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Abstract

Graphene and its derivatives as multifunctional catalysts are in high demand, owing to their exceptional potential. Here, we
synthesized Cu/Ni@rGO nanocomposite by using reduced graphene oxide (rGO) as a support which provided large surface
area. A mixture of Cu and Ni nanoparticles (NPs) was embedded on its surface for sorption of heavy metal ions, i.e., Pb>*
and Cr*, from binary mixture. Synthesis process of nanocomposite was monitored by UV-visible spectroscopy. FTIR
analysis was performed to confirm the functional groups involved in synthesis and stabilization of the nanocomposite. The
average size of nanocomposite was 26 nm calculated by XRD spectroscopy. SEM analysis revealed the thread-like structure
of nanocomposite, while EDX gave information about elemental composition. Synthesized material was used to remove
cations (Pb** and Cr®") from binary mixture under tungsten lamp and without tungsten lamp. Under tungsten lamp, at 5 ppm
concentration of binary mixture of cations, after 40 min of interaction with 10 mg adsorbent dosage at 45 °C temperature,
94% of cations was removed very efficiently. Thermodynamics studies showed that reaction of cations with nanocatalyst was
spontaneous and exothermic in nature. Kinetics models were employed on experimental values and regression coefficient
(R?) was near to unity (0.99) for pseudo 2nd order, which was considered the best fitted method for adsorption. Among
sorption isotherms, the best fitted model was Freundlich isotherm as its R* value (0.97) is near to unity. On these adsorption
isotherms, error analysis was also applied to attain precision on results. Reusability of material was analyzed 5 times by
desorption process which confirmed its stability and higher catalytic efficiency.

Keywords Cu/Ni@rGO nanocomposite - Pb>" and Cr®" contaminants - Thermodynamics - Sorption isotherms - Kinetics
models

Introduction day by day because of increase in population and not paying
serious intention to cleanliness of the environment [3, 4].
Chromium is present in soil, plants, and water due to both

natural and artificial sources. It is found as chromium ore like

Many environmental issues happen due to contaminated indus-
trial wastewater [1]. Contaminated wastewater contains haz-

ardous organic and inorganic pollutants. Untreated and less
treated water contain such contaminants which are added into
the food chains and thus destroy the cleanliness of an ecosys-
tem [2]. The level of such unhealthy environment is increasing
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chromium-iron minerals in natural resources, while anthropo-
genic sources include dying, plastic industries, steel industry,
batteries, metallurgy, and galvanized pipes [5]. The presence
of chromium ions in natural water resources can cause cancer
and hazardous health effects on the kidneys, bones, lungs, liver,
brain, cardiovascular system, and immunological system [6, 7].
Lead is present in lead-based batteries, alloys, solder,
rust inhibitors, cable sheathing pigments, ammunition,
plastic stabilizers, and glaze [8, 9]. From all these sources,
lead is being added into natural environment which causes
adverse effects on the bones, kidneys, liver, lungs, brain,
spleen, hematological system, immunological system,
reproductive system, and cardiovascular system [10].
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Permitted amounts of lead (0.01 mg/L) and chromium
(0.05 mg/L) are allowed in water by the World Health
Organization (WHO) to avoid their toxic effects on health.
But above the limited amount, they can cause serious
health issues in animals [11, 12].

To remove these contaminants from water, various
conventional techniques are being used like ion exchange,
chemical precipitation, membrane filtration, electrochemical
treatment, and coagulation/flocculation [13]. Due to their
lower efficiency and large amount of waste, an alternative
method has been searched [14]. The best alternative
method is sorption in which an adsorbent is used to remove
contaminants from water [15]. Actually, sorbate transfers
from water to the sorbent surface, and during this transfer,
different factors were optimized like temperature, pH, initial
concentration of metals, and adsorbent dosage [16].

Different types of sorbents have been used in adsorption
mechanism including nanomaterials [17]. Nanomaterials
can be functionalized by adding some supporting material
like graphene. By adding graphene-like materials, the
characteristics of the nanocomposites can be enhanced and thus
nanomaterials are considered as the best adsorbent material to
remove contaminants from the wastewater [18, 19].

Nanomaterials in composite form can show excellent
catalytic properties in adsorption mechanism. Generally, a
composite is formed when two materials in the same phase
or different phases join together [20]. Graphene having dis-
tinctive arrangements in its structure shows extraordinary
properties. Due to its unique properties, it is used as sup-
porting material in nanocomposites [21]. Graphene has
maximum adsorption capacity because of the presence of
substantial number of negatively charged oxygen groups on
it, so it adsorbs various cations such as copper (Cu(Il)) [22],
lead (Pb(II)) [23], cobalt (Co(II)) [24], chromium (Cr(VI))
[25], and cadmium (Cd(II)) [26]. But due to strong inter-
functional bond between graphene sheets leads to decreased
surface area, inactive surface chemical properties, agglom-
eration and poor dispersion in aqueous media, decreasing its
adsorption ability [27].

