv =1486.7 eV) at 225 W, 15 kV and 15 mA. XPS wide scans were acquired at
0.5 eV step size over -10-1100 eV at the pass energy of 160 eV while the narrow scans were
obtained at a (1.1 eV step size and pass energy of 20 eV. The deconvolution and fitting of peaks
were performed using Casa XPS™ software. All the core-level spectra mvolved in this work
were calibrated to the primary peak (C-C/C-H peak) of adventitious carbon at 284.8 eV with
their respective full width at half maximum (fwhm) for all components were constrained within
the difference of 0.2 ¢V. The contact angle measurement was performed at ambient conditions
with Attension Theta Optical Tensiometer system (KSV instruments, Finland) using sessile drop
method. Sample (Diameter: 2.5 em, thickness: 1.0 cm) was first cut to the top and cross-sectional
surfaces using a blade. 1 pL of milli-Q water was auto-dropped on several spots of the sample.
The static contact angle was recorded after 60s (when droplet achieves stability on the sample
surface) and average of the contact angle was analysed accordingly. The mechanical properties
of prepared samples were tested with TA Q800 DMA instrument with parallel-plate compression
clamps in the controlled force mode at the rate of 1 N/min. All the samples were immersed in
distilled water for 24 hours prior to the test with two replicates performed at room temperature,
The compressive modulus of the samples was caleulated according to the stress-strain curves and
up to 10 % of strain before the pores completely collapsed. The porosity characteristics and
density of the foams were determined via mercury intrusion porosimeter (Micromeritics,
Autopore 9600) using a known weight. Low pressure mercury intrusion (0-60 psia) was used to
measure the intercomnected pore diameter distributions. Surface area measurement was
determined by methylene blue adsorption method using UV-Vis spectroscopy (Shimadzu, UV

1601, Japan) as described in our previous work.!"” The zeta potential of the sample was
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measured as a function of pH in triplicate using a Malvern Zetasizer (Nanoseries, Australia). The
sample was dispersed in milli Q water and bubbled by nitrogen gas to drive off the dissolved
CO; gas before pH adjustment using HCI or NaOH solution between pH 3-10, followed by
standing for a week before zeta potential measurement. UV-Vis spectrometer (UV -1601,
Shimadzu) in the range of 200-800 em” was used to probe the residual of methylene blue
concentration (A, = 665 nm). Solution ICP-MS (QQQ 8900, Agilent) was used to measure the

remaining concentration of metal ions after the adsorption experiments.
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7. CONCLUSIONS AND PERSPECTIVES

7.1. Conclusions

This thesis contributes to the development of advanced graphene-based composites
using novel functionalization methodologies towards providing technological
solutions for water purification and addressing the rising water pollution issues
worldwide. This comprehensive study aims to address specific challenges faced by
the conventional adsorbent (AC) for remediation of water pollutants. In essence, this
thesis is devoted to the development of new generation water purification
technologies based on the surface and structural engineering of graphene
derivatives with exploration on different modification approaches using several
functionalization agents. Three main concepts can be summarized based on the
research outcomes in this thesis:

1. Fundamental insights on surface engineering and structural design of

advanced graphene composites (Objective 2): Controllable modulation of

surface functionalities on graphene composites was achieved through
simultaneous chemical reduction and nitrogen doping of GO, followed by a
thermal thiol-ene click reaction. By varying the amount of reducing agent, a
series of N-doped rGO with different levels of oxygen groups were prepared
for subsequent attachment of amino-terminated thiol molecules through the
thiol-ene click reaction. A correlation was established between different

reduction degree of N doped-GO with new tunable functionalities including

194



CHAPTER 7

nitrogen (-NH2) and sulfur (C-S-C, C=S, S-O) groups on functionalized
graphene composites. Fundamental insights on the structural, chemical and
thermal properties of functionalized graphene materials with tailorable doping
levels, functional groups and interfacial properties at varied oxidation levels
were acquired. Outcomes from this research study provide basic
understanding on the structural, chemical and thermal properties of doped-
and thiol-ene functionalized graphene materials for subsequent studies in this
thesis. Resulting graphene derivatives from this combined modification paves
a practical design pathway for novel advanced graphene materials with
potential applications in  polymer composites, supercapacitors,
electrocatalysts, adsorbents and sensors.

