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Abstract

RuO,-ZnO nanocomposite with high adsorption ability of Pb(II) was productively fabricated through mediated pectinose
solution. X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), transmission electron microscopy
(TEM), energy-dispersive X-ray (EDS), pore and surface area characteristics (BET), and Fourier transforms infrared (FTIR)
results showed the formation of Ru-doped ZnO with new RuO, rutile phase. The removal kinetics process was fitted with
the pseudo-second-order model. Nevertheless, the adsorption rate is possibly governed by the Pb(II) ions intra-particular
diffusion. The average diameter of the nanocomposite was about 32 nm. The fabricated nanopowders have a rapid adsorption
equilibrium time of 40 min and excellent competence for Pb(II) ion elimination (184.5 mg g™ ).

Keywords RuO,-ZnO composite - Characterizations - Pb(ii) elimination - Recyclability

Introduction

Pb(Il) ion is a substantial, mellow, elastic metal special concern
because of its poisoning and its prevalent existence in the envi-
ronment. Pb(I) is a famous strongly pestilent metal considered
as a preference pollutant. Due to the present fast manufactur-
ing expansion, heavy metal contamination is becoming further
thought, unapproachable to the environment and community’s
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fitness through nutrition chains (Bolan 2014). Compared to
other heavy metals, Pb(Il) is comprehensively and profoundly
severe, spoiling the human heart, kidneys, and genital and neu-
ral systems, particularly to babies (Watt (2000)). Inorganic Pb
compounds can increase in soft tissues and bones, mischie-
vous neural framework, and give rise to serious ailment (Gloag
1981). There have previously been many ways, like adsorption,
deposition, ion interchange, and reverse osmosis, which have
been sophisticated to remove Pb(I) to minimize contamina-
tion (Kotodyriska 2012). Various manners have been notified
in the literature to remove Pb(I) from water including sedi-
mentation (Pan et al. 2006), percolation (Kedziorek and Bourg
2000), inverse osmosis (Bandehali 2020), ion-exchange (Cao
2019), coagulation method (Bora and Dutta 2019), and adsorp-
tion process (Ghiloufi 2019; Modwi 2017a). While some of
these approaches are costly and tricky to run, the others are
power-dense operations like distillation. Many investigators
have been notified of traditional adsorbents’ use to remove
heavy minerals such as zeolites and activated carbon; how-
ever, such traditional adsorbents were notified to display little
adsorption capability across heavy metal ions (Mohan 2017).
Adsorption methods have several advantages, such as supple-
ness in process and design, and it can create treated wastes
within height quality. As a result, the adsorption procedure
has become one of the main techniques for eliminating heavy
metals from water and wastewater. Nanomaterials that have
been deliberated to remove metal ions such as ZnO, TiO,,
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(Alipour 2020; Yousefzadeh et al. 2018). The most significant
inconvenience of these adsorbents comprises of its reduced
adsorption effectiveness for low concentrations of heavy met-
als. Therefore, it is required to discover other nanocomposites
with improved metal adsorption efficacy for low heavy metals
in aqueous solution.

ZnO nanoparticles, fabricated by a sustainable, eco-friendly
process, receive increasing attention because of their cheap
cost and environmental friendliness (Zagal-Padilla and Gam-
boa 2018). Natural polymers, such as starch (Sagadevan
2019), pectin (Yu 2019), gelatin, or gum arabic, have been
effectively used to make ZnO nanoparticles (Zak 2011; Pauzi
et al. 2020). Nevertheless, there are some drawbacks to these
approaches. For example, natural polysaccharides in natural
polymers (such as starch, gum, and pectin) comprise metal-
lic and nonmetallic impurities, changing the zinc’s preferred
properties oxide nanoparticles by polluting them with the
metallic and nonmetallic elements. Hence, for the fabrication
of high-quality RuO,~ZnO nanocomposite adopting a green
fabrication method, a highly uncontaminated and economi-
cal fuel is needed. In this interest, pectinose solution could
be applied as a mediating material to form RuO,-ZnO with
high purity because of its low cost and facility use. Despite
this, few investigations have been carried out to manufacture
Ru0O,-Zn0 nanocomposite in the presence of a monosaccha-
ride. Though, to the best of our information, no attempt has
been dedicated to fabricated RuO,~Zn0O nanocomposite in
the presence of pectinose for enhancing the adsorption per-
formances of ZnO. Besides, the heterojunction of RuO,—Zn0O
nanocomposites still needs largely studies.