To improve the removal efficiency, the graphene can be
modified to reduced graphene oxide (rGO), hence converting
carboxyl groups into hydroxyl groups. rGO has more sur-
face area as compared to graphene [28]. GO-based materials
including fabrication of GO/metal oxide composites [29],
chemical modification of GO [30], GO/photocatalytic com-
posites [31], and GO/organic compound composites [32]
have been used efficiently to remove different heavy metal
ions from wastewater. Recent studies have explored such
material in which graphene is used as supporting material
to enhance the catalytic properties of the material [33, 34].
Metals in the structure of graphene material enhanced the
mechanical, electrical, and thermal properties [35].
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Here, reduced graphene oxide-based nanocomposite was
prepared by phytoconstituents (ricinine, quercetin, rutin, and
kaempferol) present in aqueous extract of Ricinus communis
leaves, which reduced the Cu/Ni metals and stabilized the
nanocomposite [36]. The synthesized nanocomposite (Cu/
Ni@rGO) was used for simultaneous removal of Pb>* and
Cr®* contaminants from binary mixture by optimizing dif-
ferent factors. Thermodynamics, kinetics, and adsorption
isotherms were applied on experimental data. To analyze
the best fitted isotherm model, error analysis was also per-
formed. Reusability of Cu/Ni@rGO nanocomposite was
analyzed that proves the efficiency of material.

Prior to the current investigation, Ricinus communis leaves
have not been employed in the synthesis of Cu/Ni@rGO
nanocomposites. This method offers a cost-effective and swift
method for efficiently removing cations from binary mixture.

Experimental Section
Materials and Reagents

Reagents used in the experimental work were CuCl, (copper
chloride), NiCl, (nickel chloride), graphite powder, KMnO,
(potassium permanganate), H,SO, (sulfuric acid), H,0,
(hydrogen peroxide), Pb(NO;), (lead nitrate), and K,Cr,0,
(potassium dichromate), purchased from Sigma-Aldrich.

Formation of Plant Extract

Plant (Ricinus communis) was collected from local areas
of Sialkot, Pakistan. After careful washing with water, it
was left to dry under the shade and then transformed into a
fine powder. Three grams of powdered plant was added into
100 mL of distilled water in a beaker. Mixture was kept on
hot plate and temperature was set at 70 °C for 45 min. The
resulting plant extract was cooled down to room tempera-
ture, filtered, and filtrate was stored at room temperature for
further experiments [37, 38].

Synthesis of Graphene Oxide (GO)

Modified Hummer’s method was utilized to form graphene
oxide [39, 40]. The process was completed in the following
Six steps.

(I) The process was initiated by adding 1 g of graph-
ite powder into 25 mL concentrated sulfuric acid
(H,SO,) in a 1000 mL beaker, with vigorous stir-
ring in an ice bath.

) Afterward, 3 g of KMnO, (potassium permanga-
nate) was slowly added to the reaction mixture.
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With continuous stirring for about 3 h, 50 mL of
distilled water was gradually added drop by drop.
During this reaction, temperature was maintained
below 50 °C.

(III)  In the next step, 100 mL distilled water was added
into the reaction mixture at once.

(IV) To convert unreacted MnO, " ions into MnO,, 5 mL
of H,0, (hydrogen peroxide) was added.

(V) Excess acid was eliminated by multiple washings
with distilled water.

(VD) Residual product was obtained by centrifugation
and was then dried by placing it in an oven at 60
°C for about 24 h.

Formulation of Cu/Ni@rGO Nanocomposite

Cu/Ni@rGO nanocomposite was synthesized in a single step
by adding 1.0 g of dried graphene oxide (GO) into 100 mL
of plant extract in a glass beaker. Reaction mixture was kept
on hot plate and heated at 80 °C along with continuous stir-
ring. After 10 min, 20 mL of CuCl, (0.05 M) solution and
NiCl, (0.05 M) were added into the reaction mixture. Reac-
tion time was kept about 8 h for the complete synthesis of
nanocomposite.

