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Abstract This study reveals the feasibility of exploring
highly efficient, cost-effective, and stable green adsor-
bents for the treatment of contaminated water. Here
silver nanoparticles (AgNPs) were immobilized onto
nanosheets of graphene oxide (GO) through in situ
reduction process using green tea aqueous extract. GO
reduction to reduced graphene oxide (rGO) and AgNPs
decoration on rGO also occurred simultaneously. The
impacts of the extract concentration, contact time, and
temperature on the synthesis process have been investi-
gated. The synthesized nanocomposites were examined
by XRD, FTIR, Raman, SEM, TEM, and TGA. The GO
nanosheets were decorated by AgNPs with a crystalline
structure and an average particle size of 25+ 3 nm. The
temperature and the extract concentration were consid-
erably affecting the type of the resulting nanocompos-
ites. The GO/Ag nanocomposites were formed at room
temperature (27 °C) using different extract concentra-
tion (2—18% (v/v)), while the rGO/Ag nanocomposite
was formed only at a higher temperature (95 °C) with
higher extract concentration (18%). The methylene blue
(MB) dye was picked as a water pollutant to explore the
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adsorption ability of the nanocomposites. The adsorp-
tion behavior of the GO/Ag nanocomposites was exam-
ined under diverse factors (MB concentration, adsorbent
dosage, pH, and contact time) to achieve optimization.
The adsorption data concurs with Langmuir isotherm
giving maximum adsorption up to 633 mg g_'. Adsorp-
tion kinetics demonstrate good pseudo-second-order
compliance. Spontaneous and endothermic nature of
adsorption was affirmed via thermodynamic parameters.
The nanocomposites could be utilized as eco-friendly
and reliable adsorbents in wastewater treatment, as a
result of their exceptional productivity and reusing
potential.

Keywords Nanocomposites - Green tea - Silver
nanoparticles - Dye removal - Adsorption isotherms -
Kinetics

Introduction

Metal nanoparticles play a critical role in various
applications as they exhibit impressive mechanical,
electrical, catalytic, and magnetic properties due to
their considerably high surface area and small size
relative to the bulk counterparts (Razzaque et al.
2016). Silver nanoparticles (AgNPs) are enormously
used in many applications (e.g., medical, cosmetics,
catalysis, pharmaceutical, energy, hardware, and wa-
ter treatment) due to their remarkable chemical,
physical, and biological properties (Salem et al.
2015; Aboelfetoh et al. 2017). AgNPs can be
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manufactured using a variety of methods, including
chemical reduction, photochemical reduction, elec-
trochemical techniques, microemulsion, microwave,
sonochemical, laser ablation, and <y-radiation
(Beyene et al. 2017). Notwithstanding the efficiency
of these techniques, they relate to certain constraints,
such as toxic chemicals, high operating costs, and
energy needs. In addition, the presence of a stabiliz-
er is usually necessary in order to avoid excessive
accumulation of the nanoparticles formed (Lee and
Jun 2019). As a result, there is a growing need to
replace these methods with facile, cost-effective, and
environmentally friendly systems. Recently, green
chemistry has become a focal topic to protect our
global environment. Green metal nanoparticle pro-
duction using natural product extracts is a promising
development that would address the obstacles en-
countered in chemical methods so far (Rolim et al.
2019; Dhugosz et al. 2020; Ismail 2020). The syn-
thesis assembly of AgNPs using plants has received
widespread attention (Hashemi et al. 2020). This is
because plant-mediated synthesis is environmentally
friendly, readily accessible, inexpensive, yields the
highest quantity of nanoparticles, and has a broad
variety of metabolites that help to effectively reduce
silver ions (Rolim et al. 2019). In addition, the
extraction of non-toxic plants for the synthesis of
nanoparticles produces natural capping agents
(Beyene et al. 2017). Green tea, commonly known
as Camellia sinensis, is one of the most popular
beverages in people’s daily lives, on account of its
taste, smell and health effects (Lee et al. 2014). It
contains various polyphenolic ingredients, the most
widely perceived properties of polyphenols are the
antioxidant properties that outcome from their ca-
pacity to sequester metal particles and to rummage
reactive oxygen species (Lee et al. 2014). The use of
green tea is therefore known to reduce the risk of
various cancers, such as lung, kidney, throat, and
stomach cancers (Hou et al. 2013; Fujiki et al.
2018). Recently, tea extract was used to effectively
reduce noble metal ions and served as a shielding
agent for nanoparticles (Sun et al. 2014; Rolim et al.
2019).

Industrial wastewater contains various contami-
nants, and synthetic dyes are one of the most sub-
stantial pollutants in wastewater for their widespread
use (Konicki et al. 2017). Due to their non-degrad-
ability, carcinogenicity, and mutagenicity,
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eliminating dyes from discharged water are of great
concern. Different techniques were connected for the
expulsion of these pollutants from contaminated wa-
ter (Aboubaraka et al. 2017; Kooh et al. 2016;
Aboelfetoh et al. 2017). Adsorption is regarded to
be the most popular, effective, and economic meth-
od used for the expulsion of various contaminants
from water (Gemeay et al. 2018b; Aboelfetoh et al.
2018). In water treatment plants, the application of
nanomaterials has attracted significant attention be-
cause of their large surface areas and more active
functionalized sites (Konicki et al. 2017). Currently,
there is an incredible concern of graphene oxide due
to its accessibility in mass production, easily
functionalization in chemical reactions, and high
dispersal in water, beside the layered structure with
a very large particular surface area (Haldorai et al.
2014; Lightcap et al. 2010). Graphene oxide (GO)
nanosheets bear various surface groups, for exam-
ple, carboxyl, hydroxyl, epoxide, and carbonyl.
These groups permit GO nanosheets to be all around
scattered in water to yield a colloidal stable solution.
(Shao et al. 2015). These particular preferences
make it appealing to various applications (Kumar
et al. 2013). Considering the superior individual
properties of GO and AgNPs, the combination of
GO and AgNPs could yield incredible characteris-
tics. Some approaches have been done to synthesize
nanocomposites of metallic nanoparticles and GO by
depositing metallic NPs on GO nanosheets through
physical adsorption (Huang et al. 2010) or by in situ
reduction of metallic salts on GO nanosheets (Huang
et al. 2016). Unfortunately, various synthesis tech-
niques are heavily dependent on the use of organic
solvents, harmful reducing agents, and stabilizers
that pose ecological and biological risks (Hebeish
et al. 2010). This research focuses on preparing new
adsorbents with high adsorption capacity through
the eco-friendly approach. We assessed the use of
green tea aqueous extract as a productive reductant
and safe capping agent in an in situ reduction pro-
cedure for synthesizing AgNPs on GO and rGO
nanosheets. Synthesized adsorbents are utilized to
capture MB, a common pollutant dye, from aqueous
solutions. Therefore, the purpose of this work is to
recognize the variables that affect the adsorption
process and to pick suitable adsorbents with the goal
of making it possible to reuse the industrial waste-
water effectively.
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Experimental
Materials