Notwithstanding the obtainability of some research that
was applying RuO,-ZnO nanocomposite well-known het-
erojunction as an adsorbent material, only limited reports
exist on the preparation of RuO,~ZnO composite for heavy
metals removal, and henceforth still additional researches
have to be addressed. This limitation interested us in prepar-
ing and design; for the first time, nanomaterial comprises of
RuO,-ZnO fabricated using pectinose sugar solution, and
the obtained nanomaterials were used for Pb(II) removal
from queues solution. The as-synthesized RuO,~ZnO com-
posite showed extremely high removal competence toward
Pb(ID).

Materials and methods

Fabrication and characterization of Ru0,-ZnO
composite

3 mmoles of Zn (NO;),-2H,0 solution and 0.64 g of RuCl;
were treated with 100 mL of pectinose saturation solution
in a 1000-mL beaker with steady heating and stirring at
200 °C for 4 h. After that, a brown-white foam obtained was
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cooled at ambient temperature for 20 h. The brown-white
powder was dried out and annealed 120 °C for 2 h to obtain
RuO,-Zn0 nonmaterial. The phase structure was studied
by XRD technique via (Bruker D8—Advance equipped)
with Cu-Ka exporter (A=0.15418 nm). The morphology
of materials prepared was evaluated through field emission
scanning electron microscopy (FESEM) using JEOL, JEM-
6700F. The transmission electron microscopy (TEM) using
JEOL, JEM-2100 was applied to examine the structure of
the RuO,—ZnO adsorbent materials. The energy dispersive
X-ray spectrometer (EDS) analysis was measured to get
the nominal stoichiometry composition of the nonmaterial
surfaces. The chemical bonding in the fabricated speci-
men before and after Pb(Il) ions adsorption was recorded
via FTIR analyzer, Nicolet 6700, in the interval of 4000 to
400 cm™! with a resolution of 4 cm™'. The Pb(II) concentra-
tion was measured by means of an ICP analyzer.

The composite zero charges points (pHPZC)
determination

The RuO,~ZnO nanomaterial zero charges point (pHpyc)
was assessed applying aqueous solutions of sodium chloride
(0.10 mol L) with different values of pH. The primary pH
solutions were adjusted from 1 to 13 (ApH ~1) by means of
hydrochloric acid or sodium hydroxide aqueous solutions
(Damasceno et al. 2020). In typical procedure, 10 mg of
RuO,~ZnO was suspended into 10 mL of dissimilar primary
pH solutions, and the mixtures were magnetically agitated
(600 rpm) at ambient temperature for 1 h. Afterward, the
final pH of the centrifuged liquids were determined and
recorded. The primary and final pH values were measured
utilizing a benchtop pH-meter. The plot of initial versus final

pH values was drawn, and the pH,,, value was then located.

2.3. Adsorption study

The adsorption operations were used to assess the Pb(II)
adsorption parameter on the fabricated RuO,—ZnO nanoma-
terials. For the contact time and kinetic study, a known vol-
ume of Pb(Il) at an initial concentration of about 45 mg L!
was mixed with 40 mg of the RuO,-ZnO nanomaterials.
The adsorption test was carried out in the darkness under
vigorous magnetic agitation (i.e., 600 rpm). Afterward, a
small volume of the mixture was extracted at incremented
time intervals and then centrifuged to measure the residual
metal ion amount. The amount of Pb(II) removed per gram
of catalysts at any time (min) is estimated using the follow-
ing expression (Modwi 2017b):
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q; = S AS (1)

where ¢, (in mg g~ 1) is quantity of Pb(II) ions removed per
amount of nanoparticles w (g) at any time ¢ (min), V is the
suspension volume (L), C, and C, are, respectively, the con-
centrations Pb(II) ions, in mg L™, initially preset and at
any time.

The equilibrium adsorption test was conducted in a
50-mL glass bottle, including 10 mg of nanomaterials and
25 mL of Pb(II) with concentrations 5, 15, 30, 45, 60, and
100 mg L~! were added under a magnetic stirrer for 24 h.
Next, in adsorption equilibrium, the suspension nanomateri-
als were centrifuged and filtered through a membrane filter
(0.2 W), after which the residual concentration was measured
as employed in Eq. (2).

.= (Co-C,)V @
w

where g, (mg g~') is quantity of Pb(II) ions removed by
mass of nanoparticles and C, is the concentration at equi-
librium in mg L~!. Langmuir and Freundlich’s models are
mostly adapted to set worth the reached equilibrium. These
models are described in a linear and nonlinear manner to
yield graphical representations of the equilibrium process.

Adsorption kinetics study

Adsorption kinetics and mechanisms study are funda-
mental in the uptake of heavy metals from wastewater as
it supplies reliable information on the process. In such a
process, experimental data are mostly represented by a
pseudo-first- or pseudo-second-order kinetics model. Equa-
tion (3) represents a pseudo-first-order model of Lagergren
(Lagergren 1898) with k, (min~") the rate constant and g, the
maximum quantity of Pb(II) adsorbed at equilibrium. The
In (g, — g,) plot against ¢ permits the measurement of k; and
q,, correspondingly.