Characterization Techniques

UV-Vis. Spectrophotometer (Specord 210 Plus, Analytik Jena
AG, Germany), Fourier transform infrared spectroscope (FTIR,
Thermo Scientific Nicolet 6700), X-ray diffraction (XRD,
JEOL, Neoscope, JCM-600), scanning electron microscope
(SEM), and energy-dispersive X-ray spectroscope (EDX) (Vega
LMU, TESCAN, Czech Republic) were used to characterize
the Cu/Ni@rGO nanocomposite. Confirmation of the synthe-
sis, morphology, size of particles, and structural and elemental
composition was analyzed through these techniques.

Point of Zero Charge Determination

Salt addition method was used to find out the point of zero
charge of synthesized nanocomposite [41]. 0.1 M NaNO;
solution was prepared and pH was adjusted as 2, 3, 4, 5,
6,7,8,9, 10, 11, and 12 by using 0.1 M HCI and NaOH in
series of beakers. 10 mg of adsorbent was added to each of
above solution (25 mL). Reaction was allowed to complete
for 24 h on orbital shaker. After that, pH of these solutions
was monitored which was considered as pH;. A graph was
plotted against ApH (pH; — pH;) and pH;. Crossing point at
the X-axis was considered the point of zero charge on syn-
thesized nanocomposite [42, 43].

Adsorption, Thermodynamics, Kinetics,
and Isotherm Studies of Cations (Pb%*
and Cr%")

Thermodynamics, isotherm models, and kinetics studies
were performed to analyze the removal of cations in a sin-
gle step by the synthesized nanocomposite (Cu/Ni@rGO).

Standard solution of 1000 mg/L of both cations (Pb** and
Cr") was prepared separately. Equal proportion (25 mL)
of each of these solutions was taken to prepare the binary
system. Percentage removal of cations was calculated by the
following formula.

Ci _Cf

% Removal = x 100 (n

1
Here, C; and C; are considered the initial and final con-
centration of metal ions in the solution, respectively. During
removal mechanism, different parameters (temperature, pH,
adsorbent dosage, and initial concentration of metal ions)
were optimized for maximum removal of ions from binary
system.

Thermodynamics

To calculate the thermodynamic parameters, i.e., AH®, AS®°,
and AG®, the following formulas were used.

AG" = —RTInK, )
KC = Cad/Ce (3)
InK. = AS"/R— AH /RT “)

In the above equations, 7 is indicating the temperature in
Kelvin scale, R is used as general gas constant, and K. is the
equilibrium constant.

Kinetics Models

The following equations were used to calculate the constant
values of both models, i.e., pseudo 1st order and pseudo 2nd
order model.

ln(qe - qt) =Ing, — k;t 4)

o = 1/kd. +1/q, (6)

In both equations, ¢, is the amount of contaminant
adsorbed on catalytic surface at equilibrium and ¢, is the
amount of adsorbent at time ¢. K, is used as rate constant
for pseudo Ist order model and %, is for pseudo 2nd order.
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Isotherm Models

Linear forms of Langmuir equation:
1/q, = 1/K1q, X 1/C, +1/q,, @)

where g,, was used for monolayer formation capacity of
adsorbed molecules and K; denotes the binding nature of
adsorbed species on catalytic surface of synthesized nano-
composite. K; value was used in calculation of separation
factor R; that predicted the affinity of adsorbed species on
adsorbent. To calculate R, value, the following formula is
used.

Ry ='/i +KIC, ®)

Freundlich isotherm assumed the multilayer adsorbent
formation with non-uniform energy distribution.

logg, = logK; +'/,logC, 9)

where n and K are Freundlich constants.
The Temkin isotherm equation is expressed as

90 =" fowcxp + " fomcc,) (10)

Equation used for Temkin isotherm gave calculated
values of B that corresponds to the heat sorption con-
stant. R denoted the general gas constant and T was the
temperature in Kelvin scale.

Results and Discussion

Phytoconstituents of Ricinus communis like ricinine, querce-
tin, rutin, and kaempferol in aqueous extract were respon-
sible for metal ion (Cu®* and Ni?*) reduction to form stable
nanocomposite [44, 45].

Characterization

During UV-visible spectroscopy, electromagnetic radiations
fell on nanocomposite; as a result, electron moved from
valence band to the conduction band and absorption peaks
appeared [46]. The absorption peaks of GO were observed
at 233 nm and 300 nm which was due to the aromatic C—C
bond of n-n* transition and the C=0 of the n-n* transition
(Fig. 1) [17]. After the reduction treatment, the UV-visible
absorption spectra of Cu/Ni nanoparticles decorated rGO
exhibited a new peak in the range of 200—400 nm due to
the surface plasmon resonance effect of Cu/Ni nanoparticles
which confirmed the formation of Cu/Ni@rGO nanocom-
posite. When nanocomposite spectrum was compared with
graphene spectrum, the nanocomposite peak showed a slight
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shifting of peak between 200 and 400 nm. No any additional
peak was recorded in spectrum of Cu/Ni@rGO nanocom-
posite which corresponded to its high purity [47].

