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ABSTRACT

The persistent use of toxic chemicals, that is, azo dyes and heavy metals in various sectors like
industries, agriculture and research laboratories have resulted in polluting different compartments
of the environment with the residues. The present communication specifically aims to synthe-
size a nifty combination of graphene oxide (GO) functionalized with metal particles, that is, sil-
ver (Ag) and copper (Cu) to remediate the pollutants from the wastewater using the adsorption
process. GO functionalized with a silver (AgGO) and copper metal (CuGO) were synthesized
respectively and characterized as adsorbents for the removal of Malachite green, cadmium ions
(Cd*) and as a microbial entity, that is, Staphylococcus aureus. Results of Fourier-transform infrared
spectroscopy and X-ray fluorescence techniques have confirmed the synthesis of GO and its func-
tionalization. A close batch system of 60 min was designed to study the adsorption process under
various parameters (concentration, contact time) using ultraviolet-visible spectroscopy and flame
atomic absorption spectroscopy. Comparison of percentage removal of heavy metal between com-
posites revealed a better adsorption trend by AgGO (94%) as compared with the prepared CuGO
(84%) from wastewater. Contrary to that the percentage removal of azo dyes is 98% by CuGO.
Kinetic studies favored pseudo-second-order and intraparticle diffusion models whereas adsorp-
tion studies favored Langmuir and Freundlich isotherms. The proposed composite comprises of
graphene which is labeled as a bactericidal agent and after its metal functionalization enhances
the antibacterial activity marvelously.
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1. Introduction

Nature has the capacity to host several complex and
dynamic ecosystems and every major ecosystem faces
threats at different time periods due to unsustainable devel-
opments. The 21st century is an era that concerns too much
about the environment while environmental pollution and
its remediation are the craving issue of this century [1,2].
Environmental challenges are accelerating because of
exploding human population and competing for interest in
the usage of advanced systems, resultant in posing greater
demand pressure on existing natural resources. Thus, the

* Corresponding author.

increase of demands accelerates the rate of environmental
deterioration through depletion of resources, disruption
of the natural environment, and increasing pollution. On
the other hand, ensuring the basic requirements, that is,
food, drinking water, energy, shelter, etc. without compro-
mising the future needs is one of the pressing issues faced
worldwide [3]. These challenges cannot be clearly defined,
either their solutions cannot be fitted into a neat box so
requires a group of individuals, regional, national and
international level solutions to resolve the problems [4].
According to World Bank 3,900 million m= of freshwa-
ter is consumed annually, comprising of agriculture (60%),
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industrial wastewater (22%) and domestic (18%), in 2014
(latest update data) [5].

According to WHO, almost half of the world’s popula-
tion will be living in water-scarce areas by 2025. According
to a study conducted by the International Monetary Fund
(IMF), Pakistan is the third on the list of countries that are
facing a serious water crisis. Pakistan Council of Research
in Water Resources (PCRWR) announced in May 2018, that
very little or no clean water will be available by 2025, in the
country. Currently, clean drinking water can be accessed
by only 20% of the country’s population. The remaining
80% population relies on polluted water contaminated
with fertilizer, pesticides, and industrial contaminants
such as heavy metals and dyes. Around 80% of all dis-
eases and 30% of deaths are a consequence of such water
pollution [6].

A major threat to public health in Pakistan is due to
water pollution. Water quality is not properly monitored
in Pakistan and Pakistan ranks 80th out of 122 nations in
maintaining water quality standards [7]. Both water scar-
city and pollution pose a major threat to human existence
and eco system’s health around the globe. Furthermore, the
overwhelming increase in agricultural and industrial activ-
ities is responsible for the includible release of a variety of
anthropogenic pollutants such as organic pollutants, heavy
metals, and dyes into the aquatic environment, causing a
significant addition to this global issue [8].

There is a need for management and conservation
approaches impaired with the newer technologies that can
be derived from applied research for satisfying humankind’s
demands in a sustainable way [9]. In the past couple of
decades, scientists tend to focus on remediation of pollutants
and their control techniques and significant researches have
been done to explore the abilities of solid-phase adsorbent
materials for the removal of unwanted components from
the environment and have succeeded to a large extent [10].

A variety of pollutants are responsible for contaminating
natural water resources such as infectious agents, organic
pollutants, inorganic pollutants and oxygen demanding
waste [11]. Among various pollutants, organic dyes and
heavy metals are categorized as the most momentous water
pollutants since they are non-biodegradable, carcinogenic,
and are highly toxic [12].

Metals and dyes released through these sources get
in to the food web, their mutual effects cause a series of
damage to the health of living organisms which is so often
irreversible [13].