Graphite powder was obtained from Jodex (England).
H;5PO4 (85%), H,SO4 (98%), HCI (37%), H,0, (30%),
KMnO,, and NaOH were acquired from Fluka. AgNO;
was collected from Sigma-Aldrich (99%). MB
(C16H13CIN5S), mol. wt. =319.85 g mol ' was acquired
from Across. All chemicals were utilized as given with-
out purification. Following standard procedures, dilu-
tion and standard solutions were rendered using double-
distilled water.

Synthesis of GO

Graphene oxide (GO) was prepared as stated before
(Huang et al. 2011). Typically, 3 g of graphite is blended
with concentrated H,SO4/H;PO,4 (320:80 mL) using a
magnetic stirrer. After adding KMnO, (18 g) gradually
in an ice bath, the mixture was left stirring for 3 days at
room temperature. The color of the mixture changed
from dim purplish green to dull cocoa. The H,O, solu-
tion is added to stop the oxidation reaction, the color of
the mixture changed to yellow. To remove any leftover
salt, the residue was washed with HCI (20%) and after-
ward re-dispersed in distilled water. The washing pro-
cedure was completed using decantation of the superna-
tant. The obtained gel was dried at 60 °C for 24 h.

Preparation of the green tea extract

Ten grams of dry leaves of green tea was blended with
100 mL of refined water for 30 min at 50 °C. The
residue was secluded, and the pure extract was acquired
by centrifugation at a speed of 6000 rpm. The resultant
extract stored at — 20 °C preceding utilization.

Synthesis of nanocomposites

Scheme 1 summarizes the in situ immobilization
of green synthesized AgNPs onto GO and rGO.
GO/Ag nanocomposites were created in situ by
reducing Ag ions in the presence of GO by in-
cluding a particular volume of aqueous green tea
extract. A typical reaction mixture contains 0.12 g
of GO in 50 mL distilled water sonicated for 1 h,
accompanied by adding AgNO; solution (0.01 M)
and a certain volume of aqueous extract, and the

all-out volume was regulated to 100 mL by dis-
tilled water. The concentrations of the extract
ranged from 2 to 18% (v/v) to maximize AgNP
formation. At room temperature, the consequent
suspension was disturbed for 2 h. The synthesized
samples were purified via centrifugation and
washed considerable times utilizing distilled water,
ethanol and dried out at 50 °C for 48 h. The
synthesized materials were assigned in the text as
GO/Ag-2, GO/Ag-6, GO/Ag-9, and GO/Ag-18,
where the numbers refer to the extract concentra-
tions (%). To assess the impact of temperature and
time on the reduction procedure, the mixture of
GO and AgNO; was refluxed at 95 °C for 2 and
24 h with 2% and 18% extract, respectively. The
resultant composites were then isolated and
washed well with water to expel the excess ex-
tract. The obtained samples were named as GO/
Ag(2R)-2, GO/Ag(24R)-2, and GO/Ag(24R)-18
where the symbol 2R and 24R denote the reflux
time 2 and 24 h, while the number 2 and 18 refers
to the extract concentration. Similarly, to study the
impact of extract concentration on the reduction of
GO, the above experimental procedure was com-
pleted by refluxing aqueous solution of GO at
95 °C for 24 h using 2 and 18% extract without
adding AgNO;. The obtained samples were labeled
as GO(24R)-2 and GO(24R)-18. The detailed con-
ditions, specific surface areas and the abbreviation
symbols of all synthesized materials are listed in
Table 1.

Characterization methods

The morphology and the structure of the prepared sam-
ples were characterized by SEM (DSM 982 Gemini)
and TEM (JEOL-2010). XRD patterns were gathered on
MXP-18 diffractometer outfitted with CuK« radiation.
FTIR spectra were recorded using Perkin Elmer 1430.
Raman spectrum was conducted on HR Evolution Ra-
man spectrometer (Japan) with excitation laser wave-
length of 514 nm. TGA examination was estimated
utilizing TGA-50 (Shimadzu) in the presence of N, at
a heating rate of 15 °C/min. The zeta potentials of the
synthesized nanocomposite were resolved at various pH
using Malvern Zetasizer 2000. The concentration of MB
color was measured using the spectrophotometric meth-
od utilizing Cary 400 UV-visible spectrophotometer
(Amax = 665 nm).