In(g,—q,) =In(q,) -kt 3)

whereas the pseudo-second-order kinetic equation can be
stated by the expression (Eq. 4), in which k, is the model
rate constant in g mg~! min~! (Ho and McKay 1999,1998).
Both constants g, and &, can be evaluated knowing the slope
and the intercept of the graph #/g, versus .

t 1 t

- = + —
49 k-3 q, @)

The initial rate of the adsorption, ,=k,-¢,%, can be calcu-
lated as the reciprocal value of the intercept of Eq. (4). The half
time of the adsorption reaction, ¢, = 1/(k,q,), defines the time
needed for the process to uptake half amount of Pb(II) metal
ion as its equilibrium state. The time is frequently hired as
the removal rate quantification. Both parameters are evaluated
and assembled in Table 1. The Elovich kinetic model has, as
well, been successfully employed for the aqueous solution to
characterize adsorption process reactions, and it is expressed
as follows (Zhang and Stanforth 2005):

qt = % In(ap) + % In (?) 3)

where o and f are the Elovich model parameters, and g,
is the coverage of adsorbent surface. This model may be
obtained from either the diffusion-controlled method or the
reaction-controlled method. The parameter f is appropriate
to the activation energies if the model is built on adsorption
on the adsorbent’s actively heterogeneous surface. In the
case of the dispersion-controlled model, it depends on the
particle and diffusion coefficient.

The metal (IT) uptake can be either fitted through the mass
transmission at the interface liquid—solid or via the intra-par-
ticular mass diffusion. The linearized equation of mass trans-
fer kinetic model as proposed by Mbadcam et al. (2011) is
expressed as follows:

In(Cy—C,) = In(D) +ky - t (6)

Table 1 Kinetics models parameters for the removal of Pb(Il) by RuO,~ZnO nanocomposite

q, (Exp)* (mg g’l) Pseudo-second-order

1, (min) hy (mg g~ min~!) g,(Cal)® (mg g™1) K,x 10* (g mg~! min~!) P
183.94 8.6 21.2 182.15 6.4 0.9999
Pseudo-first-order Elovich model
g,(Cal)® (mg g1 K;x10° (min™") P p ax10™ P
18.12 1.48 0.7916 0.052 475 0.7459

*Experimental data

bCalculated data from models
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D is the mass transfer constant and k (min~!) the adsorp-
tion constant, Pb(II) ions may be carried from the solution
bulk to the RuO,—ZnO nanocomposites intraparticle diffusion/
transport process. Sometimes, such a mechanism model is a
rate-limiting stage in the sorption process. The eventuality of
intraparticle diffusion is examined using the Weber and Morris
diffusion model (Hameed et al. 2009; El-Sikaily 2007):

g, = kg -1"*+C )

where C is the amplitude that provides information on the
boundary layer thickness. The intraparticle diffusion con-
stant, kg values (in mg g=! min'?), are estimated from
the slopes of the plots. The plausibility of these models is,
thereafter, discussed based on the regression coefficient, P,
values.

Equilibrium isotherms study

Adsorption isotherms can characterize the equilibrium
between the adsorbed component on the adsorbent and the
unadsorbed component in the solution. The widely employed
isotherm equations for equilibrium data modeling are Lang-
muir (Langmuir 1918), Freundlich (Freundlich 1907), Tem-
kin (Allen et al. 2004), and Dubinin—Radushkevich (D-R)
(Ayawei 2015). These models are expressed as follows:

linear form of Langmuir equation

®

e

q{f qﬂ‘l qm :

Ing, = % InC,+1InK linear form of Freundlich equation
&)

q, = % InK; + R—BT InC, linear form of Temkin equation
10)

linear form of Debinin - Radushkevich
1D
withe = RT In (1 + CL ) where g,, symbolizes the maxi-

Ing, = Ing,, — /362

mum quantity of the adso;bent—surface concentration equiva-
lent to the complete monolayer coverage on the active sites
(Langmuir 1918), and b represents the parameter associated
to the free energy of removal. g,, and b values of can be
estimated from the Langmuir model graphically, as shown
in (Eq. 8), i.e., 1/g,, and 1/(q,,b) are, respectively, the inter-
cept and the slope. The Freundlich’s model constants, n and
k, can be estimated from the slope and the intercept of In(g,)
against In(C,) linear plot (Eq. 9). The constants K and n can
be linked to the bond distribution force and the adsorptive
bond, individually (Freundlich 1907). The Tempkin model
infers that all the molecules heat elimination increases lin-
early with coverage (Allen et al. 2004). The linear shape of
this isotherm can be provided through Eq. (10). B is Temkin

* @ Springer

parameter, corresponding to the sorption heat (J mol™"), and
K; (L mg™") is the constant of Temkin isotherm. The con-
stants B and K are specified from the slope and the intercept
of g, versus In(C,) graph. Dubinin—Radushkevich model is
designated via Eq. (11) (Ayawei 2015), where ¢ is Polanyi
potential, f is D-R constant, R and T are, respectively, the
gas constant (8.31 J mol™! k™!) and absolute temperature,
and E=(2p)"%° is the mean adsorption energy.

