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KEYWORDS Abstract A biological extract of Cynomorium coccineum was used for the synthesis of copper
Biological; nanoparticles using copper sulphate as a starting matter. Fourier transform infrared spectroscopy
Cynomorium coccineunt; (FT-IR) showed the presence of the functional groups characteristics of biological extract, i.e.,
Nanoparticles; triterpenes, phenolics, flavonoids, and other reducing agents. SEM analysis showed that the surface
Nano-adsorbent; of the particles were clusters and rough. The Elemental analysis by energy-dispersive X-ray (EDX)
Molecular solute-solvent proved the purity of the particles, showing the presence of elemental copper oxide which was sur-
interactions; rounded with some elements of the plant. X-ray diffraction (XRD) pattern confirmed that the crys-
Molecular-level (micro- talline nature of the particles was affected by temperature. The average crystallite size was

scopic) interactions in

ot calculated to be about 14.2 nm. The total weight loss registered within the thermogravimetric
solutions

(TG) analysis was 52.8%, suggesting that about 47.2% of the metallic copper is present in the pre-
pared copper nanoparticles which supported the data reported within EDX analysis. The adsorp-
tion characteristics of the nanoadsorbents were examined using methylene blue as adsorbate and
the bio-sorption capacity reached 64 mg/g at room temperature. The values of B and b, calculated
from Temkin equation, increased with the increase in temperature (295-328 K), indicating
endothermic adsorption and strong dye-nanoadsorbent interaction. The mean free energy
(E = 100-129.1 kJ/mol), calculated from Dubinin-Radushkevich indicated that the chemisorption
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is the process involved for the adsorption of methylene blue. In summary, the results obtained in
this study deliver the design and the synthesis of new materials for removing pollutants.

© 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nanomaterials have been widely used in many fields since their
unique properties compared with common materials (Hou
et al., 2019). Recently, natural products have gained more
attention due to the global development of maintaining good
health and reducing the risk of disease (Suwalsky et al.,
2008). In this framework, many materials were studied as
sources of bio-products (Xu et al., 2019; Shi et al., 2019).
The important characteristics of such plant extract, including
phenols, flavonoids, and other bio-products, were proved to
be, in particular, responsible for the reduction of metal salts
into nanoparticles (Aromal et al., 2012). These nanoparticles
were recognized for their large surface area, small size, and
other physicochemical parameters which make them useful
for many applications such as dye removal (Saleh and Al-
Absi, 2017), antioxidant, diabetic, anti-inflammatory
(Govindasamy et al., 2018), antibacterial activities (Singh
et al., 2013; Sun et al., 2019), energy storage systems and
other applications (Sheikholeslami and Mahian, 2019; Saleh,
2015a.b).

The nanoparticles were, principally, used in the degradation
of hazardous and toxic pollutants (Li et al., 2019; Saleh,
2016,2018). The literature reported the successful synthesis of
copper nanoparticles through a green approach where Cappar-
ious zeylanica (Saranyaadevi et al., 2014); Ocimum sanctum
(Patel et al., 2016); Vitis vinifera (Angrasan and Subbaiya,
2014); Azadirachta indica (Nagar and Devra, 2018), as well
as various other plant extracts, were used as reducing and cap-
ping agents. The characteristics of these synthesized nanopar-
ticles depended on the source of the plant extract (Shankar
et al., 2004; Mukunthan and Balaji, 2012). The consideration
of these biological sources for the synthesis of nanoparticles
is more beneficial than the chemical methods as these sources
are abundantly available, cost-effective and conveniently
applicable.

Cynomorium coccineum L. is a non-photosynthetic plant,
spread over the south of Spain to the southern Italian coast,
Sardinia, Sicily, Malta and from the West African coast to
North African coast (The Canary Islands to Tunisia) (Abd
El-Rahman et al., 1999; Dharmananda, 2011; Duke et al.,
2008.). It is a blackish red leafless root parasitic plan
(Heestra et al., 1990). It is known as traditional medicine
and it is reported to enclose a hypotensive effect (Ikram
et al., 1978). To our best knowledge, Cynomorium coccineum
was not investigated as a biological extract for the synthesis
of metal nanoparticles. Our previous work was focalized on
the extraction of dye molecules from Cynomorium coccineum.
The prepared aqueous colored extract was characterized for
Total Flavonoids (TFC), Total Phenols (TPC) contents and
the antioxidant activity (Jabli, 2017) and good results were reg-
istered. Herein, we explore for the first time the biological
molecules of Cynomorium coccineum extract for the green