The presence of heavy metals in the drinking water
of District Buner was evaluated by a scientist in literature
[14]. For this research presence of heavy metals such as Ni,
Zn, Pb, Cr, and Cd in both ground and surface water in the
District Buner (Pakistan) were determined and the obtained
results were compared with their safe limits prescribed by
Pakistan Environmental Protection Agency (Pak-EPA) and
WHO. In the study area, the majority of the drinking water
samples exceeded the safe limit of Pak-EPA and WHO. The
result showed that Cr, Pb, and Cd were significantly higher
as compared to Pak-EPA and WHO. These high concentra-
tions of heavy metals in the study area may be due to mafic
and ultramafic rocks, marble industries, mining, smelting,
and intensive agricultural practices.

Various operations of textile industries result in the
release of billions of gallons of wastewater that carries a
variety of toxic dyes and pigments. Annually around 7 lakh
tons of more than 10,000 types of pigments and dyes are
used worldwide and 10%-15% of this volume is disposed
of as wastewater without any treatment. Synthetic dyes are
non-biodegradable molecules that contain the main resi-
due existing in the waste coming out of the dyeing indus-
try. Acute toxicity tests exposed that various synthetic dyes
are not predominantly lethal. Yet, their perseverance and
long exposure time is of great apprehension, since these
substances lead to long-lasting effects such as mutagenic
impairment and carcinogenicity to living organisms [15].

A number of treatment methods are used for the polluted
water [16] which mainly includes sorption [17-19], chem-
ical precipitation [20,21], membrane filtration [22,23], ion
exchange [24,25], and coagulation [26,27].

Conventional methods for polluted water remedia-
tion are becoming inadequate and reasons behind their
less efficiency include high cost, toxic by-product forma-
tion, the requirement of high effort, energy and toxicity
[28]. Considering the persistent presence and toxicity of
Malachite green (MG) dye and Cd* ions in water bodies of
Pakistan, several researchers have synthesized competent
adsorbent materials like chitosan and hydroxyapatite-based
adsorbents [6]. Similarly, wheat bran and neem sawdust
was being studied for the removal of Malachite green with
maximum dye removal of 90% and 75.78% respectively
[29]. Another promising adsorbent synthesized from waste
chicken eggshells was used as an adsorbent for the removal
of Cadmium (Cd) heavy metal in an aqueous solution.
Results showed that waste chicken eggshells as adsorbent
represents a good removal strategy, that is, 73.42% but such
adsorbents could not be used on large scale due to limited
availability and high price [30]. Researchers conducted
so far on the efficiency of multi-walled carbon nanotubes
and powdered activated carbon also predicted less adsorp-
tion potential as compared to graphene and its oxides as
adsorbents.

Graphene is one of the attractive stuff now a day due
to its easier processing, and its significance of having oxy-
gen moieties attached on its surface is quite attractive to
grow chemical structures on its surface [31]. Graphene
oxide (GO) is titled as the next generation material due to
the marvelous properties that make it an outstanding mate-
rial among various other adsorbents studied so far, that is,
hydroxyapatite and chitosan [32]. Graphene is comprised
of sp?-hybridized carbon atoms arranged in a two-dimen-
sional honeycomb lattice. The highly negative charge den-
sity on the surface of graphene makes it a promising moiety
for capturing cationic pollutants from aqueous mediums.
Although GO is a promising adsorbent material but its
ability to make stable collides hinders the efficient recov-
ery of adsorbent [33]. However, the use of metals to immo-
bile GO provides an opportunity to synthesize composite
materials with nifty properties for phase separation and
adsorption. To this end, functionalized GO-based materials
have been analyzed extensively for adsorption applications
due to their good chemical stability, structural diversity,
low density and suitability for large-scale production [34].
Their textural properties, such as average pore diameter,
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total pore volume and infinitely high surface-to-volume
ratio, have stimulated a large number of investigations as
potential adsorbents for water purification and for bio-
logical applications [35]. GO usage has been reported in
various studies, ranging from adsorption of metal ions,
electrochemical sensors to detect trace level lead [36], bio-
sensors [37], electrodes for supercapacitors, and batteries
[38]. Researches have also assessed a comparison among
graphene, metal and graphene oxide, nanocomposites
and graphene functionalized with organic compounds for
removal of different pollutants from water because of their
increased efficiency and selectivity [38]. In another study
conducted by a scientist in literature [28], graphene oxide
and polydopamine composites can be synthesized and its
adsorption capacity can be evaluated for two dyes; Nile
blue and Paraquat from wastewater. Results revealed that
this composite has an adsorption capacity of 131.58 mg g™
for Nile blue and 101.01 mg g™ for Paraquat respectively.
Herein, suitable adsorbents from GO have been syn-
thesized by utilizing refused dry battery cells as a source
of graphite, for the removal of noxious pollutants (MG,
Cd*) from wastewater. Moreover, this nifty combina-
tion of metal and GO synthesized using facile cross-link-
ing methodology will be cost-effective, eco-friendly along
with excellent antimicrobial properties that will help in
wastewater remediation even from pathogenic bacterial.