Results and discussion

Before characterizations of the composite prepared, the sug-
gested mechanism for the production of RuO,—ZnO could be
described as follows: Throughout boiling, the hybrid solu-
tion on the hot plate, the mixture solution of zinc nitrate,
ruthenium chloride, and pectinose become concentrated on
creating a uniform viscous paste. On subsequent additional
warming, the zinc nitrate hexahydrates begin to break up
swiftly to form up NO, (brownish gas), N,, CO,, H,0, and
extra nitrogenous gases, as illustrated beneath. In addition
to the melted-viscous glue resulting in the expansion and
swell to create the blackish-white color foam, while the pec-
tinose transfers to complete carbonization via dehydration
and polymerization, the reactions occur as follows:

200°C

+ 2Zn0g, + 2RuO,5, + N,
+ 2NOy + 3CLy, + SH,0 +0,
(12)

120°C

+ RuO, — ZnO nanocomposite

13)

Ru0,-Zn0 sorbent descriptions
XRD analysis

The phase structure present in the RuO,—~ZnO materials
was evaluated using the XRD technique. The XRD pat-
terns for the samples confirmed that characteristic peaks
at 20=31.55°, 34.37°, 36.17°, 47.40°, 56.53°, 62.72°,
66.30°, 68.8°, and 69.03° may be ascribed to the (100),
(002), (101), (102), (110), (103), (200), (112), and (201)
planes of the wurtzite hexagonal ZnO structure in agree-
ment with the JCPDS card No. 36-1451(Elmorsi et al.
2017). Besides new peaks corresponding to 20=27.9,
34.92, and 54.35, delineating the (110), (101), and (211)
of the RuO, rutile phase is in agreement with (JCPDS NO
88-0322) (Zhang 2010) as displayed in (Fig. 1). These
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different rutile phases of RuO, planes were stated by pre-
vious works (Lim 2014; Ananth et al. 2013). The mean
crystallite size of nanopowders computed from the full
width at half maximum (FWHM) of the diffraction peak
(101) was calculated via the Scherrer equation. The values
obtained of crystallite size (D) are found to be 31.87 nm.

(101)
2000 =
- JCPDS 36-1451
1500 . RuOZ-ZnO
(100) ¢ 1[RUO,(110)] 42 [RuO.(211)]
_ 3002 2 [Ru0,
= 1000 4
&
P (110)  (103)
g (102) i (112)
g 5004 : H g § S
- : <
= : % o
— & ° 8
-500 r r | r | T | || !
20 30 40 50 60 70 80
20 (deg)

Fig.1 XRD pattern of RuO,-ZnO nanomaterials with JCPDS
36-1451 of ZnO

Fig.2 The ZnO nanoparticles a SEM image and b EDX spectrum

FESEM, TEM, and EDX analysis

The morphology of the RuO,—ZnO sorbent material is dem-
onstrated in Fig. 2a, b. FESEM with different magnifica-
tions established that RuO,—ZnO fundamentally exists as
a spherical shape of various particles size. Moreover, the
TEM image’s morphology of adsorbent material was also
supported (Fig. 2c), which reveals oval-shaped particles
with a different spherical nanoscale size. The EDX spec-
trum depicted weak signals at 2.5 and 0.5 keV ascribed to
ruthenium (Ru) and oxygen (O). Likewise, sharp and weak
peaks at 1.0 and 8.5 keV were also noticed and were due to
Zn. Similar EDX results were stated for RuO,-doped ZnO
nanoparticles fabricated using wet-chemically for selective
L-glutamic acid sensor (Alam et al. 2020). EDX elemen-
tal mapping analysis of Ru, Zn, and O demonstrates in
Fig. 3a—c, which are displayed in distinct colors to identify
their distribution within the RuO,-ZnO nanoparticles. A
brighter area in the elemental map designates a higher con-
centration of the conforming element. It can be observed that
all elements Ru, Zn, and O are uniformly distributed over
all the analyzed particles, which provides evidence for the
successful synthesis of nanomaterials.