synthesis of copper nanoparticles as nanoadsorbents. To
understand the molecular-level interactions, the prepared
nanoparticles were analyzed using Fourier Transform Infrared
Spectroscopy, Scanning Electron Microscopy, Energy-
dispersive X-ray spectroscopy, X-ray Diffraction, and thermo-
gravimetric analysis. The prepared particles were, then, used as
nanoadsorbents of methylene blue from aqueous suspension
under several experimental conditions using batch mode. The
sorption data were correlated to the theoretical kinetic
(pseudo-first order, pseudo-second-order, Elovich, and intra-
particular diffusion) and common isotherms equations (Lang-
muir, Freundlich, Temkin, and Dubinin-Radushkevich). The
corresponding parameters were computed to better understand
the adsorption mechanism.

2. Experimental

2.1. Chemical and reagents

All used chemicals and reagents: copper sulfate (precursor
salt), ethanol, acetone, etc. were of analytical grade. In this
study, methylene blue, supplied from Sigma Aldrich, was used
as adsorbate and representative of cationic dyes. Its molecular
weight was 319.85 g mol~'. Their physico-chemical character-
istics were summarized in Table 1. Distilled water was used to
prepare aqueous solutions and for finishing experiments
(washing and rinsing). The pH was adjusted using 0.1 M
HCI or 0.1 M NaOH solutions.

2.2. Preparation of Cynomorium coccineum aqueous extract

The fractions of Cynomorium coccineum were collected during
the month of March 2019 from Skanes region area (latitude:
35°75, longitude: 10°82"), Governorate of Monastir, Tunisia.
The collected fractions were thoroughly washed and shade
dried for a weak and ground to fine powdered using an electri-
cal mixer. Grinded dried Cynomorium coccineum fractions
(10 g) were heated in a flask containing 150 mL distilled water
for 90 min at 70 °C. After which, it was cooled to room tem-
perature and then filtrated with a filter paper.

2.3. Bio-synthesis of copper nanoparticles using Cynomorium
coccineum extract

The freshly prepared Cynomorium coccineum extract (100 mL)
was added to 100 mL of 1 M copper sulfate solution. The mix-
ture was constantly stirred at 70 °C for 2 h. The color change
of the solution from blue to dark green indicated the formation
of the copper nanoparticles (Fig. 1). Afterward, it was cooled
to room temperature and then filtrated using a filter paper.
Finally, the synthesized nanoparticles were subjected to drying
at 100 °C for a period of 12 h.
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Table 1

Physico-chemical characteristics of methylene blue dye.

Name Chemical structure

A (nm) in water

Molecular weight (g/mol) Empirical Formula

N
N
o AL I o oo

1 1
CHj Cl CHs

Methylene blue

319.85 Cy6H 3CIN3S

iPowders

/Wt = 90 min

Fig. 1 Photographs showing the extraction of dye from
Cynomorium coccineum and the change in color during the
synthesis of the copper nanoparticles.

2.4. Characterization techniques

Fourier Transform Infrared Spectroscopy was used to identify
the functional groups characteristics of the bio-molecules pre-
sent in Cynomorium coccineum extract. The FT-IR spectra were
recorded on a Perkin Elmer model in the 4000-400 cm ™' region
using KBr pellet method. The morphological features of the
samples were evaluated by a SEM Hitachi S-2360N. Samples
were coated with Au by a vacuum sputter-coater with 20 kV
accelerating voltage. EDX measurements were taken on a Phi-
lips FEI Quanta 200 for semi-quantitative analysis of elements.
X-ray powder diffractograms were obtained at room tempera-
ture on a PANalytical X’Pert PRO MPD apparatus. Thermal
analysis (TGA) experiments were performed in the air flow at
a heating rate of 10°/min in a Pt crucible with NETZSCH
STA 449F3 equipment.

