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ABSTRACT

An agricultural waste, sawdust was modified into magnetic nanoadsorbent (Fe;O,-SD) and
used for single and bicomponent removal of Cu(l) and Ni(Il) ions from aqueous solution.
Adsorbent particles were characterized through XRD, TEM, FTIR, vibrating sample magne-
tometer, and Brunauer-Emmett-Teller analysis. The effect of initial metal concentration,
contact time, adsorbent dose, pH, and temperature was studied within a suitable range. A
contact time of 90 min was needed for equilibrium to be established. Adsorption of Cu(Il)
and Ni(II) ions onto Fe;O4-SD decreased with increase in temperature showing exothermic-
ity. Process was found to be thermodynamically favorable and spontaneous and physical in
nature. Equilibrium data fitted well with Langmuir isotherm model and followed
pseudo-second-order kinetics. Adsorption capacity achieved was less when Cu(ll) and
Ni(II) coexisted in the solution in comparison with when they acted independently, thus
supporting antagonistic behavior. Technical feasibility of Fe;0,-SD has been reported in the

work and its easy fabrication and reusability make it a promising adsorbent.
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1. Introduction

Rapid implementation of nanomaterials has
already started. They have entered to the lives
through different fields. Nanomaterials are getting uti-
lized in medical area for magnetic resonance imaging
and drug delivery system [1]. Magnetic nanoparticles
are used in diagnostics and molecular biology [2].
Silver nanomaterials are extensively used in appli-
ances [3] and in crockery fabrication as they possess
antibacterial properties [4]. Due to antifouling proper-
ties of TiO,, it is used as a glaze guard. Other applica-
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tions include formation of paints and catalysts [5],
fireproof glass, and for UV protection [6]. Magnetic
nanoparticles due to its magnetic behavior have
shown new approaches. In context to the water treat-
ment, magnetic as well as non-magnetic nanoparticles
have proved to be quite efficient owing to the high
surface area. For treating the heavy metal containing
solutions, manganese oxide nanomaterial [7], nanopor-
ous titania adsorbents [8], magnetic hydroxyapatite
nanoparticles [9], nanoalumina [10], and magnetic
nanoparticle (Fe;O,) impregnated onto tea waste [11]
have been extensively used by many researchers.
Earlier, the low-cost agricultural wastes or indus-
trial byproducts have shown promising results in the
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removal of even low concentration of metallic species
viz. rice husk [12], bagasse and fly ash [13], stem
waste [14], fruit peels [15], fly ash [16], and blast fur-
nace slag [17]. The approach of this work is to trans-
form an agricultural waste into magnetic nanoparticles
so as to improve its adsorptive capacity. Agricultural
waste chosen for this is Mangifera indica sawdust and
the magnetic behavior of the particle formed is quite
useful in phase (solid-liquid) separation. Sawdust has
cellulosic nature, composed of bonded -OH groups,
C-O stretching in alcohols, symmetrical -NO groups
present at the surface for binding [18]. Sawdust is a
valuable agricultural waste having potential of adsorb-
ing ions from aqueous solutions, but it was not effec-
tive in adsorbing two ions simultaneously from
aqueous solutions. On the basis of the study done by
many researchers, some chemical treatments on
sawdust were tested. Modifications through citric acid,
phosphoric acid [19], and sodium sulfide [20] have
been proved suitable for adsorbing cations earlier, but
no such treatment suited adsorption of the two metals
simultaneously from the solution. Finally, the proper-
ties of the sawdust were further enhanced by making
into magnetic nanoparticle and providing them with
much larger surface area, thus improving its applica-
tion as adsorbent for not only single metal containing
solutions but also for combined Cu(ll) and Ni(II)
system.

Present work has been focused on simultaneous
removal of Cu(ll) and Ni(Il) from aqueous solutions
using magnetic nanoparticles of M. indica sawdust
(Fe304-SD). These Cu(Il) and Ni(Il) ions are in general
present in the effluent of electroplating industries.
Primarily, the aim of the study is to (a) synthesize a
novel magnetic nanomaterial by co-precipitation
method using naturally obtained sawdust; (b) con-
firmation of its structural and surface properties
through XRD,TEM, FTIR, vibrating sample magne-
tometer (VSM), and Brunauer-Emmett-Teller (BET)
analysis; (c) batch adsorption studies by varying pH,
time of contact, agitation speed, temperature, initial
Cu(I) and Ni(II) concentration, and temperature; (d)
kinetics model investigation; (e) isotherms and inter-
ference studies in the multicomponent system; and (f)
reusability studies of the adsorbent.

2. Experimental
2.1. Reagents

All the reagents used were of analytical grades.