2 4 6 8 10 12 14 16 18

z =8

Full Scale 11474 cts Cursor: 0.000 k
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Fig.3 The elemental mapping a—c of RuO,—ZnO sample
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Fig.4 N, sorption—desorption isotherm at —196 °C with (inset) pore
size distribution of the nanocomposite

Surface area analysis (BET)

The surface area pore characteristics of the as-prepared
Ru0O,-Zn0O were determined using a Micrometrics ana-
lyzer affording BET and BJH models data. The findings
gathered from the N, sorption isotherm verified that the
isotherm is of type IV (Fig. 4). In addition, the hysteresis
loop is type H3 [Fig. 4 (inset)], proving the mesoporous
character of the nanomaterial including slit-shaped pores
(Lippens and Boer 1965). The pore size distribution
ranged from O to 100 nm, and the shape of the adsorption
isotherm of type IV proves the mesoporous structure of
the nanomaterial based on the [IUPAC classification (Soto-
mayor et al. 2018). The BET-specific surface area of the
Ru0,-ZnO composite is about 19.5 m* g~'. Besides, the
pore size and volume were equal to 23.46 nm and 0.066
cm?® g1, respectively.

a
’( @ Springer

RuLat ! S5um "

0 Kat

-1
204 2376cm

1604cm
154 @) 34g6em® \ -
1.0 4 /

0.5 4 /

1595¢m™

Transmittance %

0.0 4

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Fig.5 FTIR spectrum of the synthesized RuO,~ZnO nanocomposite
a prior and b succeeding the removal of Pb(II) ions

FTIR study

The FTIR spectra of the prepared RuO,—ZnO nanocompos-
ite before and after Pb(II) uptake are illustrated in Fig. 5.
The stretching vibration modes of bands situated at 3410
and 1031 cm™! are ascribed to the normal polymeric O-H
stretching vibration of H,O on the nanomaterials surfaces
(Makeichyk 2019) due to atmospheric humidity. The sharp
vibration mode at 1595 cm™' owing to the H-O-H bending
is assigned to a small quantity of water in the RuO,—ZnO
nanocomposite (Abdulkhair 2019). The vibration peak at
2340 cm™' is accredited to the presence of CO, in the air
(Modwi 2016). The RuO,-ZnO bond-stretching peaks at
425 cm™! designate the purity of prepared nanocomposite
previously the removal process (Abdulkhair et al. 2020). The
RuO,-Zn0 bond-stretching vibration modes were displaced
to 468 cm™~! and next the removal takes place (see Fig. 5).
This shift is due to the formation of new bonds of Pb—O-H
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stretching vibration (Kumar et al. 2017). Similar results were
stated for Pb(II) and Cd(II) adsorption onto ZnO nanoflow-
ers (Kataria and Garg 2018). The introduction of new vibra-
tion bands at 1317 cm™! belongs to Pb(II) adsorption, and
the stretching vibration peak at 1427 cm™' established the
Pb(OH), group on the surface of RuO,—ZnO composite.
PH,, of ZnO nanoparticles

The zero charges point (pH,,,.) of nanomaterials applied
in the adsorption process is an essential part that provides
the pH value for which the surface charge on the compos-
ite surface will be zero. The variance within the beginning
and the last hydrogen ion [H*] or hydroxide cation [OH™]
is neutral on the surface of the adsorbent at that definite
pH value (Ananth et al. 2013). Henceforth, the surface
charge is further negative if pH>pH,,,. and extra positive
if pH <pH,,. Following, the pH of these aqueous solutions
was calculated, and a plot of initial pH against ending pH
was utilized to estimate the zero charges point (pH,,), as
exhibited in Fig. 6. The pH at the point of neutral charges
of the RuO,—ZnO nanocomposite was found equal to 8.5.

Adsorption performance of Pb(ll) ions
Effect of pH on Pb(ll) adsorption

The influence of the initial pH value of the Pb(II) solution
on the removal process is studied by examining seven values
of pH=2.0, 3.0. 5.0, 7.0, 9.0, 10.0, and 11.0. A 10 mg of
the nanocomposite was stirred for 12 h with 25 mL as well
as a 45 mg L~! Pb(II) solution at room temperature. The
experimental results are exemplified in Fig. 7. As shown
in Fig. 7, the elimination of Pb(Il) is lower at acidic pH

12 4

0 2 4 6 8 10 12 14
PH initial

Fig.6 pH pzc of RuO,—ZnO nanomaterial

ranging from 2 to 5; afterword, it increases to reach a maxi-
mum adsorption capacity at pH 9; subsequently, capacity
drastically decreases with the increase in the pH value. The
depicted high value is not only a result of adsorption but also
due to the precipitation of Pb(Il) at respective pH > 8 (El-
Ashtoukhy et al. 2008; Faur-Brasquet 2002). The low results
found at acidic pH can be ascribed to the neutralization of
negative charges on the adsorbent surface, responsible for
the uptake of binary positive-charged metal ions by excess
hydrogen ions (El-Ashtoukhy et al. 2008). El-Ashtoukhy
et al. (2008) mentioned that the maximum removal of Pb(II)
ions on activated carbon was found for pH values ranging
from 5.6 and 7.6.