2.5. Bio-sorption batch procedure

The batch sorption experiments were carried out in Erlen-
meyer flasks containing 0.025g of the prepared copper
nanoparticles and a dye volume of 20 mL. The mixture was
agitated at 125 rpm for different periods of time after the equi-
librium was reached. The effect of initial pH value on the
adsorption of methylene blue was studied in the range 3-10.
The nanoadsorbent dosage was investigated in the range
0.0125-0.1 g. The effect of the change of temperature was
examined at the range 22-55°C. The absorbance evolution
of the colored solutions was monitored through UV-Vis spec-
trophotometer at a wavelength of 664 nm. The adsorbed
amount of methylene blue was calculated according to the fol-
lowing formula:

q(%> _(eo—e) g (1)

g m

where ¢y and ¢, are the initial and residual dye concentration.
V is the volume of the used adsorbate during the adsorption
experiments and m is the mass of the used adsorbent.

3. Results and discussion

3.1. Copper nanoparticles characterization

Fig. 2 showed the different functional groups characteristics
of Cynomorium coccineum extract and the associated biolog-
ical synthesized copper nanoparticles. In the spectrum of the
Cynomorium coccineum extract, the bands at 3223, 2882—
2801, 1593, and 1312-1195cm™! were attributed to the
O—H stretching of alcohol and phenol, C—H stretching of
the aliphatic group, C—C stretching of the aromatic ring,
and C—O stretching of ester, respectively (Subbaiya et al.,
2014; Tahir et al.,, 2015). The intense absorption band
observed at 1014cm™' could be assigned to C—O—C
stretching vibration (Tahir et al., 2015). The spectrum of
the biosynthesized copper nanoparticles did not change
much compared with the extract and it showed the main
characteristic peaks with band shifting. In fact, the band
observed for hydroxyl groups at 3223 cm™' in the spectrum
of the studied extract shifted to a lower value (3199 cm™') in
the spectrum of the prepared nanoparticles. This shifting, at
this position and the decrease in its intensity, might indicate
that the copper ions interacted with OH groups. This trend
suggested that the prepared particles were surrounded by
different organic bio-molecules. Regarding the spectrum of
methylene blue adsorbed onto the prepared nanoparticles,
such a shift in the band characteristics proved the interac-
tion between the dye molecules and the copper nanoparti-
cles. Overall, the results obtained from the FT-IR spectra
confirmed that the prepared nanoparticles are coated with
bio-molecules that acted as both reducer and coating for
copper nanoparticles against oxidation.

In fact, the formation mechanism of the copper nanoparti-
cles could be explained by the fact that the bio-molecules (i.e.
Flavonoids, phenolics, etc.) present in Cynomorium coccineum
extract can act as ligation agents. The hydroxyl groups of the
bio-molecules form complexing agents with the copper sulfate
as precursor salts and therefore ligate with copper ions. This
starts the nucleation process that goes into reverse micelliza-
tion, which then causes the reduction of the nanoparticles. This
system undergoes decomposition when the particles are dried
at elevated temperatures leading to the easy release of the
CuO nanoparticles from the copper-ellagate complex system
(Yuvakkumar et al., 2014). According to literature, the major
constituents of cynomorium plants have been identified to be
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Fig. 2 FT-IR spectrum of Cynomorium coccineum extract and their associated biological copper nanoparticles before and after their

interaction with methylene blue dye.

phenolic compounds, steroids, triterpenes, etc. (Hao-Cong
et al., 2013). In Fig. 3, we propose the formation of copper
nanoparticles using the biological Cynomorium coccineum
extract.

Fig. 4a-b depicted the SEM photos of the prepared copper
nanoparticles with higher magnifications. Data revealed that
the studied samples were clustered with a rough surface. As,
also, observed, the images indicated that the nanoparticles
were both mono-dispersed and agglomerated with almost
spherical morphologies. Such variation in particles size and
shape distribution is related to the chemical composition of
the Cynomorium coccineum extract.

Fig. 4c gave the EDX spectrum of the synthesized copper
nanoparticles. The strong signal energy peaks for the copper
atoms were observed at 1.0 and 8.0 keV, which correlated well
with the previous studies carried out for the synthesis of cop-
per nanoparticles (Cerchier et al., 2017; Ebrahimi et al.,
2017). It was registered that approximately 54.1% weight of
copper was present in the prepared nanoparticles. The remain-
ing 45.9% were carbon and oxygen present in organic mole-
cules that acted as capping molecules surrounding the
nanoparticles. In fact, the presence of carbon (26.52%) and
oxygen (19.38%) elements was due to the phytochemicals
enclosed in Cynomorium coccineum extract (Valodkar et al.,
2011). The absence of the impurities in the EDX profile is
indicative of the purity of the biosynthesized CuO
nanoparticles.