Cupric nitrate [Cu(NO3),-3H,O] and ammonium
nickel(Il)  sulfate  [(NH,),SO4NiSO4-6H,O]  were
dissolved in double-distilled water to prepare
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1,000 mg/L of stock solution of Cu(Il) and Ni(II) ions,
respectively. All the working solutions were prepared
by diluting the stock solutions using double-distilled
water. Additional chemicals which were required for
adsorbent preparation are ferric chloride hexahydrate,
ferrous sulfate heptahydrate, ammonia solution,
sodium hydroxide, and hydrochloric acid.

2.2. Adsorbent preparation

For synthesizing Fe;O,-SD at first, M. indica
sawdust collected from a local sawmill was thor-
oughly washed with double-distilled water to make it
dust free and then sieved. It was then dried in an
oven at 50°C for 24 h. For the impregnation of saw-
dust with magnetic properties in a nanorange, co-pre-
cipitation of FeCls;-6H,O and FeSO47H,O along with
sieved sawdust particles was done [21]. Exactly, 6.1 g
of FeCl;-6H,0 and 4.2 g of FeSO47H,0 in 100 mL of
distilled water were heated to 90°C and then 10 mL of
ammonium hydroxide and 1 g of sieved sawdust
(average particle size—96.5 pm) dissolved in 200 mL
of distilled water was added to it. The pH of the med-
ium was adjusted to 10 and again heated to 80°C, and
then cooled for precipitate formation. Black precipitate
formed was filtered, dried overnight, and stored in a
desiccator.

2.3. Analytical methods

For the characterization of the adsorbent used in
the present study, X-ray diffraction analysis was done
using Philips 1710 X-ray diffractometer employing
nickel-filtered Cu Ka target of radiation wavelength
1542 A operating at 40 kV and 40 mA. Through the
patterns obtained in XRD analysis, phase confirmation
of the adsorbent can be done and it also helps in
determining the size range of the particles. Morphol-
ogy and dimensions of the nanomaterial formed were
determined by transmission electron microscopy
(Tecnai G> series 200 kV TEM). Parameters such as
BET surface area, pore area, and pore volume were
determined by N, adsorption-desorption method
using Micromeritics ASAP 2020, V302G single port.
Nitrogen was used as the cold bath (77 K) and BET
theory was used. For porous structures, BJH (Barrett-
Joyner-Halenda) data were used. To examine the
magnetic properties, the nanoparticles were studied
by a VSM at room temperature. The plots of
magnetization vs. magnetic field (M-H loop) at 28.6°C
were obtained. Magnetic measurement was carried
out on a quantum design MPMS-XL5 SQUID
magnetometer using 0.02684-g sample. The pH
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measurements were done using digital pH meter
(Systronics). Meter was standardized using buffer
solutions of pH 4.0, 7.0, and 9.2. For shaking the
adsorbent-adsorbate system at a constant temperature,
water bath shaker (NSW-133) was used for all the
adsorption experiments. Magnetic stirrer with hot
plate was used for heating the solution and providing
the required temperature for precipitate formation.
Analysis of Cu(Il) and Ni(II) concentration in the solu-
tion was carried out using UV-visible spectropho-
tometer (ELICO SL 159 UV-vis Spectrum).

2.4. Adsorption equilibrium experiments

Batch adsorption of Cu(Il) and Ni(Il) was investi-
gated onto Fe;O4-SD nanoparticle formed out of
sawdust. Experiments were carried out at various
operating conditions. The Cu(Il) or Ni(Il) concentra-
tion in the binary solution ranged between 5 and
100 mg/L. Variation of working parameters viz. pH
(2-7), adsorbent dose (1-6 g/L), time of contact
(0-120 min), agitation speed (0-200 rpm), and tem-
perature (20-40°C). Kinetic experiments were done for
a solution containing 100 mg/L of each Cu(l) and
NidI) at (30 = 1)°C at least twice and mean values
were used in the analysis and plotting of the data. Iso-
therm studies for single and bicomponent solutions
were done in the range of 50-150 mg/L.

Adsorbents were filtered after the equilibrium was
achieved and the Cu(ll) and Ni(Il) concentration in
the filtrate was analyzed by forming colored com-
plexes for both Cu(l) and Ni(l) using UV-visible
spectrophotometer. Cu(ll) gave yellow color with
dimethyldithiocarbamate and was tested at 457 nm,
while a red unstable complex was observed for Ni(II)
with dimethylglyoxime and it was read at 445 nm
[22]. The adsorbed amount of ions onto Fe;O4-SD
nanoparticle at each interval of time is calculated by
following equation:

c,—C
"foloo (1)

% Removal of metal ions =
Quantity of Cu(l) and Ni(II) ions adsorbed per unit
mass of adsorbent is given by

(Co—C)V

10 7 2
W @)

All the investigations were carried out in duplicate to
avoid any discrepancy in experimental results with
the reproducibility and the relative deviation of the
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order of +0.5 and *1.5%, respectively, for the two ions
(Cu(I) and NidID)).