@ Springer



355 Page4 of20 Environ Monit Assess (2020) 192: 355

Scheme 1 In situ immobilization O5-OH
of green synthesized AgNPs onto
GO and rGO (a) and the proposed
adsorption mechanism of MB (b)

— Electrostatic attraction
--- Hydrogen bond

= 7-7 interaction

Table 1 Synthesis conditions of the prepared samples and their calculated specific surface areas

Sample name Green tea extract conc. (v/v) % Stirring time (h) Temperature [AgNOs] Specific surface area
0 (mol L™) g
GO/Ag-2 02.0 2 27 0.01 1201.34
GO/Ag-6 06.0 2 27 0.01 1328.55
GO/Ag-9 09.0 2 27 0.01 1430.34
GO/Ag-18 18.1 2 27 0.01 1107.12
GO/Ag(2R)-2  02.0 2 95 (reflux) 0.01 -
GO/Ag(24R)-2  02.0 24 95 (reflux) 0.01 1129.28
GO/Ag(24R)-18 18.1 24 95 (reflux) 0.01 678.47
GO(24R)-2 02.0 24 95 (reflux) - 973.44
GO(24R)-18 18.1 24 95 (reflux) - 632.44
GO - - - - 1060.34
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Batch adsorption experiments

Adsorption examinations were done with varying initial
concentrations of MB aqueous solutions (9.5—
28.7 mg LY. For every run, a certain weight (1.1—
2.8 mg) of the prepared adsorbents was mixed with
distilled water (10 mL) and sonicated for 2 min., then
1.5 mL of MB solution was added, and the total volume
kept at 25 mL by distilled water. The solution pH was
set to optimum values using phosphate buffer with drops
of NaOH (0.1 M) or HCI (0.1 M). The mixture contin-
ued shaking, and the color concentration was evaluated
at time intervals employ UV-vis spectrophotometer. The
adsorption capabilities at equilibrium (g.) were resolute
by the accompanying Eq. (1):

qg:(Co—Ce)% (1)

where C, and C, are abbreviations for the initial and
equilibrium concentrations of MB (mg L™"). The ad-
sorption rate for MB color, i.e., the MB removal effec-
tiveness was determined using the following Eq. (2):

Co—C
Removal (%) = % x 100 (2)

where C; refers to the final concentration of MB
(mg L") at different times of adsorption process.

Results and discussion
Characterization of adsorbents
XRD

The XRD of GO and GO/Ag nanocomposites (GO/Ag-
2, GO/Ag-6, GO/Ag-9, and GO/Ag-18) displayed a
strong peak at 260 = 10.7° (d-spacing = 0.84 nm) indicat-
ing the presence of GO (Fig. la). By increasing the
extract concentration, the intensity of this peak de-
creased and new peaks at 260 =38.1°, 44.4°, 64.4°, and
77.6° appeared. These peaks are characteristic for
AgNPs (Kumar et al. 2013) and their intensities were
increased in this way GO/Ag-2 < GO/Ag-6 < GO/Ag-9
< GO/Ag-18 (Fig. 1a). The mean crystallite size of the
AgNPs was calculated by Scherer’s equation (Agnihotri
etal. 2014) and found to be ~ 25-28 nm. At low extract

concentration (2%), with a rise in the synthesis temper-
ature to 95 °C and time from 2 to 24 h, the intensity of
AgNPs has been increased along this direction, GO/Ag-
2 < GO/Ag(2R)-2 > GO/Ag(24R)-2 (Fig. 1b), and the
characteristic peak of GO with lower intensity is still
present. This may be indicated that the low extract
concentration (2%) was not enough to reduce GO to
rGO. Through rising the extract concentration to 18% as
for GO/Ag(24R)-18, the intensity of AgNPs increased
further and the characteristic peak for GO completely
vanished which affirms the reduction of GO to rGO. The
absence of the distinctive peak of rGO may be due to the
decoration of AgNPs and the disorder of the decorated
rGO sheets (Tang et al. 2013).

The influence of extract concentration and tempera-
ture on the reduction of GO was also investigated
(Fig. 2a). By refluxing the GO solution with 2% aque-
ous extract at 95 °C for 2 h (GO(24R-2), the intensity of
the characteristic peak of GO was decreased and a new
small broad peak at 20 =25.56° corresponding to rGO
emerged (Xiong et al. 2010). It may be due to the low
concentration of the extract, which is not adequate to
reduce GO altogether. Through increasing the extract
concentration to 18% at the same synthesis temperature
(95 °C) for 24 h as for GO(24R)-18, the characteristic
peak for GO entirely disappeared and only a significant
broad peak for rGO appeared at 26 = 25.56°.

Raman

Raman scattering is firmly sensitive to the electronic
structure and has turned out to be a basic tool for
portraying crystal structure, disorder, and deformities
in carbon-containing materials. For instance, the GO
reduction can appear in Raman spectra through the
adjustments in the band positions, and the relative in-
tensity of principle peaks, D and G (Sobon et al. 2012).
This information has been used to validate the reduction
of GO to rGO for sample GO/Ag(24R)-18, throughout
the in situ immobilization of AgNPs on the GO.
Figure 2b demonstrates the Raman spectrum of the
GO/Ag(24R)-18 nanocomposite. The spectrum displays
two noticeable bands at approximately 1342 cm ™' and
1586 cm ™', Such bands were allocated to the D and G
bands of rGO in that sample (Dubale et al. 2014; Sang
et al. 2017). In addition, the calculated D/G intensity
ratio for the GO/Ag(24R)-18 (Ip/lg) was 1.19. This
finding is quite close to a previous study published for
other rGO/Ag nanocomposite (Sang et al. 2017)
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confirming the reduction of GO to rGO in our nano-
composite, GO/Ag(24R)-18.

TGA

The thermal behavior of GO, rGO (GO(24R)-18), and
their composites with AgNPs (GO/Ag-2, GO/Ag-18,
GO/Ag(24R)-2, and GO/Ag(24R)-18) were examined
(Fig. 2c, d). In Fig. 2c, the TGA curve of GO clearly
shows three steps of weight loss. The first weight loss
happened below 100 °C because of the vaporization of
dampness from GO. The second weight loss of about
28 wt.% was at a temperature range (150-230 °C). The
enormous weight reduction in this temperature range
was connected with “the expulsion of oxygen-
containing functional groups” (Chook et al. 2012;
Konicki et al. 2017). Additionally, GO showed further
weight reduction between 450 and 620 °C, basically
because of the decomposition of the graphitic carbons
(de Moraes et al. 2015). The GO(24R)-18 sample shows
just a lesser weight reduction (6 wt.%) between 130 and
200 °C. This recognition may demonstrate that an enor-
mous bit of the oxygen functionalities was adequately
removed during the reduction procedure. For GO/Ag
nanocomposites (Fig. 2d), the weight loss in the range of
150-230 °C decrease from the GO/Ag-2, GO/Ag-18,
and GO/Ag(24R)-2 to be 25.5, 18.4, and 17.5 wt.%,
respectively. This indicates that by increasing the extract
concentration and the synthesis temperature (95 °C), the
fraction of oxygenic groups is reduced. In addition, the
GO/Ag(24R)-18 sample showed very small weight loss
(4 wt.%) in the range of 150-230 °C which is compa-
rable with the rGO sample (GO(24R)-18). This could
support the complete reduction of the oxygenic groups
by high extract concentration (18%) at 95 °C and the
formation of rGO/Ag nanocomposite. The findings of
TGA align well with those of XRD analysis. Moreover,
the high thermal stability of the nanocomposites may
also be due to the existence of AgNPs.