2. Experimental

All reagents used were of analytical grade and were
purchased from Sigma-Aldrich (UK) and Merck (Germany).

2.1. Chemicals and reagents

Hydrochloric acid (HCI) 37%, hydrogen peroxide (H,O,)
30%, sulfuric acid (H,SO,) 95.98%, ammonia solution 25%
were purchased from Sigma-Aldrich (USA). Sodium nitrate
(NaNO,), glucose (C.H,,0,), silver sulfate (Ag,SO,), copper
sulfate pentahydrate (CuSO,5H,0) and potassium per-
manganate (KMnO,) were purchased from Riedel-de Haén
(Germany). Mannitol Salt Agar (MSA) and Mueller Hinton
Agar (MHA) were purchased from Bio World (USA) and
Merck (USA) respectively. All the chemicals were of ana-
lytical reagent grades and used as received, without fur-
ther purifications. The aqueous solutions were prepared
in distilled water. Refuse dry cells (AA type batteries)
of Sony and Toshiba were used for graphite extraction.

2.2. Synthesis of graphene oxide
2.2.1. Graphite extraction

Graphite was extracted from graphite rods (8 mm in
diameter and 5.8 cm in length) of refused dry cells (Sony
and Toshiba) and was placed in sunlight. Silicon Carbide
Paper was used for scrapping to remove all kinds of electro-
lytic paste attached to them. Swilling of scrapped graphite
rods was done in a sonicator bath (35°C, 10-15 min) and
subjected to etching treatment (0.6 M HCI, 0.5 h). It was
then exposed to the repeated cycles of rinsing with acetone,
oven-dried and crushed into fine powder [39,40].

2.2.2. Graphene oxide formation

The synthesis of GO was done by following the modi-
fied Hummers Method with few revisions [41-43]. Overall
synthesis was done in several steps. In the first step,
exfoliation of graphite was done by mixing graphite (2 g) in
98% H,SO,. The reaction temperature (2°C-5°C) was con-
trolled by giving ice treatment for consecutive 4 h followed
by the slow addition of 12 g of KMnO, which increase its
temperature up to 15°C. So in order to maintain tempera-
ture further icing was done till 30 min. As a result, a brown-
ish slurry-like crude product (GO) was obtained which
was further diluted with 200 mL of distilled water under
rigorous stirring (2 h). In the second step, this product
was further purified under reflux at various temperatures
(98°C for 20 min then 30°C for 15 min followed by 25°C
for 2 h) followed by 30 mL H,O, addition in two separate
beakers, resting it overnight. Prepared GO was centri-
fuged with the solution of 10% HCI, followed by succes-
sive washing until pH becomes neutral) (Fig. 1) [Eq. (1)].
In the third step, the resultant gel-like GO was vacuum
dried (80 kPa, 9 h), ground and kept in Desiccator until
further use [44] as shown in Fig. 1. NaNO, was excluded
from the synthesis process considering the environmental
aspects, that is, harmful emissions of NO, [45,46].

Overall reaction of GO formation:

Graphite + 5H,0, + 2KMnO, +3H,SO, — Graphene oxide
+K,S0O, +2MnSO, +8H,0 + 50, 1)

2.2.3. Graphene oxide functionalization

Prepared GO (2 g) was further functionalized in order
to enhance its adsorption properties. For this purpose, GO
solution was prepared in 2,000 mL deionized water under
ultrasonication. In stabilization of the solution was done
with the addition of glucose 90 g under rigorous stirring.
In a separate beaker, silver sulfate along with ammonia
solution (0.55 mol L) was added for smooth dissolution
Both the solutions GO and Ag(SO,), were mixed together
and then placed aside (3 h) after stirring of 1 h. The resul-
tant functionalized graphene oxide was settled down at
the bottom of the beaker. The supernatant was poured
out and the leftover brownish product was purified by
repeated cycles of washing before drying in a vacuum
Desiccator [47]. The sample coded as AgGO.

Following the same methodology, GO was also func-
tionalized with copper sulfate pentahydrate (CuSO,-5H,0)
and the resultant sample (Fig. 2) was coded as CuGO [48,49].