Fourier transform infrared spectroscopy was used to
determine functional groups [48]. The FTIR spectrum of
GO and synthesized nanocomposite Cu/Ni@rGO (Fig. 2a,
b) was taken in the range of 500-4000 cm™'. Spectrum of
GO depicted 4 peaks due to stretching vibrations of C-O,
C=0, and OH functional groups at 697 cm™!, 1541.75 cm™!,
1575.36 cm™!, and 2988.03 cm™!, respectively.

Cu/Ni@rGO nanocomposite (Fig. 2b) showed multiple
peaks as compared to GO spectrum. Two new peaks at
3240.58 cm™! and 2831.72 cm™! were due to stretching
vibrations of OH functional groups. Many new peaks
toward lower intensity were actually due to the shifting
of 1541.75 cm™! peak toward 1575.36 cm™! due to C=0
stretching vibrations. The peak at 697 cm~! moved
toward 930.54 cm™! denoting C-O vibrations. Shifting
and appearance of new peaks confirmed the formation of
synthesized nanocomposite [49-51].

To calculate the size of nanomaterial and its structural
properties, X-ray diffraction spectroscopy was performed
[37]. Here, the synthesized nanocomposite Cu/Ni@rGO
was analyzed (Fig. 3) and size was calculated by the Debye-
Scherrer equation:

_ KA
- pcosd a1

Here, K is the proportionality constant and its value is
0.9. g is denoting the full width at half maximum. 4 is the
wavelength of X-rays and 0 is the Bragg angle.

Intense peaks in the XRD spectrum always correspond
to the crystalline nature of the material [52]. Spectrum of
synthesized material showed 5 intense peaks (20=25.68,

—GO
----Cu/Ni/rGO
1.5
[0]
[&]
&
3 1.0 4
o
(%]
Q
<
0.5\
\
\\
--~
. . . . . . .
200 250 300 350 400

Wavelegth [nm]

Fig. 1 UV-visible spectrum of Cu/Ni@rGO nanocomposite
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Fig.2 FTIR spectrum of a GO and b Cu/Ni@rGO nanocomposite

36.07, 43.02, 63.34, 76.66) that confirmed the crystalline
nature of nanomaterial, and by using the data obtained
from peaks, average size calculated was found to be 26 nm.

Scanning electron microscopy was employed to get
information about surface morphology [53]. SEM images

were taken at different resolution of 1 pm, 3 pm, and 5 pm
(Fig. 4a—c). Clusters of nanocomposite were formed due to
polymeric nature and thread-like structure of synthesized
material, confirmed by SEM analysis that corresponded to
high surface area of catalytic material [54]. SEM images of
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Fig.3 XRD spectrum of Cu/ 40000
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Cu/Ni@rGO after adsorption of lead and chromium ions
are seen in Fig. 4d—f. Cracks in Fig. 4d image correspond
to the roughness of surface that was due to the adsorbed
species on the surface. Agglomeration in Fig. 4e presented
the enhanced surface area and reactivity of the material, and
Fig. 4f shows the adsorbed species on surface of the material
that describe about surface coverage with lead and chro-
mium metal ions [55].

Elemental composition and purity of the synthesized
composite were confirmed by energy-dispersive X-ray
spectroscopy [56]. The EDX image of Cu/Ni@rGO is
shown in Fig. 5 which confirmed the high purity of syn-
thesized material. The spectrum was taken in the range of
0-5 keV and peaks of O, Cu, and Ni were examined.

Point of Zero Charge

By knowing the charge on the surface of nanocomposite, it can be
made possible to attain the condition where maximum removal of
contaminants will occur. During this study, point of zero charge
was measured by salt addition method and it was found as 6.5
which is nearly neutral (Fig. 6). The surface of nanocomposite
can be made positive by lowering the pH value and negative by
increasing the pH value, for maximum removal of cations.