Design and engineering of advanced graphene composites (Objective

3): Four novel modification strategies were explored to engineer graphene in
addressing the key challenges faced by AC including its energy-intensive
preparation approach and less effective immobilization of residual heavy
metal ions at low concentrations detected in effluents after a typical water
treatment process. Essentially, the surface and interface of graphene were
tailored to graft multifunctional groups to achieve better dispersibility, material
robustness and stability in water for trapping myriads of pollutants in water.
Structural, chemical and thermal properties of the advanced graphene
composites fabricated herein, were prudently investigated to understand their
corresponding formation mechanisms. To target for a low cost, low energy,
environmentally friendly and scalable modification approach, hydrothermal

and chemical reduction were adopted to covalently graft polyamine precursor
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on the epoxides and carboxyls groups on GO. Formation of rich and multiple
type of nitrogen containing groups on rGO through ring opening nucleophilic
and amidation was proposed based on detailed XPS and FTIR analyses. Both
polyamine modified rGO exhibited 8.28 and 5.74 atomic % nitrogen content
with high surface area (270 +10 m?/g and 63 +8 m?/g) respectively, achieved
from the chemical reduction and hydrothermal approaches.

Meanwhile, engineering of multifunctional graphene-based composite was
explored to introduce cysteamine, a precursor bearing sulfur and amino
functional groups onto GO through a thermal thiol-ene click method.
Benefited from the advantages of a modular, catalysts-free and mild reaction
condition, this multifunctional graphene composite was successfully
functionalized with thiol groups (cysteamine) attached to the sp? carbon (GO).
The high surface area (672 m?/g), multifunctional partially reduced GO
composite was confirmed with almost equal amount of nitrogen (1.59 atomic
%) and sulfur (1.66 atomic %) detected on its surface.

On the other hand, a facile, energy-efficient, and environmentally friendly (use
of non-toxic solvent with no emission of harmful organic compounds)
photoinitiated thiol-ene click approach was applied to design multithiol
functionalized graphene-based aerogels. By varying the UV irradiation time
using pentaerythritol tetrakis-mercaptopropionate as a thiol-precursor,
optimization of this UV-directed modification strategy successfully created
multifunctional graphene aerogels with two different types of sulfur chemistry.
Both SH-graphene bio-sponge and Alg-FesOs-rGO-4S bio-polymer foam

exhibited high surface area and high density of sulfur-containing groups
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(115.0 and 125.1 m?/g; 10.2 atomic % S and 8.86 atomic % S, respectively).
In these graphene-based composites, alginate biopolymer was added to
mechanically strengthen the graphene aerogel, while magnetic nanopatrticles
(Fes04) were introduced to facilitate separation after the sorption process

besides enhancing the uptake of water pollutants.

. Sorption performance of advanced graphene composites (Objective 4):

Evaluation of pollutant sorption using the developed advanced graphene-
based composites was performed on different types of water pollutants
including heavy metal ions, organic dyes, organic solvents and oil. Heavy
metal ions are the most studied pollutant in this work owing to their inherent
properties including their toxicity even exposure at very low concentration,
almost invisible and persistence in water that make them difficult to be
removed compared to other contaminants. Interaction mechanisms between
the developed adsorbents and pollutants were investigated through pH,
kinetics and isotherms studies, which were fitted into kinetics models
(pseudo-first- and pseudo-second-order models) as well as isotherms models
(Langmuir and Freundlich models). Performance testings on the aspects of
selectivity, regeneration, real sample analysis and simultaneous pollutants
removal were also explored to assess the potential application of the
developed adsorbents in real water systems. In summary, the adsorbents
developed through green, scalable, cost-, and energy- efficient methods
hereby exhibit excellent activity, outstanding selectivity and good

regenerability than the commercial adsorbent towards water purification.
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7.2.

Future Work Recommendations

This research study marked an exciting journey with novel discovery that

underpinned the mastery on functionalization of graphene derivatives through

different chemical modification strategies, engineering of new graphene-based

composites and advancing their performance for sorption of broad range of

pollutants that open many new frontiers that require further explorations. For future

direction, several key aspects highlighted as the following are recommended to fully

unlock the potential of functionalized graphene-based materials in advanced water

purification technology:

1.

Extension of thiol-ene click concept to pristine graphene, other 2D
materials and their hybrids: Although several examples of graphene-based
composites with remarkable water purfication performance have been
successfully demonstrated to functionalize GO through thiol-ene click
approach in this thesis, this modification approach is still at its infancy
especially with its great potential to modify pristine graphene directly. Owing
to the abundance of sp? carbon (‘ene’) in the graphene newtwork, the thiol-
ene click modification approach is expected to give rise to extraordinary
properties such as high electrical conductivity with enhanced dispersion in
water if this modification strategy is systematically studied to functionalize
pristine graphene. Thorough understanding of this concept at the atomic level
of the fabricated materials is necessary because it is beneficial not only for
environmental applications (e.g. environmental sensors), but also for other

promising applications such as energy storage and biomedical devices.
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Optimization of the robustness and structural properties of
functionalized graphene-based materials: Exploration on the optimization
of the functionalization parameters for fine-tuning the mechanical and
structural properties of graphene-based composites to achieve robust,
flexible, free-standing nanoporous graphene in different forms (paper, films,
sponge and membrane) is still highly desirable. These properties are critical
to improve the durability, recyclability and sustainability of the functionalized
graphene materials for enhanced removal of water pollutants. In fact, majority
solutions to global challenges are just around us. By exploring biomimetic
design, desirable nanostructural properties of materials can be achieved to
create nature-inspiring technology for water purification. For example, water
repellency property of a material can be developed by biomimicking the
structure of the superhydrophobic leaves of a lotus flower to achieve
enhanced removal of spilled oils in water.