The XRD pattern of the prepared samples dried at either
60 °C or 100 °C is given in Fig. 5. The as-obtained copper
nanoparticles dried at 60 °C show a broad pattern, which
has been attributed to the highly amorphous and bio-capped

nanoparticles. However, after drying these copper nanoparti-
cles at 100 °C for about 12h in a vacuum oven, the bio-
capping were partially removed. The peaks observed at
20 = 43.2°, 49.5°, and 74° correspond to (111), (200) and
(22 0) representing a face-centered cubic structure of copper
(JCPDS No. 85-1326). The same trends were reported within
the synthesis of copper nanoparticles using Terminalia arjuna
bark extract (Yallappa et al., 2013) and using the aqueous
extract of Calotropis procera L. latex (Harne et al., 2012). In
fact, sintering processing is known to improve the crystallinity
and the particle size.

The average crystallite size (expressed as D) of the prepared
copper nanoparticles was calculated to be about 14.2 nm using
Debye—Scherrer equation (Yallappa et al., 2013):

K
N Bijxcos0

2)

where D is the crystallite size, K is the shape factor between 0.9
and 1.1, A is the incident X-ray wavelength (Cu Ko radia-
tion = 1.542 A) B1/2 is the full-width half maximum in radians
of the prominent line and 6 is the position of that line in the
pattern.

Fig. 5b shows the TGA curve of the synthesized copper
nanoparticles. The initial weight loss of 11% from room tem-
perature to 110 °C corresponds to the adsorbed water mole-
cules. The subsequent weight loss of 41.8% from 219 °C to
786 °C is attributed to the degradation of plant residue i.e.,
the bio-capping material present on the prepared nanoparticles
(Kasthuri et al., 2009). The total weight loss registered within
the thermogram was 52.8%, showing that about 47.2% of
the metallic copper is present in the prepared copper
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Fig. 3  Possible mechanism of the formation of copper nanoparticles using biological Cynomorium coccineum extract.

nanoparticles. This behavior supports the data reported within
the EDX analysis.

3.2. Factors influencing the sorption capacities of methylene blue
using the nano-adsorbents

The effect of the change of initial pH value on the bio-sorption
of methylene blue in the presence of the prepared nano-
adsorbents (Fig. 6a) exhibited that the adsorbed amount of
dye increased with increasing pH in the range of 3—6. The max-
imum sorption amount was achieved at pH 6. The small
adsorption capacity at lower pH could be explained by the fact
that protons are available on the surface of the nanoparticles
used as adsorbent which causes electrostatic repulsion between
the cationic dye and the adsorbed H" ions. However, at higher
pH values, the enhancement in dye sorption capacities could
be explained by the occurrence of electrostatic forces of attrac-
tion between the positively charged dye cations and the nega-
tively charged surface of the studied adsorbent.

Regarding the effect of the adsorbent dosage on the adsorp-
tion phenomenon, the adsorbent amount of methylene blue
depended on the mass of the nanoadsorbent (Fig. 6b). The

maximum adsorption amount was achieved using 0.025 g of
the mass of the adsorbent. It reached 5.47 mg/g
(Co = 25mg/g, t = 30 min, T = 22 °C). However, it did not
exceed 1.8 mg/g within a mass of 0.1 g of the adsorbent under
the same experimental conditions. The high sorption amount
of methylene blue adsorbed per unit mass of the studied
nanoadsorbent registered at low adsorbent dosages (0.0125—
0.025) could be explained by the fact that the adsorption sites
remained unsaturated during the adsorption reaction (Wei
et al., 2005). This agreed with the results obtained in our pre-
vious work dealing with the bio-sorption of methylene blue
using populus tremula, pergularia tomentosa, and nerium ole-
ander as bio-sorbents (Sebeia et al., 2019). Similar quite a ten-
dency has been, also, reported using other sorbents (Barka
et al., 2011; Bulut and Aydin, 2006; Osasona et al., 2013).
The sorption equilibrium of methylene blue was achieved
after only 30 min of time contact (Fig. 5c). The sorption rate
was fast within the first 10 min and it became slower at the
range 30-60 min. This could be explained by the availability
of the adsorption sites in the first period of time contact.
The observed rapid sorption rates suggest, also, the efficiency
of the prepared particles as nano-adsorbents of organic dyes.
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Fig. 4 SEM images of copper nanoparticles synthesized using Cynomorium coccineum extract with different magnifications: (a) 1000x,
(b) 2500, (c) 5000x, and (d) the elemental analysis determined by EDX.