Factor Optimization

Adsorbent Dosage

To analyze the effect of amount of nanocatalyst, different
dosages (5 mg, 10 mg, 20 mg, 40 mg, and 60 mg) were

added into separate beakers along with 25 mL (5 ppm) of
binary mixture of cations (Pb** and Cr®"). Experiment was
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performed under tungsten lamp and without tungsten lamp.
Tungsten lamp source subsidized the separation of charges
and decreased recombination rates; therefore, maximum %
removal was seen under tungsten lamp. However, the trend of
% removal of cations remains the same under tungsten lamp
and without tungsten lamp. % Removal was observed like
93% for Pb** and 95% for Cr®" under tungsten lamp, and
without tungsten lamp, it was 70% for Pb>* and 67% for Cr".
This pattern of % removal was observed due to the reason that
fixed amount of nanocatalyst can adsorb a limited amount of
ions according to its surface area. It was seen that maximum
removal was up to a certain limit and after that decrease in
% removal was observed (Fig. 7a, b). The reason behind this
decreasing trend was aggregation of ions on Cu/Ni@rGO
nanocatalyst surface. Accumulation of ions occurred due to
excess amount that led to lower % removal [57, 58].

Effect of Initial Concentration

Different concentrations of cations (5 ppm, 10 ppm,
25 ppm, 75 ppm, and 100 ppm) were prepared to analyze
the initial concentration effect on adsorption mechanism.
Fixed amount of nanocatalyst, i.e., 10 mg, was added into
binary mixture (25 mL) and kept on stirring for about 2 h.
The same experiment was performed twice under tungsten
lamp and without tungsten lamp. Removal of both cations
was in inverse relation with initial concentration of ions.
Maximum removal was seen at lower initial concentration.
The reason behind this trend was the maximum availability
of active sites of nanocatalyst at lower ions’ concentration.
At higher concentration, active sites were already occupied
and thus decreasing trend was observed (Fig. 8a, b). With-
out tungsten lamp, % removal of Pb>* was 72% and CrS*
was 70%, but under tungsten lamp, it was 94% for Pb** and
96% for Cr® [59, 60].
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Fig.5 EDX images of Cu/Ni@
rGO nanocomposite
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Effect of Temperature

By setting different temperatures (25 °C, 35 °C, 45 °C,
55 °C, and 65 °C), maximum % removal of both cations
was observed (Fig. 9a, b) under tungsten lamp and without
tungsten lamp. Results concluded that at 45 °C both
cations (Pb>* and Cr®") showed maximum % removal.

Without tungsten lamp, it was 82% and 86% for Pb>* and
Cr®", respectively, while under tungsten lamp % removal
was increased up to 95% for Pb>* and 96% for Cr®*. By
increasing temperature K, E was also increased and thus
more cations adsorb on the catalytic surface of adsorbent
(Cu/Ni@rGO). % Removal of cations was increased up to
45 °C; then, equilibrium was established and no more %
removal was observed [61, 62].

Effect of pH

Surface properties of any composite play an important
role to remove contaminants. Here, the synthesized com-
posite Cu/Ni@rGO was nearly neutral but its surface can
be made negative or positive by changing pH of the solu-
tion mixture. Conditions were set by taking fixed amount
of nanocatalyst, i.e., 10 mg of adsorbent, 25 mL binary
mixture of cations while the pH range was kept between
2 and 12. As opposite charges attract, when the pH was
higher and more negative charges (OH™) were present on
the catalytic surface of composite, maximum cations hav-
ing positive charges adsorb on the surface. Lead (Pb**)
showed maximum removal at pH 8, i.e., 65% without tung-
sten lamp and 91% under tungsten lamp. Chromium (Cr*®)
showed maximum % removal at pH 2 which decreased

Fig. 7 Effect of adsorbent dos- 8

age on binary mixture of cations
on % removal by Cu/Ni@rGO
nanocomposite a, b without
tungsten lamp and ¢, d under
tungsten lamp
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Fig.8 Effect of initial concen-
tration of binary mixture of
cations on % removal by Cu/
Ni@rGO nanocomposite a
without tungsten lamp and b
under tungsten lamp

Fig.9 Effect of temperature of
cations on % removal by Cu/
Ni@rGO nanocomposite a
without tungsten lamp and b
under tungsten lamp
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rapidly with increasing pH value (Fig. 10a, b). Without
tungsten lamp, % removal was 76% while under tungsten
lamp it was 92%. Actually, at lower pH, anionic species
of chromium (HCrO*~, Cr,0,*~, Cr,0,,>~, Cr;0,,>") were
present in water. Among these species, HCrO*~ has the
lowest adsorption energy so it was more favorable species
that adsorbed on catalytic surface of synthesized nano-
composite [63, 64].