Adsorption kinetics

Figure 8 displays the contact time effect on Pb(Il) ions
uptake at room temperature. The adsorption of Pb(II) metal
ion on the nanocomposite was studied using stirring times
in the interval of 5 to 1440 min and 45 mg L™! as initial
concentration. The metal ions’ removal augmented propor-
tionally with the contact time until reaching the equilibrium
after 40 min. At the opening of the process, the elimination
rate was very fast (hy=21.2 mg g~! min™!), owing to the
obtainability of active sites on the nanocomposite surface.
After reaching the equilibrium plateau, the active sites con-
centration decline and the adsorption rate become very low.
Hence, the Pb(II) adsorption remains invariable as time goes
on. Accordingly, 40 min can be conceived as a convenient
time to obtain equilibrium.

Alternatively, the adsorption of Pb(Il) ions at the surface
of nanocomposite may be governed by the intra-particular
diffusion-transport process. The intra-particular model plot
is displayed in Fig. 9d. From this figure, it may be visible

100
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. o AN
/ )
9
o~ 60- 0/ \0
2
{2
E
o 40+
Q
20 4
0 T T T T T T T T T T

Fig. 7 Effect of pH value on the removal capacity of Pb(Il) (initial
concentration about 45 ppm) onto RuO,—ZnO at room temperature
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that there are two separate stage sorption, i.e., multi-linear
in the case of RuO,—ZnO (El-Sikaily 2007; Royer 2009).

The graphs in Fig. 9a of In (g, —g,) versus ¢ depict lin-
earity with correlation coefficients 7> value less than 0.80.
Besides, the calculated value of g, is by far less than the
obtained experimental values (Table 1). The Elovich model
or chemisorption model also does not fit well the adsorp-
tion data performed versus time (Fig. 9c), and the found
regression coefficient is about 0.75 (Table 1). However, the
pseudo-second-order model diagram of #/g, in contradiction
of time (Fig. 9b) shows a better fitting for the data with a
regression coefficient close to the unit (*=0.99997). Fur-
thermore, the ge value calculated from this equation’s linear
plot is almost equal to that obtained from the experiments
(Table 1). The pseudo-second-order model can be estimated
as the best model for the kinetic profile on connecting the
fitting of the applied kinetic models.
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Fig.9 a Pseudo-first-order b Pseudo-second-order, ¢ Elovich kinetic models for removal d Intraparticle diffusion plots of Pb(Il) on RuO,-ZnO
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The mass transfer kinetic model constants are estimated
from the slope and the intercept of the straight line of
In(Cy— C,) against ¢. Though no linear relation was noticed,
and the regression coefficient is mainly very low (0.44). This
result designates that the sorption process rate is not controlled
by mass transfer throughout the liquid film boundary.

The first straight portion, a sharp one, can be attributed
to Pb(Il) ions carriage across the solution bulk to the exter-
nal surface of the nanocomposite through the boundary layer,
macropore diffusion (Allen et al. 1989). In the meantime, the
second linear portion may mention the final equilibrium where
the intraparticle diffusion slowdown, owing to the low concen-
tration of Pb(I), meso- and micropore diffusion (Allen et al.
1989). This guides to the suggestion that the adsorption can
follow multiple-sorption-rates. In the same figure, the trend
line is plotted and does not pass through the origin. This obser-
vation can be ascribed to some level of boundary layer moni-
toring. Such a phenomenon shows that intraparticle diffusion
is not the only rate-governing stage, as other kinetic processes
may influence the adsorption rate.

In other words, all of these operations are running simulta-
neously and cannot be ignored (Royer 2009). The intraparticle
diffusion main parameters are evaluated and listed in Table 2.
The values of intercept C, the thickness of the boundary layer, in
Table 2, indicate the resistance to the external mass transfer. The
constants’ higher values reflect more significant effects of the
solution boundary layer (Hameed et al. 2009; El-Sikaily 2007).

Adsorption equilibrium isotherms

Generally, the adsorption isotherms provide information about
the uptake process of heavy metal ions at equilibrium condi-
tions. Moreover, it manifests how metal ions are segregated
between the nanocomposite surface and solution bulk at equi-
librium incremented by Pb(Il) ions concentration. The adsorp-
tion process is realized in batch mode through mixing10 mg of
RuO,—ZnO nanocomposite with 25 mL of a Pb(II) metal ions
solution at different initial known concentrations and constant
pH in a 100-mL conical flask. Numerous flasks are positioned
in a multiposition agitator at 550 rpm for 12 h of interaction.
10 mL of suspension is sucked from the containers and centri-
fuged, then filtered employed an appropriate filter paper. The
equilibrium concentration of Pb(II), Ce, in the residual filtrate
is measured using an ICP. Figure 10 displays the adsorption
equilibrium isotherms of Pb(II) ions eliminated by RuO,—ZnO
nanocomposite at room temperature.