FTIR

The FTIR spectrum of GO (Fig. 3a) showed multiple
bands at 3400 cm ™', 1630 cm™ ', 1730 cm ™', 1050 cm ™,
and 1223 c¢cm !, allocated for -OH stretching, C=C
stretching, C=0 of the carboxyl group, and C-O
stretching of alkoxy and epoxy species, respectively
(Aboelfetoh et al. 2018), affirming the effective oxida-
tion of graphite. When AgNPs were immobilized on GO

nanosheets at room temperature, GO/Ag nanocompos-
ites (Fig. 3a) displayed spectra entirely like that for GO
with lower intensities and the carboxylic group’s C=0
vibration at 1730 cm ™' was diminished by rising the
extract concentrations. This may mirror the connection
between the carboxylic groups of GO nanosheets and
AgNPs by shaping a chemical bond or electrostatic
attraction, which was reliable with a comparative previ-
ous study (Shao et al. 2015). The significant shift of
bands and the appearance of small bands at 2920 and
2852 cm !, especially at higher extract concentrations,
may confirm the effective recombination of the func-
tional groups of green tea extract with GO/Ag nanocom-
posites, thereby improving the stability of nanocompos-
ites (Liu et al. 2017). These results are consistent with
previous reports showing the existence of green tea
polyphenols as a stabilizer for the AgNPs surface
(Rolim et al. 2019; Roénavari et al. 2017).

With respect to the green reduction of GO in presence
of 2% extract at high temperature, FTIR of GO(24R)-2
showed a pronounced rebate in the intensity of OH band
(3400 cm™ ") and significantly changed the locations of
the characteristic GO bands (Fig. 3b). This is attribut-
able to the partial reduction of GO to rGO. Through
increasing the extract concentration to 18% as with
GO(24R)-18, the carboxyl group’s vibration band
(1730 cm™") disappeared completely and a new band
emerged at 1586 cm . This can be ascribed to the
skeletal vibration of C—C of rGO sheets (Hou et al.
2011), indicating a complete reduction of GO. In addi-
tion, GO/Ag(24R)-18 nanocomposite showed very
close spectra (not shown) to that for GO(24R)-18
supporting the reduction of GO to rGO in that sample.

SEM and TEM

SEM was utilized to describe the morphology of nano-
composites. As shown in Fig. 4, the SEM image of GO
(Fig. 4a) exhibits a layered structure. SEM clearly con-
firm the presence of spherical AgNPs on the surface of
GO/Ag-9 nanocomposite at low and high magnifica-
tions (Fig. 4b, c). Nonetheless, the GO/Ag-2, synthe-
sized with low extract concentration (2%) at room tem-
perature hardly show the AgNPs with a smaller size on
its surface (Fig. 4d). At the same extract concentration
(2%) by raising the temperature to 95 °C for 24 h, as for
GO/Ag (24R)-2, the presence of AgNPs was significant
with larger particle size than that synthesized at room
temperature (GO/Ag-2) (Fig. 4e). To validate the
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Fig. 3 FTIR spectra of a GO, and GO/Ag nanocomposites synthesized at 27 °C using different extract concentrations (%) and b GO,
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Fig. 4 SEM images of GO (a),
GO/Ag-9 at low magnification
(b), GO/Ag-9 at high magnifica-
tion (c), GO/Ag-2 (d), GO/Ag
(24R)-2 (e), and TEM of GO/Ag-
9 ®
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morphology seen in the SEM images, TEM was used to
visualize the structure of the nanocomposites. From Fig.
4f, Tt can be seen that GO has a crumpled structure and
that spherical AgNPs of 15—40 nm size were uniformly
distributed over the GO surface. These particles aver-
aged 25+3 nm in diameter, which is compatible with
the size of XRD. Moreover, the particle size of AgNPs
increases with some agglomeration, especially for nano-
composites that are prepared at a high temperature with
high extract concentration.

Effect of synthesis factors on the removal of MB

To explore highly effective adsorbents for MB elimina-
tion, the impact of the preparation factors was examined.
Table 1 shows the abbreviation symbols of the synthe-
sized samples.

Effect of extract concentration

The effect of GO/Ag nanocomposites prepared by dif-
ferent green tea extract concentrations (2—18%) at room
temperature on the MB removal rate was investigated
(Fig. 5a). It is probable that the green tea extract could
control not only AgNP growth rate but also the MB
removal rate. Increasing the extract concentration from
2 to 9% raises the removal percentage as per the next
order GO/Ag-2 < GO/Ag-6 < GO/Ag-9. This may be
indicative of the increase in AgNPs yield in that direc-
tion. This behavior is very much in line with the XRD
results which evidently reveal the growth of AgNP
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peaks as the extract concentration increased. Increasing
the extract concentration further (18%) as with the GO/
Ag-18, the removal efficacy decreases to 78% within
10 min. That may be due to aggregates of AgNPs with
smaller surfaces (Allen et al. 2010). The calculated
specific surface areas of the prepared nanocomposites
(Table 1) confirmed the above aspect.