Effect of Contact Time

To analyze the maximum removal efficiency of synthesized
nanocomposite, time factor was also studied for contact
time of 2 h by keeping other factors constant. Optimum
time taken by the adsorbent to remove maximum number of
contaminants from water can prove its efficiency. Here, the
optimum time was 40 min recorded from Fig. 11a, b. Pattern
of % removal of cations was the same but with different
percentages. Without tungsten lamp, % removal of lead (Pb**)
was 72% and chromium (Cr®") was 70%, while under tungsten

lamp % removal of lead (Pb>*) was 94% and chromium (Cr®*)
was 96% recorded. After 40 min where maximum % removal
was recorded, an equilibrium was established between
adsorbent and adsorbate; hence, a slightly decreasing trend
was observed when no more spaces remain left on catalytic
surface for adsorption of contaminants [65, 66].

UV-visible spectrum of lead solution along with its spec-
trum after removal by Cu/Ni@rGO nanoadsorbent has been
given in Supplementary Material (S1).

Thermodynamics

Adsorption mechanism in which the adsorbed species inter-
act with nanoadsorbent was well explained with thermody-
namic parameters [67].

Enthalpy change (AH) and entropy change (AS) were
calculated from a linear plot of In Kd versus 1/T as depicted
in Fig. 12a, b. Values from these formulas were calculated
and mentioned in Tables 1 and 2 which showed that the
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Fig. 10 Effect of pH on cations
on % removal by Cu/Ni/rtGO
nanocomposite a without tung-
sten lamp and b under tungsten
lamp

Fig. 11 Effect of time of Cr®*
on % removal by Cu/Ni@rGO
nanocomposite 1a without
tungsten lamp and 1b under
tungsten lamp. Effect of time of
Pb>* on % removal by Cu/Ni@
rGO nanocomposite 2a without
tungsten lamp and 2b under
tungsten lamp
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Fig. 12 Van’t Hoff plot for Cr®*
and Pb?* adsorption on Cu/
Ni@rGO composites a without
tungsten lamp and b with tung-
sten lamp
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value of AG° was negative and also increased by increasing
temperature. Increasing values of AG° under tungsten lamp
and without tungsten lamp indicated the spontaneous nature
of reaction between adsorbent and adsorbate. The value of
AH°® was positive in both cases that confirmed the best
binding capabilities of adsorbent with adsorbates. AS® also
had positive values which concerned about good affinity
of contaminants (Pb>" and Cr®") with catalytic surface of
synthesized nanocomposite.

Kinetics Models

Pseudo-first-order model stated that rate of sorption is
directly linked with available number of free active sites.
Due to adsorption of adsorbate, the heterogeneous surface
of catalyst becomes smooth. For pseudo 1% order, plot was
plotted between time (#) and In (¢,~q,) (Fig. 13). The R?
value for this model is low as compared to the pseudo-
2" order model which indicated that this model could not
explain adsorption of cations onto composite (Table 3).
While in the case of pseudo 2nd order, graph was
plotted between time () and t/q, (Fig. 14). Parameters

Table 1 Thermodynamics parameter without tungsten lamp

T T T
0.0031 0.0032 0.0033

1T

T - T
0.0033 0.0034 0.0029 0.0030 0.0034

calculated from this model are given in Table 3 which
indicated that the best fitted model was pseudo 2" order
as the R? value was near to unity for this model.

Isotherm Models

The interaction of adsorbent with adsorbate and reaction
mechanism was well explained by isotherm models. To
confirm the best fitted model, three sorption isotherm
models were employed on experimental data [68].

Langmuir isotherm depicted about monolayer for-
mation of adsorbents on catalytic surface with uniform
energy. From slope and intercept values of g,, and K
were calculated (Fig. 15). Calculated values are given in
Table 4. R? for this model was 0.96 for both cations under
tungsten lamp; that is why this model could not explain
adsorption phenomenon. The value of R; is less than 1 so
adsorption of both cations on catalytic surface is consid-
ered favorable.

A graph between In g, vs. In C, was plotted as shown in
Fig. 16 for determination of Freundlich isotherm parameters
(n and Kj). The value of n calculated by Freundlich model

Adsorbing material Contaminant Temp (K) K, AH° (kJ mol™") AS° (Jmol™' K™ AG° (kJ mol™") R?
Cu/Ni/Gr composite Chromium 298 3.02 42.82 153.78 -2.74 0.82
308 479 -4.01
318 16.5 —-7.41
328 17.69 —7.83
338 19.77 -8.38
Lead 298 2.5 3.83 138.43 —227 0.82
308 4.28 -3.72
318 12.14 —6.60
328 13.08 -7.01
338 13.95 —7.40
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Table 2 Thermodynamic parameters under tungsten lamp