This adsorbed amount of dye molecules per unit mass of
adsorbent increased with the increase in dye concentration
(Fig. 6d). In fact, in the case of the low initial concentrations,
very intense dye adsorption was observed. However, with the
increase in dye concentrations, the sorption amounts increased
slowly after which the equilibrium was achieved. This indicates
the fact that the adsorption sites were saturated at high dye
concentration because at the adsorbent surface there is a lim-
ited number of binding sites. At equilibrium, the adsorption
capacity of methylene blue achieves 64 mg/g. Compared to
other common adsorbents studied in the literature (Table 2),
this registered amount of Methylene blue removal is interesting
and thus the prepared copper nanoparticles from Cynomorium
coccineum extract could be seen as a good adsorbent. As an
example, this value registered for copper oxide nanoparticles
is about four times higher than the sorption capacity registered
within multi-wall carbon nanotubes (15.9 mg/g) (Ji-Lai et al.,
2009) and hydroxyapatite nanoparticles (14.7 mg/g) (Wei
et al., 2005) used as adsorbents of Methylene Blue. It is about
three times higher than zeolites prepared from kaolins col-
lected from different sources (21.4 mg/g) (El-Mekkawi et al.,
2016).

Experimental results show that as the temperature was
increased from 22 to 55°C, the adsorbed quantity of dye

slightly increased (Fig. 5d). At 55°C, q, is about 73 mgg™"
and it is 64 mg g~ !, after equilibrium at 22 °C. The improved
dye removal with an increase in temperature may be attributed
to the kinetic effects due to the enhanced diffusion of the dye
molecules or it can be attributed to new adsorption sites being
“activated” (Zhou et al., 2014) on the prepared nano-
adsorbents at high temperature. This physicochemical behav-
ior can be attributed to the possibility of enlargement of the
pore sizes of the sorbent particles at high temperature. The ele-
vated temperature can, moreover, break the internal bonds
near the edge of the active sites thus increasing the sorption
capacities (Weng et al., 2009). According to Giizel et al.
(2015), these trends may be clarified by the fact that the
increase in temperature adds strength to the adsorbate mole-
cule scatter rate across the external limit layer and the internal
pores of the adsorbent particles as a result of reduced solu-
tion’s viscosity.

3.3. Kinetic study

The adsorption rate was checked using four kinetic models:
pseudo-first order, pseudo-second-order, Elovich, and Intra-
particular Diffusion to understand the possible mechanisms
involved in the adsorption process of methylene blue in the
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presence of the synthesized nano-adsorbents. The fitting curves
and the computed kinetic parameters were presented in Fig. 6
and Table 3, respectively. The conformity between experimen-
tal data and the model predicted values was expressed by the
correlation coefficients R and the comparison of calculated
with experimental adsorption capacities. The pseudo-first-
order model (Fig. 7a) yielded relatively low R* values (0.89—
0.92). Hence it could not describe the kinetic data in this case.
It is reported that the pseudo-first-order equation does not fit
well with the whole range of contact time in the adsorption
experiments and it remains generally applicable over the initial
stage of the adsorption processes (Mazengarb and Roberts,
2009). However, following the pseudo-second-order data
(Fig. 7b), excellent linearity was observed. The correlation
coefficients are greater than 0.99 associated with the decrease
of the rate constant k2 with increasing initial dye concentra-
tion. Moreover, the registered experimental sorption capacities
are close to those calculated theoretically. These trends suggest
that the chemi-sorption was so significant (Gucek et al., 2005).
Regarding the intraparticle diffusion data (Fig. 7d), the plots
were deviated from the origin indicating that this equation
was not the sole rate-controlling step but more than one
kinetic process was involved in the adsorption process (Ho
and McKay, 1998).

3.4. Isotherms study and thermodynamic parameters
determination

The study of the adsorption isotherms remains a useful strat-
egy to describe both the relationship between the adsorbate
concentration in the solution and the solid adsorbent at a con-
stant temperature and the design adsorption systems. In this
study, Langmuir, Freundlich, Temkin, and Dubinin—
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Fig. 6 Effect of: (a) pH value (Cy = 25mg/L, T = 22°C, time = 30 min), (b) adsorbent dosage (dye volume = 20 mL, pH = 6,
Co = 25mg/L, T = 22 °C), (c¢) time contact, and (d) dye concentration on the adsorption capacity in the presence of the synthesized nano-

adsorbents.
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Table 2 Comparison of the adsorption capacities of methylene blue using various adsorbents studied in the literature.