It is interesting to state that the GO/Ag nanocompos-
ites showed removal effectiveness better than those for
GO. This may confirm the main role of AgNPs in the
adsorption process, where they considered being addi-
tional adsorption sites for MB dye alongside the avail-
able adsorption sites on the GO surface. Furthermore,
the presence of AgNPs affects the characteristics of GO
and improves the separation of prepared GO/Ag nano-
composites from the medium of reaction compared with
GO. This was agreed with previous research that AgNPs
had large areas to help adsorb organic colors on their
surfaces (Vidhu and Philip 2014; Gemeay et al. 2018a).
It was evident from Table 1 that the nanocomposites
being prepared (GO/Ag-2, GO/Ag-6, and GO/Ag-9)
had greater surface areas than those calculated for GO.

Effect of synthesis temperature and stirring time

Temperature and contact time were found to impact the
removal effectiveness of the nanocomposites (Fig. 5b).
The nanocomposites synthesized after 2 and 24 h in the
presence of 2% extract at high temperature (95 °C) such
as GO/Ag(2R)-2 and GO/Ag(24R)-2 showed lower re-
moval efficacy for MB than those produced at room
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Fig. 5 Removal efficacy of MB (22.10 mg L") in the existence of GO/Ag nanocomposites (2.3 mg) that formed at a 27 °C with varying
extract concentrations (%) and b 95 °C with 2 and 18% extract after 2 and 24 h
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temperature after 2 h (GO/Ag-2), where the adsorption
efficiency declines in this order, GO/Ag(24R)-2 < GO/
Ag(2R)-2 < GO/Ag-2. This can be due to the higher
temperature (95 °C) and the longer stirring time (24 h)
that accelerates the production of more AgNPs with
larger size as shown by SEM. Therefore, the surface
exposed to adsorption may be reduced. Moreover, the
GO/Ag(24R)-18, synthesized under these conditions
(18% extract, 95 °C, 24 h) showed much lower perfor-
mance than other nanocomposites. This may be due to
the presence of the AgNP clusters and the reduction of
GO to rGO as affirmed by Raman and TGA. Increasing
the surface coverage of green tea biomolecules could
also hinder the diffusion of MB on the GO/Ag(24R)-18
surface. Besides that, GO(24R)-18, which synthesized
at 95 °C in the presence of 18% extract displayed lower
removal effectiveness for MB than GO (Fig. 6a). This
could be due to the reduction of GO to rGO. While
GO(24R)-2 showed superior removal efficiency to that
reported for GO(24R)-18 (Fig. 6a), where GO is still
present with only partial reduction of GO to rGO in that
sample.

Effect of kinetic variables for the removal of MB
Effect of adsorbent dosage

The impact of the adsorbent doses on the elimination
effectiveness of MB by the selected nanocomposite,
GO/Ag-2, was appeared in Fig. 6b. It was found that
the increase in GO/Ag-2 dosage from 1.1 to 2.8 mg
enhances the adsorption of MB from 61.2 to 98.6%
within 5 min. This was due to an increase in adsorption
sites.

Effect of MB concentration

The adsorption ability of the selected nanocomposite
(GO/Ag-6) at various MB concentrations appeared in
Fig. 7. It was noticed that adsorption ability increased
from ~225 to 507 mg g ' when the MB concentration
increased from 9.5 to 28.7 mg L™, respectively. During
the initial 10 min, there was rapid adsorption that could
be ascribed to the availability of active adsorbent sites.
After that, the adsorption rate reduced bit by bit as the
equilibrium reached. The short equilibrium time mirrors
the effectiveness of the synthesized adsorbents and their
appropriateness for fast and quantitative removal of the
dye. Adsorption bends were smooth and continued until

@ Springer

saturation state showing the conceivable plan of mono-
layer inclusion on the adsorbent surface by dye mole-
cules (Ghaedi et al. 2012).

Effect of pH

The solutions pH mirrors a momentous effect on the
adsorption capacity of various adsorbents because of the
separation of diverse functional assemblies on the ad-
sorbent active sites and ionization of adsorbate materials
in solution (Chieng et al. 2015). MB adsorption analyses
using the selected nanocomposite (GO/Ag-6) were per-
formed within pH range 2-9 (Fig. 8a). It was found that
the adsorption efficiency increased with increasing pH.
The zeta potential values of the GO/Ag-6 in water were
measured at the same pH range (2-9) (Fig. 8b) to
investigate the magnitude and sign of the surface charge
density around the particles. It was negatively charged
over the entire pH range studied and the negative
charges enhanced with increasing pH. This could be
due to the ionization of functional groups (carboxylic
and/or hydroxyl) on the GO nanosheets. In accordance
with a previous study, the results indicated that when
AgNPs were immobilized on GO nanosheets, GO/Ag
nanocomposite had greater negative charge than that
recorded for GO at the same pH range, indicating that
GO-Ag nanocomposite was more stable than GO (Vi
et al. 2018). This due to the synergistic effects of GO
and biosynthesized AgNPs (Liu et al. 2017). Hence, at
high pH, the selected adsorbent (GO/Ag-6) gains its
higher negative charges. This increases the surface
charge density and consequently increases the adsorp-
tion of MB because of increasing electrostatic attraction
between negatively charged nanocomposite and posi-
tively charged dye (Scheme 1).

It has been reported that the coexistence of oxygen-
containing functional groups and aromatic sp> domains
allow GO nanosheets to participate in a wide variety of
bonding and interactions (Martinez-Orozco et al. 2013;
Konicki et al. 2017). Accordingly, a plausible mecha-
nism for MB adsorption procedure on the synthesized
GO/Ag nanocomposites has been deduced as shown in
Scheme 1. The disposal way of MB by GO/Ag nano-
composites could be via electrostatic interactions and
hydrogen bonding between carboxyl or hydroxyl sur-
face groups of GO with N atoms in dye molecules
(Heidarizad and Sengor 2016; Haque et al. 2019). Also,
the aromatic rings of the dye can interact with 7t elec-
trons of GO through 7t-7t electron coupling. This may
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explain the high efficiency of these substances in re-
moving the dye (Fig. 5a). While the removal of MB by
rGO/Ag nanocomposite (GO/Ag(24R)-18) may occur
primarily through 7t-7t interaction due to the removal of
most of the oxygen-containing groups. This would elu-
cidate the low removal efficacy of this sample compared
with the GO/Ag nanocomposites (Fig. 5b).