Furthermore, the experimental data were fitted by the
previously designated models utilizing the least-squares
method. The linearized Langmuir, Freundlich, Temkin, and
D-R isotherms of Pb(II) ions in solutions are drawn. As a
result, the respective model constants (g,,, K;, Kp, n, B, Ky,
¢, and f§) with a correlation coefficient (+%) are calculated and
gathered in Table 3.

The equilibrium parameter, R;, is an essential character-
istic attributed to the Langmuir isotherm, which is a dimen-
sionless constant that refers to a separation factor (Zagal-
Padilla and Gamboa 2018).

1

R, = ———
L7 1+b-C,

(14

R; value points out the adsorption nature as permanent if
R, =0, linear if R; =1, unfavorable if R, > 1, and favorable
ifO<R; <1.

Considering the regression coefficient high values close
to the unit (#>=0.9933) as illustrated in Table 3, it can be
assumed that the Langmuir model suits well the metal ions
adsorption data at equilibrium (see Fig. 11a and Table 3).
Based on this result, it can be said that the experimental
adsorption data are adequately represented by Langmuir
isotherm than that of the other models’ isotherms, par-
ticularly Freundlich. Moreover, the maximum monolayer
coverage capacity (g,,) estimated from the Langmuir iso-
therm model is about 184.5 mg g~! and R, is equal to

160
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Fig. 10 Assessment of equilibrium isotherm models for Pb(II)
removal on nanocomposite, nonlinear plot

Table 2 Intraparticle model parameters for the adsorption of Pb(II) by RuO,—ZnO nanocomposite

Adsorbent K, gie (mg g7 min'?) C,

Ko (mg g" min'?) C, P

RuO,~ZnO 18.65 33.66

0.9475 0.23

172.64 0.9834

]
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Table 3 Different model isotherm constants for Pb(II) adsorption onto nanomaterial

Langmuir Freundlich
g, (mg g™ B(mgg™) R, (L mg™) I n K (L. mg™h
184.5 0.072 0.074 0.9933 1.682 15.89 0.9345
Dubinin—Radushkevich Temkin
g,(mg g™ £x1078 (mol Kj=1)? E (Kj/mol) 7 B (Jmol™) KL mg™h)
169.35 1.45 5.87 0.9869 73.5 1.225 0.9653
(a) (b)
0.5 55
) o experimental data b o Experimental Data
Langmuir linear model 5.0 - Freundlich linear model O
o
)
g
4]
0'0 LJ A L L) \J \J 2'0 L] L) v M v
0 10 20 30 40 50 60 70 0 1 2 3 = 5
Ce(mg.L™) Ln(Ce)
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Fig. 11 Adsorption isotherm models for Pb(II) removal from aqueous solutions on RuO,-ZnO adsorbents via batch adsorption process at 25 °C,
adsorbent mass of 10 mg and using a contact time of 12 h. Comparison of isotherm models linear plot

0.074, suggesting that the adsorption process was favora-
ble. However, based on the regression coefficient values,
it should be pointed out that the D-R isotherm model
described the experimental data as well (see Fig. 11c).

% @ Springer

Recyclability and stability of the RuO,-ZnO
nanocomposite

RuO,-Zn0O nanocomposites recyclability to elimi-
nate Pb(II) was realized for four cycles (Fig. 12). The
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adsorption of Pb(II) was assessed by blending 0.1 g of
RuO,-Zn0O nanocomposite with a 250 mL solution of
Pb(II) (45 mg L™}) for 12 h. Next, in the adsorption oper-
ation, the adsorbent was gathered utilizing a centrifuge
and isolated from the suspension. The obtained material
was then soaked in 50 mL of an aqueous solution of HCI,
H,SO,, HNO;, deionized water, CH;COOH, C,HsOH,
and KOH of known concentration at 25 °C at 250 rpm
for 12 h in a magnetic stirrer (Rauthula and Srivastava
2011; Suresh et al. 2011). After that, the adsorbent was
drained in a furnace at 105 °C for 2 h. The obtained nano-
material was further applied for the elimination of Pb(II)
ions. This process was replicated four times to estimate the
reprocess competence. The removal efficacy of RuO,—ZnO
nanocomposite for Pb(II) dropped down from 92 to 61%
afterward, the five cycles, as manifested in Fig. 12. Later
the consequent five cycles, the subtraction settled at 61%,
a sense that the RuO,~ZnO nanocomposite fabricated
employing pectinose sugar has good recyclability. The
BET surface of the RuO,—ZnO nanocomposite regenerated

87 %
75%

2 3

Number of cycles

[
o
'

100 92%
67%
61%

i

Fig. 12 The reusability of RuO,-ZnO materials for the removal effi-
cacy of Pb(II)

[=2]
o
'

Adsorption efficiency %
IS
o

N
o
'

after the five cycles of adsorption were found to be 17.3
m? g~!, which is a negligible reduction of ~11% compared
to the surface area used in the first cycle (19.5 m? g7!).