Design of less hazardous and sustainable synthesis: It is recommended
that the synthetic methods should be devised to use chemicals that pose little
or no toxicity to human health and the environment as emphasized in The
Twelve Principles of Green Chemistry.26 Alternative of biodegradable and
sustainable raw materials should be considered to substitute the use of
hazardous synthetic feedstock. For example, natural bacterial iron-oxide with
magnetic property recovered from the biofilm waste in the groundwater
pumping system can be used as an alternative of raw material to replace
corrosive chemicals including base (ammonia solution) as well as iron (Il) and

() salts required to synthesize magnetic iron oxide nanoparticles in the
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future work. Apart from achieving the sustainability goal by using the natural
recycled raw materials, this strategy can give rise to magnetic separation after
the sorption process and reduce the cost of production of graphene-based
materials for removal of water pollutants.

Expansion of pollutants removal studies to emerging water
contaminants (micro- and nanoplastics) using advanced graphene-
based materials: Emergence of highly persistent micro- and nanoplastics
contaminants (per-and polyfluoroalkyl substances e.g. perfluorooctanoic
acid-PFOA and polyfluoroalkyl substances-PFAS) from consumer products
(e.g. non-stick coatings on cookware, food packaging, electronics, fuel
additives and fire retardants) since the 1940s has recently stirred
environmental and human health concerns. These emerging contaminants
are associated with cancer, reproductive, liver and immune systems failures
that trigger public urgency to contain them from entering our water supply and
food chain. Owing to the hydrophobic interactions between the micro- and
nanoplastics structure with the conjugated systems of neat graphene,
graphene-based materials can potentially be a solution to tackle this
environmental crisis. Therefore, future research work should be expanded to
cover specific tailoring surface chemistry for efficient removal of these non-
degradable plastic debris by applying advanced graphene-based composites.
Cost reduction of graphene-based composites for full-scale water
purification: Development of cost-effective, scalable and sustainable
graphene functionalization strategies is still highly in demand to meet the

competitive low-cost AC for remediation of water pollutants. As demonstrated
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in this thesis, performance of numerous functionalized graphene composites
surpassed AC in all the testing aspects, yet nearly none of them has been
fully adopted in water treatment processes at a commercial level. This is
because cost is the major constraint given that the market price of graphene
at present is ca. USD $ 100 per kilogram, which is still far away from the ideal
price of ca. USD $ 6.81 per kilogram for AC (buyactivatedcharcoal.com) in
the market. With the emerging of graphene producers in the market and the
ever rapid-growing graphene research, it is optimistic that the market price of
graphene can achieve that of AC. More research focus should be given to the
development of economical-viable large-scale processing of graphene
methods since graphene is derived from a cheap raw source, graphite, ca.
USD $ 7.70 per kilogram (Saint Jean Carbon, Inc.). Furthermore, the material
cost can also be lowered by using natural recycled raw materials (e.g.
magnetic biofilm waste as discussed above) for enhanced contaminants
removal from water.

Integration of advanced graphene-based sorbents with other water
purification and water generation technologies: Apart from using
graphene-based materials in the adsorption process, assimilation of the
developed graphene-based materials into other water purification techniques
(filtration, photocatalysis, capacitive deionization, etc.) and water generation
technologies (solar steam generation, fog harvesting, desalination, etc.) are
also critical to effectively address the clean water shortage worldwide.
Translation of laboratory innovations into graphene-enabled

commercialization products: graphene-based materials developed herein
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which are proven to successfully remove various water pollutants can be
turned into real advanced water purification system. For instance, by
integrating 3D printing technology in the future work, these graphene-based
materials can be potentially printed into water filtration catridges that can be
prospectively used in the water purification system.

8. Investigating the safety and environmental risk of developed graphene-
based composites: Concern arises on the use of nanomaterials including
graphene and its derivatives in water treatment due to possible remaining
nanomaterials still trapped in the water that may trigger water security issue.
Cytotoxicity experiments on the material stability and degradation (i.e. shelf-
life) should be performed on the developed graphene-based composites in
water to understand its long-term effect to the aquatic life and its presence in
the water supply.