2.3. Isolation of Staphylococcus aureus gram-negative strain

Antibacterial properties assessment of prepared prod-
ucts GO, AgGO, CuGO was done as follows. MSA, MHA and
brine solution (100 mL) were prepared and autoclaved. Petri
plates (90 mm) were treated under a UV lamp (10-15 min)
and both agars (55°C) were then poured into those Petri
plates. The gram-negative strain of Staphylococcus aureus
was isolated from Nullah Lai wastewater using series of
dilutions (dilution factor 10°) and was further streaked



S. Laraib, S. Zulfiqar / Desalination and Water Treatment 231 (2021) 436—451

I: Equimolar
Graphite +H,50, in
ice bath (2-5°C)

2. Addition of
KMnO, 10-15°C,
4. Removeice ba
and stirr(35°C, 2.5

hrs.)

6. Treated with H,O,
darkerbrown to lighter
note

5.

Fig. 1. Synthesis of GO.
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Fig. 2. Schematic representation of functionalization process of GO.

on the MSA agar plates. Streaked plates were incubated
(24-48 h, 35°C-37°C) and resultant colonies of Staphylococcus
aureus were isolated (Fig. 3) and restreaked onto the
MSA agar plates to have a lawn of Staphylococcus aureus [50].

2.4. Catalase test

This test was conducted for the confirmation of the bac-
teria Staphylococcus aureus species. The isolated bacterial
inoculum was placed on a sterile glass slide and 2 drops
of hydrogen peroxide (H,O,) were dripping. Inoculum
started bubbling due to the formation of oxygen gas as a
result of activity by catalase enzyme specific to this bacterial
strain [51] (Fig. S1). Eq. (2) shows the overall reaction.

2H,0, - 2H,0+0, @)

2.5. Disk diffusion method

Whatman Filter paper discs were prepared (10 mm each)
and sterilized by placing under a UV lamp (10 min). The
prepared discs were impregnated with the composite solu-
tions (0.5 mL) and let dry. The filter paper discs were then
placed on Staphylococcus aureus streaked MHA agar plates

oH
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3. Dilution of
brownish slurry with
distilled water.

Reflux system at various
tempuratures

7. Centrifugation Vacuum
dried (80 kpa, 9 hrs.)

FUNCTIONALIZED
GRAPHENE

and incubated (24 h) without inversion. Inhibition zones
of different diameters were observed around the discs and
were measured by measuring scale [52].

2.6. Adsorption isotherms

Adsorption isotherm describes how the solute parti-
cles interact with the adsorbent and assesses the distribu-
tion of a solute between the solid and the liquid phase by
measuring the distribution coefficient. To assume whether
the adsorption process was a single layer or multilayer
phenomenon several models are applied as discussed
below. The linear expression used to calculate Langmuir
isotherms is expressed by Eq. (3):

& = 1 + (LJ Ce
qe qmaxKL qmax

where C, (mg L) is the equilibrium concentration of
adsorbate, g, (mg g™) is the amount of adsorbate adsorbed
per unit mass of adsorbent, and q__ (mg g') and K
(L mg™) are the Langmuir constants related to maximum
monolayer adsorption capacity and energy change in

®)
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Fig. 3. Microbial isolation.

adsorption. Eq. (4) is the Freundlich equation used to calcu-
late adsorption capacity.

loggq, =logK, + (1JlogCe 4)
n

where C, (mg L) is the equilibrium concentration of the
adsorbate, g, (mg g™') is the amount of adsorbate adsorbed
per unit mass of adsorbent, and K, and n are Freundlich
constants, K, is the adsorption capacity of adsorbent and
n is an indicator adsorption process. Adsorption kinet-
ics experiments were conducted to investigate the effect
of contact time, to obtain the resulting kinetic parame-
ters and to represent the adsorption reaction. The fitted
conventional models of adsorption reaction are pseudo-
first-order rate, pseudo-second-order rate and intraparticle
diffusion model. Pseudo-first-order rate can be expressed
by Eq. (5), that is,

log(q, —q,) = logq, —kt 5)

where g, and g, is the amount of adsorbate adsorbed at
equilibrium and at time ¢, k; is the overall rate constant of
the reaction. Eq. (6) is describing the pseudo-second-order
rate:

Lo 1,1 ©)
a kg, gt

where k, (min™) and k, (g mg™ min™) are constants of adsorp-
tion rate, g, (mg g) is adsorption capacity at time ¢ (min),
q, is adsorption capacity at equilibrium conditions (mg g™).
To suggest the slow step involved in the adsorption pro-
cess the kinetics data is subjected to Boyd kinetics model
analysis [Eq. (7)].