Regeneration and reuse study

The economic viability of using adsorbent materials to
exclude dyes from water solutions depends on their

potential for reuse and regeneration. The reuse potential
of the selected sample (GO/Ag-6) was studied for suc-
cessive adsorption/desorption cycles. The effective de-
sorption of MB dye from the spent adsorbent (GO/Ag-
6) was made by separating the adsorbent from the sus-
pension by centrifugation, followed by washing with
0.1 M NaOH, diluted ethanol, and distilled water. Before
further processing, the washed sample has been dried.
The adsorption efficiency of GO/Ag-6 was not compro-
mised after 4 cycles (Fig. 9). This shows that the synthe-
sized nanocomposites (GO/Ag) are remarkably reusable
adsorbents for expelling MB from water solutions.

Fig.7 The adsorption capacity of 600
GO/Ag-6 (1.10 mg) at assorted 550 ]
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Modeling of adsorption kinetics

The MB adsorption kinetics from aqueous solution to
the nanocomposite surface was inspected utilizing as-
sorted kinetic models “pseudo-1°-order, pseudo-2"%-or-
der, and intraparticle diffusion”. The pseudo-1*-order
model represented by the following Eq. (3):

In(g.—q,) = In(q.)—Kt 3)

The following symbols, ¢, (mg g ') and ¢. (mg g "),
denote the adsorption capacity of MB at any time ¢ and
at equilibrium, whereas k& (min ") alludes to the rate
constant “pseudo-1*-order model”. The equation of the
pseudo-Z"d-order was formulated as follows (4):

4 kq  q.

where k» (g mg ' min ") is an abbreviation for the rate
constant “pseudo-2"%order model”. The rate constant
for every adsorption model was computed and outlined
in Table 2. From this table, it appears that the kinetic
information fits perfectly with the pseudo-2"%-order
equation (Fig. 10a), as shown by the higher correlation
coefficients (R?). In addition, the calculated . values for
“the pseudo-2"%-order” were deeply matched to the
experimental data. For more information about the ad-
sorption mechanism and the rate dominant steps, the
data were additionally examined utilizing the intra-
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particle diffusion model (Aboelfetoh et al. 2018). This
model was labeled by the subsequent equation (5):

g =Ky P+ C (5)

where K, refers to the intra-particle diffusion rate
(mg g' min"*?) and C is a constant which affords
data about the boundary layer thickness. Figure 10b
demonstrates the plots of g, versus /> of the adsorp-
tion data for various concentrations of MB. The plots
offer two linear segments far from reaching the origin
point which illustrate that intraparticle diffusion is
not the rate-limiting stage. The two intersecting sec-
tions show that adsorption takes place in two stages.
The first section depicts the outer surface diffusion
while the other one describes the diffusion through
the inner surface. According to the fact shown in
Table 2, the external diffusion over the adsorbent
surface (GO/Ag-6) is a very fast step followed by a
fully slow diffusion into the internal surface (Gao
et al. 2013; Yang et al. 2016). It has been found that
kp1 > ky> and increases with increased concentration
of MB. This proposed that the adsorption process
was ruled by the outer mass transport of MB parti-
cles. According to SEM and TEM results, the syn-
thesized nanocomposites were in a form of thin
sheets. In this way, the MB molecules can be
accessed and adsorbed promptly on the functional
surface groups in line with a previous study (Li
et al. 2013b).
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Thermodynamic study

To get more information about the energy changes re-
lated to the adsorption process, the thermodynamic pa-
rameters “AG°, AH°, and AS°” for MB adsorption on
selected adsorbents were assessed using these equations
(6 and 7).

AG = RTn (q,/Ce) (6)

Cycle number

In (q./Ce) = AS"/R-AH' /RT (7)

where go/C., R (8.314 J mol ' k"), and T (in kelvin)
refer to the distribution coefficient, gas constant, and the
absolute temperature separately. The calculated values
of these parameters (AG®°, AH®, and AS®) were record-
ed in Table 3. The negative estimations of AG° demon-
strates the spontaneity and feasibility of the adsorption
process. The values of AG® for GO/Ag nanocomposites
such as GO/Ag-9 and GO/Ag-2 were more negative

Table 2 Parameters of kinetic models at different initial MB concentration for the adsorption of MB onto GO/Ag-6

MB (mg L")  Pseudo-first-order model

geexp(mgg ') gecal(mgg ) K (min)
09.5 226 235 0.041
13.5 318 37.0 0.038
16.0 347 55.4 0.057
22.1 392 435 0.042
28.7 508 49.0 0.035
MB (mg L")  Intra-particle diffusion model

Kpi (mg g ' min *%) Ci(mggh
09.5 33.50 84.64
13.5 40.14 137.32
16.0 54.72 166.47
22.1 72.43 128.55
28.7 97.76 263.90

Pseudo-second-order model

R’ Q- cal (mg g ) Ky (gmg'min") R’

0.8402 227 0.0071 0.9999
0.7519 320 0.0027 0.9998
0.8233 349 0.0024 0.9998
0.7565 394 0.0025 0.9999
0.7044 510 0.0021 0.9999
R’ Ky (mg g ' min®%)  C,(mgg™) R’

0.9680 1.809 207.93 0.9061
0.9880 5.325 266.87 0.9372
0.9961 6.148 287.12 09161
0.9902 5.844 335.89 0.9460
0.9904 6.605 437.90 0.9762
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Fig. 10 The pseudo-2"-order plot (a) and the particle diffusion plot for MB adsorption on GO/Ag-6 (b)

than those of rGO/Ag nanocomposite (GO/Ag(24R)-
18) and reduced graphene oxide (GO(24R)-18), sug-
gesting more favorable adsorption of GO/Ag nanocom-
posites. In addition, with the increase in temperature
these values become more negative, suggesting that
the adsorption process is more desirable with tempera-
ture. The positive values of AH° for all adsorbents
demonstrate the heat-absorbing nature of adsorption
(Sharma et al. 2013). The positive AS° values indicate
the increased randomness at the interface of solid/
solution.