Adsorbing material Contaminant Temp (K) K; AH° (kJ mol™") AS° (Jmol™' K1 AG° (kJ mol™") R?
Cu/Ni/Gr composite Chromium 298 6.25 7.21 242.03 —4.54 0.89
308 15 -6.93
318 76.66 —11.47
328 92.95 —12.35
338 133.61 —13.75
Lead 298 5.5 5.03 195.03 —4.22 0.82
308 11.07 —-6.15
318 48.75 -10.27
328 52.04 -10.77
338 59.40 —11.47
Fig. 13 Pseudo 1st order for 2 2 ™
Cr®* and Pb>* a without lamp . (b) . Cr2+
and b with lamp 14 . o Pb
14
0 -
04
g o -1 .
] 1 [ ]
E'? 1 E«w 0
£ £ 27
.
[ ]
24 31
.
4
'3 T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Time (minutes) Time (minutes)
Tab'? 3 .Calculatcjd paramegtfrs Kinetics models Constants values Without tungsten lamp With tungsten lamp
of kinetic adsorption of Cr'
and Pb>* on Cu/Ni@rGO Contaminants Contaminants
composite - -
Chromium Lead Chromium Lead
Pseudo 1st order R? 0.25 0.58 0.46 0.09
q, 2.70 4.07 4.12 1.65
K, (min™") —0.0001 —0.0003 —0.0003 —0.0003
Pseudo 2nd order R? 0.99 0.99 0.99 0.99
q, 1.44 1.34 1.33 1.19
K, (min~") 0.0009 0.0007 0.0006 0.0005

was less than 1 (Table 4) which confirmed that adsorption

procedure of cations onto nanocomposite was physical in
nature. The R? value was calculated 0.97 which is near to
unity in case of Freundlich isotherm, so it was considered
the best fitted model of adsorption mechanism between cati-

ons and synthesized nanocomposite.

@ Springer

The Temkin isotherm considers the indirect interactions
between adsorbate and adsorbent assuming drop of heat of
adsorption linearly instead of logarithmic while discounting
very low and high concentration. It also presumes uniform
distribution of binding energy. R? value 0.96 (Table 4) indicated

weak interactions between adsorbent and adsorbate (Fig. 17).
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Fig. 14 Pseudo 2nd order for 8
Cr® and Pb>* a without lamp ( a) (b)
and b with lamp 104 . & .
6
8 -
5
6 . 44
g g
44 . 3 (]
. 24
n
2 -
. Cr* 14 . Cr6+
o Pb” e Pb*
0 T T T T T 0 T T T T T
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Error Analysis

Error analysis was applied on linear regression of adsorption
isotherms with three error parameters, reduced Chi-Sqr
(%), residual sum of squares (SSE), and root-MSE (SD or

Time (minutes)

RMSE) Tables 5 and 6. Standard normalized error (SNE)
was also calculated from these errors, and its lowest value
with Freundlich isotherm proves its best fitted adsorption
for both cations. [69].

Fig. 15 Langmuir isotherms for
Cr®* 1a with lamp and 1b with-
out lamp. Langmuir isotherms
for Pb>* 2a with lamp and 2b
without lamp
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Table 4 Calculated values of

. ; : Isotherm models Constants Without tungsten lamp Under tungsten lamp
isotherms with Cu/Ni@rGO
nanocomposites Contaminants Contaminants
Chromium Lead Chromium Lead
Langmuir Intercept 0.40 5.45 1.99 2.69
Slope 0.03 0.71 0.013 0.01
K, (L/g) 12.61 0.25 151.94 24.34
q,, (mg/g) 2.48 0.18 0.50 0.37
R, 0.05 0.17 0.006 0.05
R’ 0.60 0.87 0.96 0.96
Freundlich Intercept 0.37 0.73 0.26 0.45
Slope 0.14 0.45 0.06 0.05
1/n 0.14 0.45 0.06 0.05
K, 2.37 0.18 0.53 0.34
R? 0.60 0.97 0.97 0.97
Temkin Intercept 2.35 0.17 0.53 0.34
Slope 0.13 0.11 0.03 0.02
BT (J mol ™) 0.31 0.11 0.03 0.02
Kr (L mg™) 1750.18 0.23 3528 9.69
R’ 0.60 0.96 0.96 0.96
Fig. 16 Freundlich isotherms
for Cr®* 1a with lamp and 0.364 0.301
1b without lamp. Freundlich (1a) '
isotherms for Pb** 2a with lamp 0.35 0311
and 2b without lamp
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Fig. 17 Temkin isotherms for
Cr® 1a with lamp and 1b with-
out lamp. Temkin isotherms
for Pb>* 2a with lamp and 2b
without lamp