2.5. Reusability of adsorbent

To test the reusability of adsorbent, Cu(ll)- and
Ni(ID)-loaded Fe3O4-SD nanoparticles were washed
with different eluents. Distilled water, dilute solutions
of HCl, HNO;, and H,50, were tested for regenerat-
ing the adsorbent. 100 mL of aqueous solution con-
taining 10 mg/L of each Cu(l) or Ni(I) ion and
adsorbent dose of 5 g/L was given constant shaking
of 120 rpm at 30 = 1°C. The adsorbent was then sepa-
rated from the solution and dipped in 0.1 N HC],
0.1 N HNOs, 0.1 N H,SO,4, and distilled water and
was again constantly agitated at 120 rpm. The concen-
tration of Cu(l) and Ni(Il) ions released into the elu-
ent was tested and the suitable desorbing agent was
selected. Consecutive adsorption-desorption cycles
were run using the eluent with the highest desorbing
power and the validation of reusability of the Fe;Og4-
SD nanoparticles for bicomponent adsorption was set.

Desorption efficiency of the eluents can be
calculated using the following equation:

Concentration of metal desorbed

Concentration of metal loaded
x 100

Desorption efficiency =
3)

3. Results and discussion
3.1. Characterization of Fe304-SD

The XRD demonstrates high crystallinity of Fe;Og4-
SD nanoparticles. Phase of Fe;O, is revealed from the
patterns of the XRD obtained. Major peaks of Fe;O4-
SD were visualized at 30.1°, 35.5°, 43.1°, 53.4°, 57.0°,
and 62.6° with their respective indices (2 2 0), 3 1 1),
(400),422),(511),and (4 4 0) as shown in Fig. 1(a).
In consistency with the database in JCPDS file
(PCPDFWIN v.2.02, PDFNo. 85-1436), it showed pure
Fe;0, with inverse-spinel structure and sawdust bind-
ing did not result in phase change [21].

The crystallite size of the particle was estimated
using Debye-Scherrer equation [23]:

0.94
X = (fwhm) cos 0 @

where X; is the crystallite size (nm), A is the X-ray
wavelength (0.15406 nm), and fwhm is the full width
at half maximum for the diffraction peak, and 6 is the
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Fig. 1. Characterization of Fe;O4-SD nanoparticles (a) XRD plot, (b) TEM image, (c) diffraction pattern, and

(d) magnetization curves.

diffraction angle. Average crystallite size obtained was
30 nm.

The picture of TEM in Fig. 1(b) reveals smaller and
compact particles in a nanorange with particle diame-
ter of 50 nm. Diffraction pattern of the particle is also
shown in Fig. 1(c). The BET surface area obtained was
41.7414 m*/g, whereas BJH adsorption/desorption
surface area of pores is 34.091/42.2112 m*/g. The sin-
gle-point total pore volume of pores (d < 21.960 A)
was found to be 0.019624 cm’/g, whereas cumulative
adsorption/desorption pore volume of the pores
(17 A < d < 3,000 A) is 0.063438/0.072568 cm’/g,
respectively. The average pore diameter by BET
method was found to be 18.8050 A, whereas the BJH
adsorption/desorption average pore diameter is
74.435/68.766 A. Fe;0,-SD was found to comprise
mainly of mesopores (87% from BJH adsorption and
99.5% BJH desorption).

It was analyzed from the FTIR spectra (before
adsorption) of Fe;O4-SD nanoparticles that it exhibits