Adsorption isotherms

The adsorption isotherm indicates how retained particles
diffuse between the liquid phase and the solid surface
when equilibrium is accomplished during adsorption.
The examination of the isotherm information by fitting
them to various isotherm models is a vital step in finding
an appropriate model. The adsorption limit of the syn-
thesized nanocomposites was explored with Freundlich,
Langmuir, and Temkin adsorption isotherms. The Lang-
muir isotherm model expects a monolayer scope of
adsorbent, and the adsorption happens over particular
homogeneous active sites on the adsorbent surface
(Aboelfetoh et al. 2018). The linear equation of the
Langmuir model was depicted with the subsequent re-
lation (8):

C C 1
—=—— (8)
qe 9max Dmax Ky
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where C, (mg L") is the dye concentration at equilibri-
um, ¢max is the monolayer adsorption limit (mg g '),
and K is a Langmuir constant (L mgﬁl). Based on the
Freundlich isotherm model, the adsorption happens on
heterogeneous surfaces with the connection between the
adsorbed molecules and is not limited to the develop-
ment of a monolayer (Aboelfetoh et al. 2018). The
Freundlich model was given by the accompanying rela-
tion (9):

1
Ing, = InK¢ + — InC, 9)
n

where Ky and n refer to Freundlich constants “which
symbolize adsorption capacity and adsorption strength
respectively”. The Temkin isotherm model expects that
the adsorption heat would diminish directly with
expanding coverage because of the interactions between
adsorbate and adsorbent (Mahmoud et al. 2017). This
model was represented by the following equation (10):

g, = BInKr + BInC, (10)

where K is the Temkin constant (L mg ') equivalent to
the maximum binding energy and B (J mol™) is
a constant linked to the heat of adsorption. The
Dubinin-Radushkevich (D-R) model, another adsorp-
tion model, was also used for estimating the mechanism
of surface adsorption using the following equations (11—
13):
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Table 3 Thermodynamic parameters for the adsorption of MB on the selected adsorbent samples

Adsorbents T (°C) AG® (k] mol™) AHP (kJ mol™") AS° (J mol K
GO/Ag-2 27 -28.90 11.30 134
35 -29.97
45 -31.31
GO/Ag-9 27 -30.04 08.36 128
35 -31.06
45 -32.34
GO/Ag(24R)-18 27 -19.90 27.80 159
35 -21.01
45 -22.76
GO(24R)-2 27 -24.90 17.4 141
35 -26.02
45 -27.43
GO(24R)-18 27 -18.50 31.9 168
35 -19.84
45 -21.52
) the D-R model (Table 4), the MB removal over the
Ing, = =3¢ + Ing; (11) synthesized adsorbents is achieved by physical process
according to the low values of F (< 8 kJ mol ™). Thus,
e=RTIn(1/C.+ 1) (12) the removal of MB occurred through the physical ad-
sorption process incorporating a monolayer.
Methylene blue (MB) has been commonly used for
1 assessing the specific surface area of different solids, for
E= ﬁ (13) example, clays, silicates, and activated carbons in an

In light of the D-R model, the hypothetical saturation
capacity of MB symbolized by the gs (mg g '). A
constant “relating to the mean free energy of adsorption”
and Polanyi potential by symbols 3 (mol* k' J?) and &
(J mol ") were also denoted, respectively. In this man-
ner, the plot of In g, vs &* affords a straight line with an
inclination () and an intercept (¢s) (Aboelfetoh et al.
2018). The mean energy of adsorption (£) determined
from Eq. (13) gives data about the nature of adsorption
(Shao et al. 2014). Contingent upon the £ value, the sort
of adsorption can be determined. It can be physical
when E is between 1 and 8 kJ mol ™' and can be chemical
when E is more than 8 kJ molfl(Shao et al. 2014;
Aboelfetoh et al. 2018). The constants and R* values
acquired for all isotherm models are shown in Table 4.
Due to the high correlation coefficients for the Langmuir
model, the adsorption information corresponds to this
model. Additionally, the adsorption strength (n)
disclosed a worth more than one reflecting propitious
adsorption (Gemeay et al. 2018a). From the results of

aqueous medium (Ahmadzadeh Tofighy and
Mohammadi 2014; Hegyesi et al. 2017; Ferrero 2010).
Because the Langmuir model well defined the adsorp-
tion process of MB, the adsorption ability for complete
monolayer coverage (¢max) can be used to determine the
area available for solids, given that the area occupied by
an adsorbed MB molecule is identified (Ahmadzadeh
Tofighy and Mohammadi 2014). According to this ap-
proach, gm.x Was used to estimate the specific surface
areas of the as-prepared adsorbents towards MB by Eq.
(14) and their values were listed in Table 1.

Gimax N A avB
§ = Jmax A OMB 14

where S symbolizes the specific surface area (m” g ');
N, signifies Avogadro’s number (6.02 x 10% mol ),
Gmax (Mg g~ 1) refers to the monolayer sorption capacity;
app implies the cross-sectional area of the MB =
120 A% and M denotes the molecular weight of MB.
As is seen in Table 1, the GO/Ag nanocomposites
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Table 4 Parameters of Langmuir, Freundlich, Temkin, and (D-R) isotherm models for various synthesized nanocomposites