B, =-04977 - In(1-F) @)

where F represents the fraction of solute adsorbed at any
time, ¢ (min), as calculated from F = q/q. Whereas, intra-
particle diffusion model [Eq. (8)] empirically noted that
uptake varies almost proportionally with #'? rather than with
the contact time, t, according to this theory,

q,= k,.JZ +C, (8)

where k, (mg g™ min™) is intraparticle diffusion constant
C, is the constant which describes the boundary layer
effect. In this research, R? values are high which means the
intraparticle diffusion model plays an important role in
the adsorption process [53,54].

3. Characterization techniques

Characterization techniques used were Fourier-
transform infrared spectrophotometer (FTIR-8400 Shimadzu,
Japan) and X-ray fluorescence spectroscopy (XRE-HITACHI
X-MET8000 Expert Geo). The former technique was
employed to identify organic functional group linkages in
synthesized graphite composites within the transmittance
range of 400—4,000 while the latter technique was used as
a non-destructive analytical technique with an elemental
range from Mg-U respectively. The calibration selected for
the analysis was ALLOY-LE-FP.

4. Schematic layout of synthesized composites and its
applications

Fig. 4 is the graphical layout displaying the over-
all synthesis of GO, its functionalization with metals and
their application for the removal of dye (MG), metal ions
(Cd?*") and anti-microbial affinity.

5. Results and discussion
5.1. FTIR spectroscopy

All the synthesized samples are analyzed by FTIR and
the spectra reveal that C=C is attributed to the inherent
chemical bonding in graphite and noteworthy changes
in O-H and C=C stretching peaks is attributed to the suc-
cessful in-situ wedging process (Hummers Method) of
graphite [55] (Figs. S2-S5). Stretching of the carbon bonds
as shown in FTIR spectra of GO(c) are actually provid-
ing room for the attachment of Ag and Cu metal particles
(Fig. 5) by means of a covalent coupling or electrostatic
interaction [56].

Peaks at 1,386 cm™ of GO(c) is corresponding to the
dimeric COOH groups attached by hydrogen bonding to
the hydroxyl group [57]. All the O-H groups present in the
proximal vicinity of graphite have the tendency of being
hydrogen-bonded, and their cumulative intensity results
in a deeper and broader OH peak. The broad stretching
peaks around ~3,700 to 3,000 cm™ are the hydroxyl groups
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demonstrating the absorbed water molecules, OH from
carboxylic groups or phenolic OH of GO [58,59] as shown
in Fig. 5. These are the fundamental spectral changes that
ensure the widespread oxidation of graphitic structure into
graphene oxide [60].

The spectra of synthesized composites show a note-
worthy decreasing trend in the sharpness and broadness
of hydroxyl peaks as compared to that of precursors, that
is, GO(c). It can be attributed to a higher concentration of
metal ions due to functionalization, which replaced the
hydroxyl group and get attached to the vacant sites thus
decreasing the broadness of OH peaks [61].

5.2. XRF spectroscopy

The results obtained by XRF spectroscopy ensure the
formation of the desired compound and are discussed as
follows.

The presence of higher percentages of Mn in sample
GO(c) is attributed to the addition of KMnO, during the
exfoliation process that got subsequent reduction when
GO(c) undergo metal functionalization [62,63].

The higher percentage of Cu in sample CuGO(c) shows
the functionalization of graphene oxide with Cu metal.
No sulfates were detected in the analysis of this sam-
ple which depicts that the Cu metal is get attached to the
GO leaving sulfates in the supernatant layer [64,65].

The higher percentage of Ag in sample AgGO(c) shows
the functionalization of graphene oxide with Ag metal
(Table S1). No sulfates were detected in the analysis of this
sample which depicts that the Ag metal is get attached
to the GO leaving sulfates in the supernatant layer [66,67].

5.3. Scanning electron microscopy characterization

The microstructure of GO synthesized from graph-
ite is observed with scanning electron microscopy (SEM)
at magnifications of X20 as shown in Fig. 6. It is observed
that particle size reduction has a significant effect on GO.
As observed, the splitting of graphite stacks into layers is
evident. The layers within the layer are further disassem-
bled and a more crumpled structure is observed. This is the
consequence of surface area (due to particle size reduction)
that allows efficient oxidation and amorphization during
the process as well as decreases the crystallinity of GO [68].

5.4. Adsorption studies

Adsorption studies as a function of time and initial
concentration are considered to elucidate the adsorption
phenomena. A close batch experimental system of 60 min
with a time-lapse of 5 min is designed for the removal of
dye and metal ions (MG and Cd* ions). Effect of different
parameters, that is, time and initial concentration are studied
while keeping the adsorbent dose (20 mg) constant.