strong bands of iron oxide in the low frequency
region (1,000-400 cm™') due to the iron oxide skeleton
[24]. The spectrum is consistent with magnetite Fe;O,
spectrum (bands at 629.6, 584.1, and 428.9 cm™Y). This
supports complete association of sawdust with mag-
netic Fe;O, particles. Bands after adsorption shifted
to 581.7 and 407 cm™', while peak at 629.6 disap-
peared. Spectroscopic bands at 3,453.1 cm ™' represent
bonded -OH groups [11] which then dropped to
3,180.5 cm ! At 1,321.2 cm ™}, bands of NO?  bonded
through nitrogen were observed [25]. Peak at
1,635.1 cm™' was observed representing C=O stretch-
ing of carboxylate [26]. Shifts were seen to 1,335.5
and 1,656.4 cm™' which signifies NO?*~ bonding and
C=0 stretching vibrations are involved in Cu(ll) and
Ni(Il) binding. Appearance of a new peak was
noticed after adsorption of the Cu(ll) and Ni(II) ions
at 1,156.5 cm ™ * signifying C-O-C stretch in ether [21].
Also, the Fe-O bonds and -OH are possibly involved
in the activity.
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Magnetization curve of the Fe;O4-SD exhibits
near-zero coercivity and remanence suggesting super
paramagnetic nature of the adsorbent [27]. From the
plots of magnetization vs. magnetic field (Fig. 1(d)),
the saturation magnetization strength (M;) is
0.95 emu/g. The value is much lower which may be
due to the nanosize effect [28]. It is known that the
energy of a magnetic particle in an external field is
proportional to its size via the number of magnetic
molecules in a single magnetic domain and as this
energy becomes comparable to the thermal energy,
thermal fluctuations significantly reduce the total mag-
netic moment at a given field [29].

3.2. Effect of pH

The effect of pH on adsorption of Cu(Il) and Ni(II)
ions was investigated in both acidic and alkaline
range. Adsorption was studied at room temperature
for pH variation of 2-8 (Fig. 2). Removal percentage
for Cu(Il) was seen increasing from 20 to 99.27 and 50
to 98.63 for Ni(Il) in the pH range 2-5 and again it
dropped down for pH 6-8. Maximum adsorption effi-
ciency was noted at pH 5 which was 99.27 and 98.63%
for Cu(l) and Ni(l), respectively. Cu(l) can be
present in the aqueous solution as Cu?*, Cu(OH)*,
Cu(OH),, Cu(OH);, and Cu(OH); . But the domi-
nance of Cu?* is seen at pH < 6 [30,31].

Similarly for Ni(Il), Ni** ions are only present at
pH <7, while Ni(I) can also be available as Ni(OH)",
Ni(OH),, and Ni(OH); in the aqueous solutions. To
work on a binary solution, it is important to choose
pH <6, which suits adsorption of both Cu(ll) and

vz Cu (ll)
[CTIIID Ni (1)

100

80

60 -

% Removal

40

20 4

1 2 3 4 5
Initial pH

Fig. 2. Effect of initial pH on Cu(Il) and Ni(II) removal by
Fe;04-SD nanoparticles (temperature: 30°C; pH: 5; adsor-
bent dose: 5 g/L; heavy metal concentration: 10 mg/L;
and time: 90 min).
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Ni(I) ions. The pH chosen for the present study
through experiments is 5, which is also strongly sup-
ported by the speciation diagram for copper and
nickel.

The experimental results obtained can be explained
by the surface charge and the pHyzpc of the adsorbent.
At pH < szpC (pHZPC of Fe3O4—SD is 38), the adsor-
bent surface gets protonated and thus there exists a
competition between H* and heavy metal ions (Cu**
and Ni*") for the active sites making it unfavorable for
metal binding. But as the pH is raised at a value
greater than pHzpc, the adsorbent gets deprotonated
and can bind Cu(ll) and Ni(Il) ions through electro-
static attraction leading to the formation of Cu(Il) and
Ni(ID—ligand magnetic composite complexes [21].
The main mechanism (complexation and ion
exchange) of adsorption can be explained as

At pH < PHZPG

—Fe-O—~(C=0)-(OH),, + H* — Fe-O—(C=0)-(OHy);"
At pH > pHzpc:

—Fe-O-(C=0)-(OH),, + M?* — —Fe-0-(C=0)-
(O-M), + nH*

where M = Cu and Ni.

3.3. Effect of equilibration time and initial Cu(Il) and
Ni(1I) concentration

The feasibility of Fe;O4-SD as a magnetic nanoad-
sorbent was tested for the removal of Cu(Il) and Ni(II)
ions from aqueous solutions. The solution of different
concentrations varying between 10 and 100 mg/L

100 - . n 5 3
" a
o
90 o
.
80+ . N A A
© 5] A v v |10 mg/L
3 70 . 4 $ voT % ¥ mocum
IS E 4 v ) o Ni(l)
&J ; v X 50 mg/L
i a x A cu(l
® €0 v X . v Ni(ll)
X ° 100 mg/L
50 X e X Cu(ll)
. ® Nl
404 °
T T T T 1
0 20 40 60 80 100

Contact time (min)