Despite various challenges associated with the use of graphene-related materials,

their prospect in water purification is still optimistic provided that there is continuous

injection of research funding to support the research development in this area for
sustainable global supply of clean water. Inputs and advice on the feasibility of the
developed materials from industry experts are important to ensure the successful
translation of the lab scale water purification technology into field operations.

Furthermore, this implementation will not be possible without the continuous support

from the policy makers to set out comprehensive environmental regulations and

guidelines over the water quality besides creating public awareness about the global
water crisis. In summary, active collaborative engagement among the policy makers,

industry experts and researchers is critical to optimize the socio-techno-economic
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assessment of the developed graphene-based technological solutions in addressing

the global water crisis.
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Appendix A: News article featured by NewsRx

Materials Research - Material Interfaces; Study
Findings on Material Interfaces Are Outlined in
Reports from University of Adelaide (All-in-one
Bioinspired Multifunctional Graphene
Biopolymer Foam for Simultaneous Removal of
Multiple Water Pollutants)

Publication info: Journal of Technology ; Atlanta [Atlanta]01 Sep 2020: 3046.

& ProQuest document link

FULL TEXT

2020 SEP 1 (VerticalNews) = By a Mews Reporter-Staff News Editor at Journal of Technology - Fresh data on
Materials Research - Material Interfaces are presented in a new report. According to news originating from
Adelaide, Australia, by VerticalNews correspondents, research stated, "Polluted waters are complex systems with
many different co-existing contaminants that make their simultaneous remaoval a very challenging task. To
address this problem, all-in-one ad/ab-sorbent with unigue combination of interfacial properties and multiple
surface chemistry is developed to simultaneously and efficiently remove several pollutants including heavy metals,
dyes, oils, and organic solvents.”

Funders for this research include ARC Research Hub for Graphene Enabled Industry Transformation, University of
South Australia, South Australian State Government, Australian Federal Governments NCRIS scheme.

Our news journalists obtained a quote from the research from the University of Adelaide, "By mimicking the wetting
micro-topology of a darkling beetle with a combined hydrophilic-hydrophobic surface, a new bicinspired adsorbent,
graphene biopolymer foam (Alg-Fe304-rG0-4S) for removal of multiple water pollutants is engineered by
combining alginate (Alg) and reduced graphene oxide (rGO) functionalized with tetrathiol that is also decorated
with iron oxide nanoparticles (Fe304). This concept is first proved by single pollutant removal, showing adsorption
capacity of 789.7 +/- 36 mg/g for methylene blue (MB), 107.0 +/- 2.1 ma/g for Hg (11}, 73.5 +/- 0.7 mag/qg for Cu (Il),
and rapid oil-water separation with high sorption capacity (11-18 g/g). A remarkable performance for simultaneous
removal of their mixtures in milli-Q, river, and sea water is demonstrated with efficiency for MB (approximate to
90%), Cu (11} (>99.99%) and Hg (II) (100%) and rapid (approximate to 30 s) uptake of organic solvents and oils.*
According to the news editors, the research concluded: "The obtained results indicate a valuable potential of
proposed concept for simultaneous removal of co-existing water pollutants.”

For more information on this research see: All-in-one Bioinspired Multifunctional Graphene Biopolymer Foam for
Simultaneous Removal of Multiple Water Pollutants. Advanced Materials Interfaces, 2020;().. Advanced Materials
Interfaces can be contacted at: Wiley, 111 River St, Hoboken 07030-5774, NJ, USA.

The news correspandents report that additional information may be ebtained from Dusan Lesic, University of
Adelaide, School of Chemical Engineering and Advanced Materials, Adelaide, Sa 5005, Australia. Additional authors
for this research include Pei Lay Yap, Kamrul Hassan, Farzaneh Farivar, Diana N. H. Tran, Negar Mansouri and Yow
Loo Auyoong. and can be your direct source for a journal article and its citation.

Keywords for this news article include: Adelaide, Australia, Australia and New Zealand, Material Interfaces,
Materials Research, University of Adelaide.

Our reports deliver fact-based news of research and discoveries from around the world. Copyright 2020, NewsRx
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Removal of Multiple Water Pollutants). Journal of Technology. September 1, 2020; p 3046.
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Appendix B

Video links for 3 Minute Thesis (3MT)

Video Link 1:
https:/lwww.youtube.com/watch?v=TXgntAFBhJk&feature=youtu.be

Video Link 2 : https://www.adelaide.edu.au/3mt/finals

Video link for Visualize Your Thesis:

https://www.youtube.com/watch?v=kPWOKvDJhRk#action=share
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