For studying varying parameters stock solution of
adsorbate is prepared in 500 mL distilled water. Aliquot of
0.01, 0.03, and 0.05 ppm and 0.1, 0.3 and 0.5 ppm of MG and
Cd* respectively are taken separately. All the experiments
are performed twice and are characterized using UV-Vis
spectrophotometer (UV-1601 Shimadzu, Japan) and flame

atomic absorption spectrophotometer (Shimadzu, Model-
A7000F, Japan). The removal percentage of pollutants and
adsorption capacity has been studied using Eqs. (9) and (10),
respectively.

C.-C,
: 9
c ©)

%Removal =

qmax = (10)

m

where C, and C, are the initial and final concentrations of
adsorbate ions (mg L), V'is the volume of adsorbate (L) and
m is the mass of adsorbent (g). All experiments were carried
out in duplicate and the mean values of g, were reported.
Standard derivation was deduced for each experimental
system by using the following formula:
SD.=Y (x-x)2n-1 (11)
where x is the sample mean (number 1, number 2) and # is
the sample size.

5.4.1. Batch studies for the removal of azo dyes

The average active equilibrium for the dye (MG) is
recorded between the time intervals of 40-55 min. The
best composite for the removal of MG at all the concentra-
tions, that is, 0.01, 0.03 and 0.05 ppm is CuGO(c) with the
%R value of 98%, 82%, and 78% respectively. Eq. (12) shows
the sequence showing the capability of composites for the
removal of Malachite green.

CuGO(c)98% > AgGO(c)89% (12)

5.4.1.1. As a function of time

There are many factors that are attributed to the varia-
tions in the equilibrium interval of the adsorbents (AgGO,
CuGO). Mainly the porosity of the adsorbent, as well as
the number of available binding sites, play the role of valu-
able factors that governs the phenomena of adsorption
[69]. As the contact time increases, more adsorbate mole-
cules (MG dye) are subjected to the available vacant sites of
adsorbent and after attaining the dynamic equilibrium there
is usually a decrease in the removal efficiency because an
increase in the contact time leads to the saturation of avail-
able active binding sites causing a repulsive tension among
the molecules of adsorbate and adsorbent for the transfer
of molecules (Fig. 7) [70]. The adsorption in graphene oxide
is endothermic basically due to —-OH sites that support
the hydrophobic interaction as stated in the literature [71].

5.4.1.2. As a function of initial concentration

The finding of the experiment shows that the %R
is inversely related with the initial concentration of the
adsorbate (MG dye), so the removal efficiency showed a
decreasing trend with the increase in the initial concentration
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Fig. 6. SEM image of graphene oxide (GO).

of the MG dye, that is, %R is highest at 0.01 ppm and low-
est at 0.05 ppm. This decreasing trend can be due to the
unavailability of active binding sites of adsorbents (AgGO,
CuGO) [72].

5.4.2. Comparison of adsorption trends of both
(cationic and anionic) dyes

Batch analysis of GO(c) was carried out for the pre-
dicting removal percentage with both dyes. The CuGO
composite showed a 98% removal percentage for MG as
compared to Congo red (32%) respectively. The same adsorp-
tion trend was observed throughout the batch experiments
(%R of MG > %R of CR) because GO has good adsorption
capability due to the presence of hydrophilic sites on its
surface [73]. It can be noted that with the addition of cap-
ping agents like metals, the adsorption capacity, as well as
the retrieval capability of the adsorbent, is increased tenth
folds as compared to GO from the sample solution due to its
hydrophilic exterior and hydrophobic interior surface.

The functionalized GO was compared with various
other adsorbents in cited literature [74]. Results supported
functionalized GO as a good adsorbent of cationic dyes as
compared to anionic dye (CR) [75,76].
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5.4.3. Batch studies for the removal of heavy metals

Similarly, the functionalized GO was also used as an
adsorbent for Cd* removal as a lab-based application.
The dynamic equilibrium for adsorptive removal of Cd*
metal ions was observed between the time interval of
40-55 min. The best removal of Cd* metal ions is done by
AgGO(c) at all concentrations, that is, 0.1, 0.3 and 0.5 ppm
with the removal efficiency of 94%, 82% and 72% respec-
tively (Fig. 7). Eq. (13) shows the adsorptive trend for the
removal of Cd?* ions.

AgGO(c) 94% > CuGO(c) 84% (13)

5.4.3.1. As a function of time

The adsorption experiment was conducted as a function
of time. Results showed that as the contact time increases,
the exposure of Cd* metal ions to the active binding sites
of the composites also increases. The %R always increases
with the increase in contact time till the equilibrium point,
also supported by a literature review [2].