Fig. 3. Effect of contact time and initial Cu(l) and Ni(II)
concentration on Cu(ll) and Ni(Il) removal by Fe;O4-SD
nanoparticles (temperature: 30°C; pH: 5; adsorbent dose:
5 g/L; time: 90 min; and concentration: 10-100 mg/L).
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containing both Cu(Il) and Ni(Il) species was shaken at
constant temperature for a fixed dose of 5 g/L and sam-
pling was done at regular intervals of 10 min. The fil-
trate was analyzed for Cu(Il) and Ni(Il) and the results
are presented in Fig. 3. As predicted, the removal per-
centage for both species increased with time upto
90 min and then approached a constant value. On
increasing concentration from 10 to 100 mg/L, the per-
centage removal for Cu(ll) decreased from 99.98 to
73.58. Same trend was seen for Ni(I) ions for which per-
centage removal decreased from 98.22 to 72.71. In the
initial stage, due to the large concentration gradient and
the presence of vacant sites, adsorption was rapid while
after attaining equilibrium, it dropped as a repulsive
force appears between the metallic species in the solu-
tion and the sites already occupied by the same species.
Adsorption noticeably decreased on increasing Cu(Il)
and Ni(Ill) concentration. High removal at low
concentration is of industrial importance.

3.4. Effect of adsorbent dose

In comparison to other adsorbents, nanoadsorbents
have higher surface area to volume ratio. Thus, for the
present case, it is expected that high efficiency is
achieved for a less amount of Fe;O4-SD. Effect of dif-
ferent adsorbent doses on removal of Cu(Il) and Ni(II)
ions has been observed. For this, dose was varied
from 1 to 5 g/L and the Cu(ll) and Ni(Il) concentra-
tion, temperature, and pH were kept constant at
10 mg/L, 30 = 1°C, and 5, respectively. Hundred per-
cent adsorption was seen for Cu(Il) ions at 3 g/L dose,
while for Ni(Il), it was achieved for a dose of 5 g/L.
To select a common dose for 100% adsorption of both
the ions from bicomponent system, a dose of 5 g/L
was fixed. For a nanomaterial, greater availability of
sites is the reason behind such high adsorptive power.

3.5. Effect of agitation speed

Agitation effect on adsorption of Cu(Il) and Ni(II)
was investigated within a range of 0-120 rpm.
Adsorption was quite low at no agitation and rapidly
increased with agitation speed. Adsorption percentage
achieved at no shaking for Cu(Il) was 18 and for Ni
(I) ions, it was 20 which increased up to 99.27 and
98.63, respectively, for Cu(Il) and Ni(I) at 120 rpm.
Probably, at lower speeds, adsorbing particles
agglomerate and whole of the surface is not available
for adsorbing the Cu(ll) and Ni(Il) species, while at
higher speeds, the particles get dispersed and partici-
pate in the process.
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3.6. Effect of temperature

Temperature has an important role to play behind
adsorption. Equilibrium adsorption capacity is affected
by the change in temperature. For exothermic reaction,
adsorption capacity decreases with increase in tem-
perature and the reverse is true for endothermic reac-
tions. Temperature effect was investigated for a
solution containing 100 mg/L of both Cu(Il) and Ni(II)
ions at pH 5 for the temperature range 2040°C. Fig. 4
shows the removal percentage of solution at different
temperatures with respect to time. For both the spe-
cies, adsorption was seen decreasing with increase in
temperature, indicating exothermic reaction. Increas-
ing temperature was not favorable for the simultane-
ous removal of both Cu(l) and Ni(Il). On increasing
temperature, the randomness of the system increases,
thus the probability of ions being captured by the
Fe;0,4-SD surface decreases.

3.7. Kinetic studies

Solute uptake rate is described by the kinetics.
Rate-determining step can be established which thus
helps in designing the process. Experiments were car-
ried out for 100 mg/L of solution containing Cu(Il)
and Ni(I) ions in the same ratio. Kinetics was tested
using pseudo-first-order kinetics, second-order rate
kinetics, Elovich, and intraparticle diffusion model.

3.7.1. Pseudo-first-order kinetics

The linearized form of the pseudo-first-order
kinetics model as proposed by Lagergren [32] is:

80 7
L ]
—
70 A ——%
©
(>) 60 Temperature ( °C)
S 20
& —a— Cu (Il)
50 —e— Ni(ll)
® 30
—aA— Cu(ll)
—v— Ni(Ill)
40 A 40
—*— Cu(ll)
—— Ni(Il)
30 T T T T T T T

1
30 40 50 60 70 80 90 100
Contact time (min)

T T
0 10 20

Fig. 4. Effect of temperature on Cu(Il) and Ni(II) removal
by Fe;04-SD nanoparticles (pH: 5; adsorbent dose: 5 g/L;
heavy metal concentration: 100 mg/L; and time: 90 min).
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(k)¢

2.303 ©

log (e — q1) = log qe —

where g, and g; are the amounts of Cu(ll) and Ni(II)
adsorbed (mg/g) at equilibrium time and at any time
t, respectively; k; (min™!) is the first-order rate
constant.