Table 5 Error analysis
parameters

Table 6 Error analysis
parameters
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InC,
Isotherm models Linear regression
Error parameters of chromium
Reduced Chi-Sqr Root-MSE Residual sum of Standard error of nor-
(SD) (RMSE)  squares (SSE) malized error (SNE)
Langmuir 5.44791E-4 0.02334 0.00163 0.010424
Freundlich 1.36884E—5 0.0037 4.10651E-5 0.001655
Temkin 1.23227E-5 0.00351 3.6968E-5 0.00157

Isotherm models

Linear regression

Error parameters of lead

Reduced Chi-Sqr Root-MSE Residual sum of Standard error of nor-
(SD) (RMSE)  squares (SSE) malized error (SNE)
Langmuir 1.87903E—4 0.01371 5.6371E—-4 0.006131
Freundlich 5.31245E-6 0.0023 1.59373E-5 0.001029
Temkin 4.55053E—6 0.00213 1.36516E-5 0.00953
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Recyclability

Regeneration and recyclability of a material are very impor-
tant to observe its efficiency [70]. In the present work,
synthesized Cu/Ni@rGO nanocomposite was regenerated
about 5 times and percentage removal efficiency found to
be decreased in each cycle by 3 to 5% as shown in Fig. 18
which depicted the stability and efficiency of synthesized
material. The whole experiment was performed by adding
10 mg adsorbent in 25 mL binary mixture of cations, and
the solution was kept on orbital shaker to achieve equilib-
rium for 2 h. After the 1st cycle, desorption was done by
0.1 m HCI and 0.1 M NaOH. For desorption, nanocompos-
ite was agitated with acidic and basic solution for 10 min.

[ % removal

85

100

82

80

60

40

Removal efficiency (%)

20

1 2 3 4 5

Reusability cycle numbers

Fig. 18 Reusability of Cu/Ni@rGO composite

During each cycle, % removal efficiency was decreased as
96% >94% > 92% > 85% > 82%. The comparison of syn-
thesized material with previous reported nanomaterials to
remove Cr® and Pb>* is given in Table 7.

Conclusion

By using aqueous extract of Ricinus communis plant, Cu/
Ni@rGO nanocomposite was successfully synthesized.
Confirmation of synthesis, information about functional
groups, structural morphology, elemental composition, and
size were analyzed by UV-visible, FTIR, SEM, EDX, and
XRD analysis. During removal of heavy metal ions in a sin-
gle step, various factors were optimized like adsorbent dos-
age, cation solution concentration, pH, temperature, contact
time, and % removal of Pb** and Cr®" were recorded up to
94% under tungsten lamp as tungsten lamp source subsidized
the separation of charges and decreased the recombination
rates; therefore, maximum % removal was seen. Thermo-
dynamics revealed the endothermic and spontaneous nature
of reaction. Due to higher R? value (0.99), pseudo 2nd order
was considered the best fitted model of kinetics for adsorp-
tion mechanism. It was concluded that multilayer adsorbent
formation with non-uniform energy distribution occurred
that corresponded to the Freundlich isotherm and revealed
that the process was physisorption. Three error parameters,
reduced Chi-Sqr (), residual sum of squares (SSE), and
root-MSE (SD or RMSE), and standard normalized error
(SNE) were calculated. For Freundlich isotherm, SNE value
was the lowest that also proved its fitness to the adsorption
mechanism. A small change in adsorption efficiency of Cu/
Ni@rGO nanocomposite was observed even after five cycles.

Table 7 Comparison of different nanomaterials to remove Cr®* and Pb**

Absorbing nanomaterial ~ Methodology Light source ~ Contaminants Removal efficiency (%) Removal time Reference
CuO nanoparticles Green methodology UV light Pb*? and Cr™®  97% (Pb*?) 90 min [52]
(Capparis Spinosa) 94% (Cr*3)
Magnetite nanospheres Solvothermal method Visible Cr*®and Pb*>  70% (Pb*?) 10 min [53]
69% (Cr*%)
Flamboyant pod activated Green methodology UV light Cr*%nd Pb™  98% (Pb™?) 20-30 min [54]
carbon (FPAC) (Delonix regia) 94% (Cr*%)
L-Cysteine functionalized Co-precipitation method Visible Cr*®and Pb*>  99% (Pb*?) 25-30 min [55]
magnetite nanoparticles 96% (Cr*%)
(L-Cyst-Fe304 NPs)
Orange peel/selenium Chemical precipitation/  Visible Cr*%nd Pb™  99% (Pb*?) 60 min [56]
(OP/Se) reduction method 95% (Cr*®)
Cu/Ni@rGO nanocom- Green methodology Tungsten lamp Cr*® and Pb*?>  95% (Pb*?) 40 min Present work
posite (Ricinus communis) 96% (Cr*®)
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