Table 4 illustrates a comparative study of the tested
nanomaterial used to remove lead from aqueous solu-
tion with other investigations pointing out the maximum
adsorption capacities and the time necessary to reach the
adsorption equilibrium. The obtained results prove, even-
tually, that the studied RuO,~ZnO nanomaterial not only
has better efficiency, but the adsorption reaction equilib-
rium is also reached faster than the other nanocomposites
in most cases.

Approximate cost analysis of prepared
hanocomposite

Estimating the cost of preparing a new nanomaterial is of
high importance in the practical and extensive application
in wastewater treatment requirement. Substantial factors
contributing to the cost are needed precursors, preparation
process, washing, drying, annealing if required, washing,
etc.

The price for various steps and estimating the total
cost for the preparation of 1 g of RuO,Zn0O, nanocom-
posite has been evaluated to be ~ $ 0.93 or SR 3.50 in
Saudi Riyals (SR) (Table 5). The electricity cost per kWh
is SR 0.32 for Governmental institutions in Saudi Arabia
(https://www.se.com.sa/en-us/customers/Pages/TariffRate
s.aspx58). Based on the average concentration value of
about 15.31 ppb Pb in wastewater (Kinuthia et al. 2020),
12 m? of the corresponding effluent could be treated using
only 1 g of the prepared nanocomposite to be in concord-
ance within world health organization (WHO) permissible
limits for only 0.93$. Eventually, nanocomposite’s prepa-
ration cost was reasonable, considering the high efficiency
of removal and reusability study indicating that RuO,ZnO
composites could be reused up to five cycles to remove Pb
in aqueous media.

Table 4 Evaluation of sorption

o . Adsorbent Removal capacity Contact time T (°C) References

equlhbrlpm caPa01tles and (mg g1 (min)

contact time with RuO,—ZnO

nanomaterials for Pb(Ll) nFe@ZIF-8 175.43 60 20 Zhou (2020)

elimination MnFe,0, 69 30 25 Ren (2012)
SiO,/graphene 113.6 30 25 Hao (2012)
Ni-BC 142 600 25 Wang (2013)
Mg,Al LDH 66.16 240 30 Zhao (2011)
RuO,~ZnO 184.5 40 25 Present work
ZnO nanoflowers 115 120 - Kataria and Garg (2018)
Chitosan/TiO, 145.53 240 20 Tao (2009)
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Table 5 Cost analysis of the prepared RuO,—ZnO nanocomposite

Particulars Sub-particulars Cost of theused  Cost to produce 1 g Cost to produce
quantities of RuO,~ZnO 1 kg of RuO,—
ZnO

Cost of precursors 3 mmol of Zn(NO,),-2H,0 0.45 SR 1.58 SR 1580 SR

0.64 g of RuCl, 0.38 SR

100 mL of CsH,,04 0.01 SR
Preparation Stirring + heating for 4 h [Power (Watt) X Time (h) X unit 1.28 SR 1.28 SR 1.28 SR

cost (SR/KWh)]/100 2 h

Oven drying [Power (Watt) X Time (h) X unit cost (SR/KWh)]/100 0.64 0.64 SR 0.64 SR
Total cost 2.76 SR 3.5SR 1581.92 SR

~0.74 % ~0938% ~422%

Hotplate stirrer 1000 W and the oven 1000 W

Conclusion

In this investigation, the productively, applicability, and
efficiency of RuO,—ZnO nanocomposite as a reused sorb-
ent for removing Pb(Il) ions from aqueous solutions is
demonstrated. The kinetic study findings confirmed that
Pb(II) ions removal was comparatively fast as its accom-
plished equilibrium in 40 min. Moreover, the kinetics
adsorption process fitted the pseudo-second-order kinet-
ics model well, whereas the Langmuir model has better
modeled the obtained equilibrium data. The maximum
removal capacity for Pb(II) onto RuO,-ZnO was equal to
184.5 mg g~ ! at neutral pH and room temperature. In the
studied process, the intraparticle diffusion is not the only
rate-governing stage, as other kinetic processes may influ-
ence the uptake of Pb(II) ions rate.
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