3.7.2. Pseudo-second-order kinetics

Pseudo-second-order [33] is described by the
following equation:

t 1 t
= 4 6)
9 kg ge

where k, (g/mg min) is the second-order rate

constant.

3.7.3. Elovich kinetics

Elovich equation is generally applied for
chemisorption. It is devised for heterogeneous surfaces
[34] and stated as:
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gi=A+Blnt ®)

where a and f are the Elovich constants. a (mg/g min)
represents the rate of chemisorptions at zero coverage,
and g (g/mg) is related to the extent of surface cover-
age and activation energy for chemisorptions.

3.7 4. Intraparticle diffusion

Weber and Morris [35] devised a model for
intraparticle diffusion as:

g = Kigt'? )]

where Kiy (mg/g min'/?) represents the intraparticle
diffusion rate constant. Pseudo-first-order kinetics
model was tested for a set of temperatures ranging
from 20 to 40°C in a binary solute system. From the
plot of log(g. — g») vs. t, quantity of Cu(l) and Ni(II)
adsorbed and the rate constants obtained at the
respective temperatures are given in Table 1. R?
showed a much lesser value for the kinetics of Cu(ll)
as well as Ni(Il) ions.

For the present study, pseudo-second-order model
was found to be the most suitable. Parameters (Table 1)
were obtained through a plot of (t/g,) vs. t. Values of

1 1 the correlation coefficient were seen to be 0.993 and

i = 7 In(2f) + 5 Int) (7) " 0.994 for Cu(l) and between 0.986 and 0.988 for Ni(Il)

Table 1

Kinetic and thermodynamic parameters for adsorption of Cu(Il) and Ni(Il) using Fe;O4-SD nanoparticles

Species Copper(ID) Nickel(II)

Temperature (°C) 20 30 40 20 30 40

Pseudo-first-order kinetics g. (mg/g) 6.47 5.28 4.40 5.649 5.727 5.997
ki(min™") 0.025 0.018 0.018 0.013 0.013 0.020
R? 0.878 0.860 0.843 0.860 0.867 0.865

Pseudo-second-order kinetics e 15.38 14.28 13.51 13.69 13.69 13.69
kx(g/mg min) 0.009 0.012 0.015 0.011 0.010 0.009
R? 0.993 0.993 0.994 0.988 0.987 0.986

Elovich model A 6.431 6.555 7.218 5.82 5.66 5.19
B 1.774 1.604 1.301 1.637 1.638 1.683
R? 0.901 0.843 0.813 0.713 0.701 0.801

Intraparticle diffusion Kiq (mg/g min'/?) 0.625 0.569 0.465 0.598 0.602 0.608
R? 0.972 0.919 0.903 0.826 0.822 0.906

AG® (kJ/mol) -2.7 —2.56 —2.09 —2.48 —2.46 —2.06

AH" (kJ/mol) -1.14 —8.60

AS® (kJ /mol K) —-0.029 —-0.02
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ions of the binary system. Elovich model dealing with
chemisorption kinetics was analyzed by graph between
g and In(t). Constants obtained along with the R?
values are listed which show poor fit of the data. For
intraparticle diffusion to be the controlling mechanism,
a plot of g; against square root of contact time should
result in a straight line passing through origin;
otherwise, film diffusion plays an important role. It
was inferred that the plot does not pass through the
origin implying the role of film diffusion and only the
intraparticle diffusion. Thus, second-order kinetics
appropriately suits the kinetics of both Cu(ll) and
NidI) ions of the binary solution. Combined film and
intraparticle diffusion has also a role to play.

3.8. Thermodynamic studies

Studies relevant to the effect of temperature on
simultaneous adsorption of Cu(Il) and Ni(II) ions onto
Fe;04-SD not only decide the nature of the process
(endothermic or exothermic) but also help in under-
standing the thermodynamic states. Change in stan-
dard free energy (AG") is obtained using the following
equations:

Kc = CAe/Ce (10)

AG® = —RT InK. (11)
Values of enthalpy (AH®) and entropy (AS®) can be
calculated through the plot of In K, vs. 1/T by
In K, = (AS°/R) — (AH°/RT) (12)
where K, is the equilibrium constant at temperature T,
R is the universal gas constant (8.314 x 1072 kJ/mol K),
and Cxe and C, are the equilibrium concentrations of
adsorbate on the adsorbent and in the solution,
respectively.