Adsorption isotherms and their constants The synthesized samples

GO/ GO/ GO/ GO/ GO/Ag(24R)-2 GO/Ag GO GO GO
Ag-2 Ag-6 Ag-9 Ag-18 (24R)-18 (24R)-2 (24R)-18

Langmuir

Grmax (Mg g7 53191 58823 633.30 490.19 500.00 30040  431.00 280.02  469.48

kL (Lmg ") 4.94 3.69 2.34 1.55  2.00 1.76 1.90 1.66 2.09

R 0.9995  0.9998 0.9989 0.9994 0.9995 0.9993  0.9979 0.9985  0.9995
Freundlich

Kr (mg g 378.6 395 396 2512 289 247.7 270.5  131.1 288.5

n 4.14 3.37 2.45 320 348 3.49 3.95 6.81 3.53

R 0.9684 0.9259 0.9609 0.9229 0.9254 0.8999  0.9573 0.84712 0.9727
Temkin

B (J mol™) 79.346  103.094 133.876 88271 88.201 79.099  69.655 23.677 85303

kr@Lgh 159.0 595 23.9 219 338 29.2 66.1 242.3 38.0

R’ 0.9749  0.9649 0.9825 0.9602 0.9640 0.9388  0.9627 0.838 0.9822
(D-R isotherm)

gs(mgg ") 470 498 558 438 484 400 375 199 424

Kpgr (mol® kI ) 0.07853 0.1220 0.5118 0.1600 0.0979 0.0579  0.103  0.0996  0.0514

E (k T mol™) 2523  2.024 09891 1.767 2259 4.389 2203 2420 3.162
R’ 0.9805 0.9744 0.9736 0.9726 0.9913 0.9979 09711 0.9850 09722
Table 5 Comparison of the maximum adsorption capacity of different adsorbents towards the removal of MB
Adsorbents Gmax (Mg g 1) References
Magnetic-modified multi-walled carbon nanotubes 48.08 (Madrakian et al. 2011)
Metal-organic frameworks/GO (MOFs/GO) composite 183.49 (Ling Li et al. 2013a)
Magnetic graphene-carbon nanotube composite 65.79 (Wang et al. 2014)
Ultrasonic surface modified chitin supported on sand (USM-chitin/sand) 51.80 (Dotto et al. 2015)
Mixed oxide of Ti and Si 162.96 (Pal et al. 2016)
Cross-linked chitosan/sepiolite composite 40.98 (Marrakchi et al. 2016)
Tetragonal ZrO,—modified hematite mesoporous composite 44.70 (Sengupta et al. 2017)
RGO-Fe,03-Fe304 composite 75.00 (Saiphaneendra et al. 2017)
Fe;04 @ Ag/SiO, nanospheres 128.50 (Saini et al. 2018)
Mesoporous activated carbon-alginate beads 230.00 (Nasrullah et al. 2018)
Manganese oxide embedded mesoporous carbon (MOPC950) 124.00 (Van Tran et al. 2019)
Polyaniline/reduced graphene oxide (PANI/RGO) 31.25 (El-Sharkaway et al. 2019)
Lignosulfonate/amino-functionalized SBA-15 composite 62.89 (Abboud et al. 2020)
PANI@TiO, and PANI@SiO, composites 89 and 74 (Maruthapandi et al. 2020)
rGO/Ag nanocomposite 300.40 This work

GO/Ag nanocomposites

490.19-633.30

This work

@ Springer



Environ Monit Assess (2020) 192: 355

Page 17 of 20 355

formed at room temperature such as GO/Ag-2, GO/Ag-
6, GO/Ag-9, and GO/Ag-18 exhibited higher available
areas for MB adsorption than those calculated for rGO/
Ag nanocomposite as with GO/Ag(24R)-18.

In addition, our prepared GO showed a specific sur-
face area of about 1060 m”* g ', which is very similar to
the theoretical surface area of GO and is not so far from
that measured using the UV-vis method based on sur-
face coverage with MB (Montes-Navajas et al. 2013;
Zhang et al. 2020). It should be noted that the area
specified by the MB adsorption is larger than the values
obtained by the BET model (Zhang et al. 2020). This is
because nitrogen molecules penetrate very limitedly into
the inner space of the dry solids (Hegyesi et al. 2017),
also because drying induces the agglomeration of GO or
GO-based nanomaterials (Zhang et al. 2020). GO is well
known for being entirely exfoliated and homogeneously
distributed in water. The drying process could, therefore,
be barred if the actual surface area could be evaluated in
water and GO samples prevented from agglomerating.

To affirm the strong potential of the nanocomposites
(GO/Ag) as efficient adsorbents for removing MB from
an aqueous solution, their adsorption ability was com-
pared with different materials (Table 5). Their perfor-
mance turned out to be higher than that of most late-use
adsorbents. Although the rGO/Ag nanocomposite ad-
sorption limit was lower than that reported for all GO/
Ag nanocomposites, it also showed much greater via-
bility than various adsorbents (Table 5).

Conclusion

The current study provides a feasible immobilization of
green synthesized AgNPs on the nanosheets of GO and
rGO by means of in situ reduction process using green
tea aqueous extract as a reductant and stabilizer. Diverse
techniques (XRD, FTIR, TGA, Raman, SEM, and
TEM) have been used to identify the nanocomposites.
Characterization findings have shown that AgNPs have
been decorated on GO nanosheets where GO/Ag nano-
composites are feasibly formed at room temperature,
even at low extract concentration (2%). Increasing ex-
tract concentrations from 6 to 18% results in higher
yields of AgNPs on GO. While the formation of AgNPs
on the rGO nanosheets (rGO/Ag nanocomposite) oc-
curred only at a higher temperature (95 °C) in the
presence of high extract concentration (18%). It should
be noted that, contrary to chemical methods for

preparing rGO, the current study provides a safe alter-
native using green tea leaf extract (18%) at a tempera-
ture of 95 °C. The synthesized solid samples were used
as eco-friendly adsorbents for extracting MB dye from
the aqueous solution. The adsorption results indicate
that GO/Ag-nanocomposites are highly capable of re-
moving MB and displaying high adsorption potential of
up to 633.3 mg g '. Adsorbent dose, initial MB concen-
tration, pH, and contact time affect the adsorption pro-
cess. The adsorption data was largely compatible with
the Langmuir model. From the kinetic study, the adsorp-
tion process pursued a pseudo-second-order model.
Thermodynamic parameters disclose the spontaneous
adsorption process and its endothermic nature. Due to
the excellent efficiency and recycling without releasing
AgNPs, the synthesized nanocomposites can be used as
effective eco-friendly adsorbents in wastewater
treatment.
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