5.4.3.2. As a function of initial concentration

An adsorption experiment was also conducted as a
function of concentration. Results (Fig. 8) showed that the
removal efficiency is in inverse relation with the initial con-
centration so that the removal efficiency decreases with
the increase in the initial concentration of the adsorbate
(Cd* metal ions).

It can be seen from Fig. 8, the removal efficiency of
functionalized GO is maximum at 0.1 ppm while at 0.3
and 0.5 ppm, a gradually decreasing trend is observed
which is attributed to the saturation of active binding sites
and the availability of limited pores of adsorbent (AgGO,
CuGO). The number of binding sites and the porosity of
the adsorbent depends upon the structure and chemical
composition of the synthesized product [77].
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Fig. 7. Effect of time on the adsorption of Malachite green by (a) AgGO(c) and (B) CuGO(c).
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Fig. 8. Effect of time on the adsorption of Cd by (a) AgGO(c) and (b) CuGO(c).

5.4.4. Standard derivation

Standard derivations of all the adsorption processes
towards MG and Cd?* are calculated and reported in Table 1.
The percentage removal is highly significant and lies within
the range of 0.08-0.2 using the Excel tool.

5.5. Antibacterial susceptibility test

The anti-bacterial properties of GO and its function-
alized composites (AgGO, CuGO) was also analyzed
Results showed that the measurements of inhibition zones
recorded for GO are within the scale and thus, approv-
ing the anti-bacterial properties of GO in comparison to
functionalized GO due to synergistic effects for the sus-
ceptibility for bacterial species as summarized in Table 2
(Fig. S6). Although the exact mechanism of antibacterial
effects of GO and synthesized adsorbents has not been
entirely clarified and various antibacterial actions have
been proposed.

Owing to electrostatic attraction and affinity to sulfur
proteins, GO and modified GO can adhere to the cell wall
as well as the cytoplasmic membrane of Staphylococcus
aureus. The adhered ions can enhance the permeability of
the cytoplasmic membrane and lead to disruption of the
bacterial envelope. This uptake may lead to the deactiva-
tion of respiratory enzymes and interrupt the functioning
of adenosine triphosphate-ATP production by generating
reactive species resulting in the provocation of cell mem-
brane disruption and deoxyribonucleic acid (DNA)
modification [78].

5.6. Adsorption isotherms and kinetics

Adsorption isotherms determine the distribution pat-
tern of the molecules among the solid and liquid phases
whenever they are subjected to adsorption specifically at the
interval of dynamic equilibrium. The surface chemistry and
the affinities of the synthesized adsorbents were insight by
using renowned adsorption models proposed by Langmuir,
Freundlich, intraparticle diffusion model and Byod plot.

Table 1
Standard derivations of all adsorption systems

Adsorbents Concentrations %R Standard
(ppm) derivation
0.01 88 0.084
AgGO(c)-MG 0.03 81 0.261
0.05 76 0.265
0.01 98 0.034
CuGO(c)-MG 0.03 82 0.100
0.05 78 0.271
0.1 94 0.027
AgGO(c)-Cd* 0.3 82 0.065
0.5 72 0.052
0.1 84 0.083
CuGO(c)-Cd* 0.3 73 0.058
0.5 69 0.057

Table 2
Anti-bacterial assessment results

No. Synthesized Inhibition zone
adsorbent measurement (mm)
1. GO 15
. AgGO 26
3. CuGO 20

The models were applied to determine the best fitness of
experimental data and to access the thermodynamics of the
adsorption process [79].

Various parameters such as k,, g, and R*> were calculated
for studying the best fitness approach of experimental data
with applied models. It is evident from the summarized
results in Table 3 that Langmuir and Freundlich isotherm
models seem to be very well fitted with the value of regres-
sion coefficient >0.9 ensuring single as well as multi-layer
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Table 3
Summarized results of adsorption models and kinetics

Models Malachite green Cadmium
Parameters AgGO(c) CuGO(c) AgGO(c) CuGO(c)
d. (Mg g™ 8.92 8.08 2.10 3.24
Langmuir model KL (p.g'l) 0.30 0.70 0.08 0.40
R? 0.82 0.99 0.96 0.95
Freundlich model K, (mg g™)/(mg L)V -0.15 -0.37 -0.22 -0.55
1/n 2.18 1.61 1.23 1.27
R? 0.94 0.99 0.90 1
Pseudo-first-order R? 0.84 0.93 0.94 0.93
Pseudo-second-order R? 0.99 0.70 1 0.70
Boyd model R? 0.77 0.30 0.83 0.83
Intraparticle diffusion model K, (mg g™ min™) 0.02 0.04 0.010 0.013

adsorption trend [80] (Figs. S7 and S8). The regression
coefficient of Boyd plots confirms that the adsorption mech-
anism is governed by external mass transport where adsor-
bate ions travel within the pores of the adsorbent excluding
a small amount of adsorption that occurs on the exterior
surface of the adsorbents (AgGO, CuGO) [81] (Fig. S9).