As it can be seen from the parametric values given
in Table 1, the negative value of AG® indicates spon-
taneity and favorable adsorption. Moreover, the
adsorption is physical in nature as AG® lies between
—-20 and 0 kJ/mol and not between -80 and
—400 kJ/mol which signifies chemisorption. The
negative values of AS® and AH’ support exothermicity
and low degrees of freedom. Also, AH® < 40 kJ/mol
indicates physical adsorption [36].

3.9. Adsorption isotherms and statistical analysis

Equilibrium data or the adsorption isotherms
establish a relationship between the amount of
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adsorbate per wunit of adsorbent (g.) and its
equilibrium solution concentration (C,) at constant
temperature. Affinity of an adsorbent in the form of
adsorption capacity can be modeled using Langmuir,
Freundlich, and Redlich—Peterson isotherms. For this,
experiments have been performed over a range of ini-
tial Cu(l) and Ni(l) concentrations of 50-150 mg/L
containing Cu(Il) and Ni(Il) ions at pH 5.

Langmuir model assumes monomolecular layer
adsorption at homogeneous sites. Linear form for
which can be expressed as:

C, 1 C,
Te_ 1 e (13)
e 9ob  qo

where g, is the amount adsorbed per unit mass of
adsorbent at equilibrium (mg/g) and C, is the equilib-
rium concentration (mg/L). The Langmuir constants
related to the adsorption capacity and energy of
adsorption are denoted by g, and b, respectively.

Freundlich model for heterogeneous surfaces is
defined as:

In go=In K¢ +% In C, (14)

Kr and n related to adsorption capacity and intensity,
respectively.

Redlich-Peterson is an improvement over
Langmuir and Freundlich model and is described as:

ln(KR&—l) =1In ag +ﬁ In C, (15)

qe

where C, is the equilibrium concentration (mg/L), Kz
(g7") and ag (mg') are the R-P isotherm constants,
and f is the exponent (0 < f < 1). Experimental and
predicted values have been quantified statistically
using regression coefficient (R) and correlation coeffi-
cient (R?) and error analysis using Chi-square (x*) and
root mean square error (RMSE) for all sets of
isotherms.
Chi-square test

Chi-square test computed by the following
equation:
(qg exp — e model)2
=) (16)

fe,model
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Root mean square error (RMSE)
RMSE is defined as follows:

(17)

2
RMSE — Z <qg,exp - 5]e.model>

fe,model

3.9.1. Monocomponent adsorption

Analysis of the equilibrium adsorption data for
solution in the range of 50-150 mg/L containing either
Cu(l) or Ni(l) ions was done for understanding
monocomponent system. Data were fitted to Lang-
muir, Freundlich, and Redlich-Peterson models. The
parameters obtained through Langmuir, Freundlich,
and Redlich-Peterson isotherms for each metal ion
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were given in Table 2. The loading capacity for Cu(Il)
was 23.8 and 19.2 mg/g for Ni(Il) as obtained through
Langmuir model. Statistical analysis (R and R*) and
error analysis (y* and RMSE) are also presented in
Table 3 which strongly supports the applicability of
Langmuir and R-P model. Moreover, in case of R-P
model, the value of f§ lies between 0 and 1 favoring
the adsorption. Parameter for a single-solute system
shows that Cu(l) has more affinity of getting
adsorbed on the Fe;O4-SD nanoparticles.

3.9.2. Bicomponent adsorption

An interaction effect of Cu(Il) and Ni(Il) was stud-
ied in a bicomponent system. Cu(Il) and Ni(Il) ions, in
the ratio, 1:1 were made in the range of 50-150 mg/L.

Table 2
Isotherm constants for monocomponent adsorption on Fe;04-SD nanoparticles
Freundlich

Langmuir constants constants Redlich-Peterson constants
Adsorbate b (mg_l) g, (mg/g) Kr n Kz (g_l) ag (mg_l) B
Copper(I) 0.075 23.8 411 2.54 2 0.129 0.894
Nickel(II) 0.132 19.2 5.49 3.49 5 0.528 0.836
Table 3

Comparison of the experimental and calculated g, values evaluated from the monocomponent isotherm models

qe,calc (mg/ g)

C, (mg/L) C, (mg/L) Geexp (MG/g)

Langmuir Freundlich R-P
Copper(1l)
50 722 8.55 8.39 8.94 8.21
75 14.16 12.16 12.28 11.64 11.86
100 24.09 15.18 15.34 14.35 14.91
125 39.1 17.18 17.77 17.36 17.61
150 54.22 19.15 19.12 19.74 19.34
R 0.999 0.990 0.998
R? 0.998 0.980 0.997
P 0.025 0.107 0.039
RMSE 0.001 0.008 0.003
Nickel(II)
50 5.97 8.80 8.38 8.9 8.52
75 14.28 12.14 12.48 12.15 11.86
100 26.86 14.6 14.92 14.49 15.12
125 41.83 16.63 16.21 16.12 16.81
150 64.98 17.0 17.16 17.75 17.95
R 0.998 0.983 0.998
R? 0.998 0.967 0.998
Pa 0.047 0.017 0.05
RMSE 0.004 0.012 0.003
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Table 4
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Langmuir isotherm constants for single and multicomponent adsorption of Cu(Il) and Ni(II) on Fe;O4-SD nanoparticles