Adsorbents Qmax (Mg g ") References
Nano-adsorbents prepared from Cynomorium coccineum extract 64 Current study

magnetic multi-wall carbon nanotube nanocomposite 15.9 Ji-Lai et al. (2009)
crystalline hydroxyapatite nanoparticles 14.7 Wei et al. (2005)

zeolites prepared from Egyptian kaolins 21.4 El-Mekkawi et al. (2016)
Titane nanotubes 133.3 Xiong et al. (2010)

Cu@ Mn-ZnS-NPs-AC 72.90 Dastkhoon et al. (2017)
ZnO: Au-NR-AC 107.5 Bazrafshan et al. (2017)
Zn(OH)2-NPs-AC from Cherry Tree 41.49 Bazrafshan et al. (2017)
Gelatine-12.5% Bentonite 70.97 Li et al. (2018)

Table 3 Summarized kinetic constants, Langmuir, Freundlich, Temkin and Dubinin-Radushkevich parameters for the adsorption of
methylene blue using nano-adsorbents synthesized from Cynomorium coccineum extract.

Kinetic data

Isotherms data

Kinetic equations Constants Dye concentration
(mg/L)

Pseudo First order 25 50
K, (min~") 0.034 0.035
ge (mg g h) 1.63 8.41
R? 0.89 0.92

Pseudo-second Order K, 0.066 0.004
e 5.35 16.39
h 4.69 1.08
R? 1 0.99

Elovich o 849,187 15.42
p 3.57 0.36
R’ 0.93 0.89

Intra-particular- diffusion  Kjq (mg g' min'/?) 0.57 1.94
R’ 0.61 0.82

Isotherms Parameters Temperature values (°C)
22 40 55
Langmuir qL (mg g™ 125 111.11 111.11
K (Lgh 0.0032 0.005 0.007
R? 0.87 0.95 0.98
Thermodynamic ~ AH® (kJ mol™")  19.07
parameters AS° (J mol™ ") 16.91
AG® (kI mol™")  14.08 13.78 13.52
Freundlich Kg (L g™h) 2.08 1.021 1.82
n 1.16 1.34 1.52
R? 0.95 0.95 0.95
Temkin B (J/mol) 19.23 19.65 20.55
AL gh 0.069 0.084 0.098
b, (J/mol) 127.54 132.43 132.7
R’ 0.94 0.97 0.97
Dubinin- aor (mg g~h) 38.09 45.56 51.62
Radushkevich Kpr (mol?/kJ?) 5x107° 4x107° 3x10°°
E (KJ/mol) 100 111.8 129.1
R’ 0.61 0.73 0.73

de. (mg/g) is the capacity of adsorption at equilibrium, k; (1/min) is the pseudo-first-order rate constant.
k, is the rate constant for pseudo-second-order adsorption (g/mg/min), h (mg/g/min) is the initial adsorption rate.

qy is the maximum adsorption capacity (mg/g) for a complete monolayer coverage, K is the Langmuir isotherm constant (L/g).

o (mg/g/min) is the constant considered as the initial sorption rate and (mg/g) is the desorption constant during any one experiment.

kiq is the intra-particle diffusion rate constant (mg/g/min).

Kp and n are the Freundlich constants, describing the adsorption capacity and intensity, respectively.
b, is the Temkin constant related to the heat of adsorption (J/mol), B is Temkin constant related to maximum binding energy (J/mol) and A is

the equilibrium binding constant (L/mg).

dpr (mg/g) is the adsorption capacity, Kpg (mol?/kJ?) is a constant related to the sorption energy, E is the mean free energy of adsorption for

each molecule of the adsorbate.

