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Abstract

The adsorption behavior of U(VI) and Th(IV) metal ions by MnFe,O, NPs was studied as a function of pH, mass of sorbent,
contact time, and temperature. Kinetic data was fitted to Pseudo second-order model and g,, reached maximum value at pH
3 for Th(IV) and at pH 3.0-5.0 for U(VI) after 3 h. The Langmuir, Freundlich, and Dubinin—Raduskevich isotherm equations
were applied to the adsorption data and the proper constants were derived. Adsorption isotherms were studied at different
temperature to find AH°, AG®, and AS°. Recovery was carried out by using 0.10 M of HNO;, HCI, EDTA, Na,CO; and NaCL
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Introduction

The adsorption method is one of the green methods for water
purification, because it is a reversible process, simply oper-
ated, most applied and cost-effective method to get rid of the
different water pollutants [1]. The mechanism of adsorption
process depends on adhesion of the adsorbate at the surface
of the sorbent. It is controlled by several conditions: medium
pH, concentration of adsorbate, time of adsorbate coverage,
and surface area to pore volume size of sorbent [2, 3].

Different natural and synthetic sorbents are used for pol-
lutants removal; natural sorbents are preferred rather than
synthetic sorbents, due to their low cost, ease of production,
and being environmentally friendly. The sorbent is preferred
to contain a hydroxyl group, amine, phosphorus, or sulfur
atoms to chelate heavy metal pollutants [4-6].

The sorbents used are: activated carbon [7], bentonite [8],
and zeolite [8—10], humic acid [11], chitosan [12], organic
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biomass [13], clays [14], red mud [15], sludge [16], and fruit
peels such as orange and lemon peels [17].

Recently new materials in nanoscale, where the size
measured in (1-100) x 10~° m were used. They have unique
properties such as: large surface area, high surface activity,
easily fabricated, reusable, and high specificity [18-23]. Car-
bonaceous nanomaterials (CNMs) such as: carbon nanopar-
ticles (CNPs), carbon nanosheets (CNSs) [24-26]. Silicon
nanomaterials (SiNMs) include silicon nanotubes (SiNTs),
silicon nanoparticles (SiNPs), and silicon nanosheets [26].
Zero-valent transition metals and metal oxide NPs, iron-
based nanosorbents such as iron oxides, oxyhydroxides and
hydroxides, including ferric oxide/hydroxide as goethite
(a-FeOOH) [27-30], and iron oxide hematite (a-Fe,05)
[31], maghemite (y-Fe,05), magnetite (Fe;0,) [32], and spi-
nel metal iron(III) oxide M"+(Fe304), (M=Mn, Zn, Co, Mg,
and Ni) [32, 33]. They are the most widely used nanomateri-
als for water treatment because they have a higher adsorp-
tion capacity and a faster adsorption rate in comparison with
other sorbents. In addition, magnetic properties facilitate
their separation from liquid media by magnet [33-36].

MnFe,O,4 NPs “jacobsite” belong to spinel structure of
metal oxides, with general chemical formula A**O A,**0,
where A>* =Mg, Mn, Fe, Co, Ni, Cu, Zn and A**=Al, V,
Cr, Mn, Fe, Co [37-39]. Several fabrication methods have
been used to fabricate MnFe,O, NPs such as: sol-gel [40,
41], chemical co-precipitation method [42, 43], auto-com-
bustion and thermal decomposition [44—46], ball mechanical
milling [47], reverse micelle synthesis [48], and pulsed laser
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deposition [49]. MnFe,O, NPs used diverse applications in
different fields such as: magnetic resonance imaging (MRI),
biotechnology, medical diagnostics and drug delivery [50,
51], storage devices and sensors [52, 53], catalysis [54, 55],
and environmental applications as sorbent and electrodepo-
sition electrode [56-58]. The aim of this work is to fabri-
cate MnFe,O, NPs and to use it as a sorbent for removal of
U(VI) and Th(IV) ions from aqueous solutions, due to its
high chemical and thermal stability at different chemical
and thermal conditions. In addition to its magnetic proper-
ties facilitate their separation from liquid media by magnet.