Langmuir constants

Heavy metal ions System

7 (mg/g) b (mg ™) R? 7™/ g0
CudD Cu(Il) alone 23.8 0.075 0.998
Ni(ID) Ni(Il) alone 19.2 0.132 0.998
Cu(D Cu(D + Ni(I) (1:1) 20.0 0.065 0.981 0.840
Ni(D 18.2 0.082 0.979 0.946

The ideal adsorbed solution theory [37] was devel-
oped to predict equilibria in dilute multicomponent
liquid adsorption system; multicomponent adsorption
isotherms could be predicted using single component
data. Adsorption capacities as calculated from Lang-
muir isotherm model for the single Cu(Il) or Ni(II)
and binary mixtures (Cu(ll) and Ni(II)) are given in
Table 4. Ionic interaction can be judged by the ratio of
adsorption capacity for a metal ion present with other
ion (™) to the adsorption capacity when present
alone (g,) in the aqueous system.

When £- >1, the adsorption capacity is seen
increasing due to the presence of other metal ions

mix
or shows synergism; q—q =1, there is no interaction
o

between the species; ’%‘ <1, the adsorption capacity

gets suppressed due to the presence of other ion or
is said to be showing antagonistic interaction of the

two ions. The values obtained by q;% (Table 4)

depicts that the power of adsorption of Fe;O4-SD
decreases for single Cu(Ill) or Ni(Il) when present in
binary system than when present alone. As there
exists a competition between the ions for getting
adsorbed on the surface, antagonistic behavior is
clearly indicated. Such a behavior in the bicompo-
nent system may be seen due to different elec-
tronegativities and ionic potentials of the two
species.

3.10. Regeneration and reusability of adsorbent

Regenerating of adsorbents helps in recovery of
Cu(II) and NidI) ions along with the reuse of adsor-
bents. Desorption of Cu(Il) and Ni(I) ions from
Fe;0,4-SD nanoparticles was tested using four different
eluents (0.1 N H,SO,4, 0.1 N HCI, 0.1 N HNOj;, and
distilled water). Desorption ability of 0.1 N H,SO4 was
found to be much better than that of others. Cu(lIl)
ions had a greater tendency of getting desorbed into
solution than Ni(Il) ions for all the cases. On moving
toward distilled water from 0.1 N H,SO,, the desorp-
tion efficiency dropped as 99.38, 87.3, 62.1, and 5.1%
for Cu(Il) and 97, 84.14, 61.45, and 2.3% for Ni(II) ions,

respectively, for the series of eluents. Reusability of
the adsorbent was tested by subjecting it to the num-
ber of adsorption-desorption cycles. For this, Cu(ll)-
and Ni(Il)-loaded adsorbent was dipped into 0.1 N
H,SO, and was agitated for the same time as taken
for adsorption to reach equilibrium. The regenerated
material was washed several times with distilled
water to make its surface ready for another adsorption
phase. It was deduced that Fe;O4-SD can be used up
to four cycles with a decrement of only 10% adsorp-
tion efficiency.

4. Conclusion

The efficiency of magnetic nanoparticles prepared
by co-precipitation of FeCl;-6H,O and FeSO,7H,O
along with sawdust in removing Cu(ll) and Ni(Il)
ions from aqueous solutions has been investigated. A
low dosage of 5 g/L has been found effective in
simultaneous adsorption of Cu(ll) and Ni(Il) from the
solutions. The pH 5 was found to be suitable and
equilibrium was attained within 90 min of adsorbent—
adsorbate contact. Better results were obtained for a
dilute Cu(Il) and Ni(I) concentration. Physisorption
through complexation and ion exchange was seen
occurring and the mechanism was thermodynamically
proved to be spontaneous and favorable. For a wide
range of concentration, system followed Langmuir
isotherm. Competition for the sites existed between
Cu() and Ni(D), thereby showing antagonistic nat-
ure. Such particles have economical feasibility and
the power of removing metallic pollutants up to a
greater extent. In addition to this, there was no
release of Fe ions into the solutions; hence dissolution
of some extra ions was not an issue. Thus, the data
presented can help in designing treatment plants of
Cu(D- and Ni(Il)-rich water and control of environ-
mental pollution.
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