Kinetic studies is carried out by studying pseudo first
and second order kinetic models. Results showed that
pseudo-second-order reaction mechanism is well suited
as compared to pseudo-first-order. The linear plots of t/g,
and ¢ of pseudo-second-order shows the positive relation
with R? < 1 [59] as compared to pseudo-first-order [82]
(Figs. S10 and S511).

The results of the intraparticle diffusion model are
divided into three-step adsorption processes and graphs
plotted with g, vs. t°° are recorded for all the experimen-
tal systems. The diffusion in the meso- and micropores
is represented by the two or multi-linear plots. The first
step with a sharp slope confirms the external surface
adsorption, the second step with a gradual slope demon-
strate the intraparticle diffusion, and the third portion
is the final step is the equilibrium stage where intrapar-
ticle diffusion starts to slow down due to extremely low
adsorbate concentrations in the solution. The values of
slope and intercept give an idea about the thickness of the
boundary layer, that is, the larger the intercept, the greater
is the boundary layer effect. The deviation of straight
lines from the origin maybe because of the difference
between the rate of mass transfer in the initial and final
stages of adsorption. Further, such deviation of a straight
line from the origin indicates that the pore diffusion
is not the sole rate-controlling step [83] (Fig. S12).

6. Conclusion

Current research work is based on a synthesis of a
very environmentally friendly gel composite based on GO
and its functionalization with metal particles (Cu, Ag) for
wastewater treatment. adsorption experiments were car-
ried out at various parameters and %R percent removal was
calculated. The results supported efficient removal of MG
and Cd* ions (94% and 98%) by GO and functionalized GO

respectively. Kinetics study also favored pseudo-second-
order along with best fit Langmuir and Freundlich iso-
therms for the experimental data. The three steps sorption
process was noticed using the intraparticle diffusion model
with an external mass transport mechanism (the Boyd plot).
GO also possess antibacterial properties due to the efficient
removal of Staphylococcus aureus species from wastewa-
ter. Hence, it is concluded that the functionalized GO had
the highest multilayer adsorption capacity as (8.92, 8.08)
compared to other adsorbents.

Recommendations

Graphene can be explored further by functionalizing
with the efficient materials, that is, polymers, metals, copo-
lymers, etc. and can be characterized using more accurate
techniques for the evaluation of the capabilities of these
micro materials. Derive the approaches for the synthesis of
defect-free graphene that could yield more effective prod-
ucts upon functionalization. Eco-paving, the introduction
of graphene entities in drug delivery and cancer treatments,
and designing the devices based on graphene can harness
the energy for a sustainable future.
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Appendix A: Supplementary data

Fig. S1. Catalase test.

0.2
03
0.4 -C=C \
0.5
0.6
0.7

Transmittance

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm™)

Fig. 52. FTIR spectra of graphite cells.
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Fig. S3. FTIR spectra of graphene oxide-cells.

Table S1
XREF results composition indicated as %ages

No. Metals G(c) GO(c) AgGO(c) CuGO(c)
1. Cu 0.44 - 0.12 51.52
2. Ag - 0.07 60.15 -
3. Ti 3.66 0.09 0.12 -
4. Co - - - -
5. Cr - - - -
6. Fe 60.85 - 0.23 -
7. Mn 1.44 98.66 38.07 47.91
8. Pd 6.22 0.15 0.25 0.08
9. Si 6.97 0.45 0.57 0.37
10. Zn 4.31 - 0.04 -
11. S 1.52 0.46 0.04 0.05
12. w - - - 0.07
13. Au 2.04 - - -
14. Nb 0.67 0.02 - -
15. Ni 1.55 - - -
16. Se - - 0.05 -
17. Zr 1.30 - - -
18. Sb 2.49 - 0.20 -
19. Sn 2.12 0.11 0.16 -
20. Cd - - -
21. Mo 0.46 - -
22. As 3.55 - -
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° 0.5
§ 0.6 c0 c-o
'g 0.7 ¢ N-\ \ \ ]
§ 08 C-C=0
= 09 C-OH
3820 3320 2820 2320 1820 1320 820 320
Wavenumber (cm)
Fig. S4. FTIR spectra of AgGO(c).
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Fig. 5. FTIR spectra of CuGO(c).
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Fig. S6. Anti-microbial (a) AgGO(c), (b) CuGO(c) and (c) GO(c).
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Fig. S510. Pseudo-first-order kinetics.
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Fig. S12. Intraparticle adsorption model.
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