Radushkevich models (Fig. 8) were employed to describe the
adsorptive behavior of methylene blue in the presence of the
prepared nanoadsorbents. The fitting parameters using the
four studied models are summarized in Table 3. The isotherm
model’s validity was confirmed by comparing the R? values.
The assessment of the results shows that Temkin isotherm fit-
ted better to methylene blue adsorption data
(0.94 < R* < 0.97) compared to the three other models. The
values of B and b,, calculated using Fig. 8c, increased with
increase in temperature (22-50 °C), indicating endothermic
adsorption and strong dye-nano-adsorbent interaction
(Equbal Ahmad Khan, 2018). The Temkin isotherm assumes

that the bonding energy of adsorption decreases linearly with
increasing surface coverage (Temkin and Pyzhev, 1940).
Whereas, the Dubinin Radushkevich isotherm is generally
applied to express the adsorption mechanism with a Gaussian
energy distribution onto a heterogeneous surface (Dubinin,
1960). From the calculated parameters of the Dubinin
Radushkevich model, provided in Table 3, the mean free
energy (E) was found to be 100-129.1 kJ/mol indicating a
chemi-sorption process of methylene blue onto a heterogenous
surface. If there are any adsorbate-adsorbate interactions, they
are best described by the Temkin isotherm. Herein, the Temkin
isotherm plots for methylene blue adsorption in the presence of
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the prepared nanoparticles was linear with an R? of a range
0.94-0.97 demonstrating that adsorbate-adsorbate and
adsorbate-nano-adsorbent interactions both control the dye
removal process. Additionally, the parameters of the Temkin
model, summarized in Table 3 show higher values of the heat
of sorption (b, = 127.54-132.7 J/mol) suggesting chemical
adsorption for methylene blue sorption. The same trends were
also observed within the work of Ngulube et al. (2018) when
developing calcined magnesite as adsorbents for cationic and
anionic dyes.

The favorability of the adsorption of methylene blue using
the prepared nanoadsorbents could be assessed through the
exponent “n” determined from Freundlich parameters and it
has observed that n ranges from 1.16 to 1.52. It was reported
that when the value of n lies between 1 and 10 it represents
beneficial adsorption (Aljeboree et al., 2017).

The enthalpy (AH°) and the entropy (AS°) values were
determined from plotting Ln (K;) as a function of the inverse
of the temperature (1/T) (Fig. 7¢). The positive value of the
enthalpy (AH®° = 19.07 kJ/mol) confirms that the interaction
between the prepared nano-adsorbent and methylene blue is
endothermic. This result is also supported by the increase
of the capacity removal with temperatures values, as described
above. The positive value of the entropy change (AS° = 16.91
J/mol) displays the increased disorder and randomness at the
solid-solution interface of methylene blue with the nano-
adsorbents that brings about some structural changes in the
dye as adsorbate and the nanoparticles as adsorbent
(Elmorsi, 2011). Indeed, it was reported that this trend could
reflect the affinity of the prepared nano-adsorbent towards
dye molecules (Barkat et al., 2009). The positive values of
the free energy (AG® = 13.52-14.08 kJ/mol) means that the
sorption of methylene blue is non spontaneous.
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Linearization of the kinetic data through: (a) Pseudo First Order, (b) Pseudo Second order, (c) Elovich, and (d) Intra-particle

4. Conclusion

Herein, nano-adsorbents were successfully prepared for the
first time using Cynomorium coccineum extract, in which
the biological extract acts as a capping as well as a reducing
agent. Evidence of the formation of the metal nanoparticles
was confirmed structurally and morphologically using
FT-IR, SEM, XRD, EDX, and TGA. FT-IR has shown
the presence of the functional groups characteristics of the
studied biological extract. The purity of the particles was
confirmed through EDX, showing the presence of elemental
copper oxide which was surrounded with some elements of
the plant. The crystalline nature of the particles was found
to be affected by the temperature of drying. The average
crystallite size was calculated to be about 14.2 nm. The
results registered within the TGA analysis was in agreement
within those reported using EDX. The prepared nanoparti-
cles exhibited outstanding performance in the adsorption of
cationic dyes. The bio-sorption capacity achieved 64 mg/g
at room temperature which is a level compared to some
other adsorbents previously published in the literature. The
values of B and b, indicated endothermic adsorption and
strong dye-nanoadsorbent interaction. The mean free energy
(E = 100-129.1  kJ/mol), calculated from Dubinin-
Radushkevich suggested a chemi-sorption phenomenon.
Considering the environmentally friendly plant support and
the good sorption performances, the prepared nanoparticles
could be used for the purification of contaminated waters
and explored in other environmental applications. Further
works will be extended for the development of new metallic
nanoparticles using other biological extracts and it will be
interesting to check their performances in photocatalysis
and textile printing.
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