Materials and methods
Material

All reagents used in this research were analytical grade
reagents, with no further purification. Sodium hydroxide
pellets (NaOH) from SDS vorte partenaire chimie, hydro-
chloric acid 37% (HCl) from S&C Chemical Supplico,
nitric acid 69% (HNOj;) and ferric(IlI) chloride hexahy-
drate (FeCl;-6H,0) from LAB CHEM, sodium carbonate
(Na,CO3), polyvinylpyrrolidone (PVP), EDTA from BDH
PROLABO, sodium chloride (NaCl) from GAINLAND
CHEMICAL COMPANY (GCC), manganese(Il) chlo-
ride tetrahydrate (MnCl,-4H,0) from MERK, potassium
hydrogen phthalate (KHP), thorium(IV) nitrate tetrahy-
drate (Th(NO;),-4H,0), and uranyl(VI) nitrate hexahydrate
(UO,(NO3),-6H,0) from BDH Chemicals Ltd Poole Eng-
land, Arsenazo(III) indicator from JANSSEN CHIMICA,
MnFe,0, nanopowder/nanoparticles with 99.99%, of 28 nm
from US Research Nanomaterials, Inc., absolute ethanol,
and acetone from SELVO CHEM and 99.5% glacial acetic
acid from TEDIA.

Instruments

Weighing was done by RADWAG®AS 220. R2 Electronic
Balance. The pH of the solutions was measured with a
EUTECH pH-meter. Fourier-transform infrared spec-
troscopy (FT-IR) spectra was measured by using Thermo
Nicolet NEXUS 670 FT-IR Spectrophotometer. Thermal
gravimetric analysis (TGA) was carried by using NETZCH
STA 409 PG/PC, thermal analyzer in the temperature range
(25-1000 °C) at heating rate of 20 °C/min. Thermal sta-
bility and melting point were carried by NETZCH differ-
ential scanning calorimeter (DSC) 204 F1, calorimetric
analysis in the temperature range (20-500 °C) at heating
rate of 10 °C/min. X-ray diffraction (XRD) was measured
by using Philips X pert PW 3060, operated at 45 kV and
40 mA. The shape with 3-dimension (3D) surface morphol-
ogy and energy dispersion spectrum (EDXS) to determine

@ Springer

point elemental composition was examined with NCFL’s
FEI QUANTA 600 FEG scanning electron microscope
(SEM). The nature of the surface and average size was car-
ried by magneton MORGAGNI FEI 500 tunneling electron
microscopy. Samples were shaken by using GFL-1083
thermostatic shaker. The material was calcinated by using
NEBER Industrieofenbeu 2804 Lilinthal/Bremen furnace
and dried by using nuve FN 500 oven. The concentrations
of the metal ions were determined by using Vis Spectro-
photometer from METASH model V-5100, and a 1.0 cm
quartz cell. Material was grinded by mini Philips milling
machine, zeta potential was measured using Zetasizer Nano
7590 (Malvern Instruments).

Fabrication of manganese iron oxide MnFe,0, NPs

By using previous procedures, MnFe,O, NPs was fabricated
by two methods, chemical co-precipitation method [44]
and thermal treatment method [33, 45]. A modified chemi-
cal co-precipitation method was used by using 0.01 mol
(MnCl,-4H,0) and 0.02 mol (FeCl;-6H,0) dissolved in
100.0 mL of DI water under vigorous stirring at 1200 rmp.
The pH was slowly raised to 12.0 by adding 5.0 M NaOH
solution dropwise. The reaction mixture was refluxed at
95-100 °C for 24 h, then it was stopped, cooled, and the
magnetic product was separated by neodymium magnet.
Finally, it was washed with distilled water, ethanol, and
acetone, and it was dried at 120 °C for 48 h and then grinded
by mini Philips machine.

Adsorption and desorption experiments

Standard solutions of (UO,(NO;),-6H,0) and
(Th(NO;),-4H,0) of different concentrations ranging from
10 to 100 ppm were used, the pH of standard solution was
adjusted by using (KHP)/(HCl) or KHP/NaOH as a buffer
solution to adjust the solutions pH to 1.0, 2.0, 5.0, 6.0, and
7.0, whereas pH at 3.0 and 4.0 was adjusted by NaCl/HCl
buffer solution.

Adsorption studies for metal ions were obtained by per-
forming batch techniques at 25 °C using purchased MnFe,0,
NPs as mentioned in “Material” section. In order to opti-
mize the equilibrium conditions: mass of sorbent, pH of
solution, initial metal concentration, and contact time, a
5.00 mL of 50 ppm of metal ions solution was used with
some certain amounts of MnFe,O, NPs ranging from 1.000
to 5.000 mg. After that, the optimized mass sorbent was used
with 5.00 mL of 50 ppm of metal ions solution with different
pH range (1.0-7.0) to optimize pH solution. The samples
with 5.00 mL of 50 ppm of metal ions solution of optimized
pH were exposed to constant shaking time for 12 h to reach
equilibrium conditions’, sampling was performed by taking
aliquots at predetermined time intervals (every 30 min).
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Fig.2 a SEM, b TEM for
MnFe,O, NPs
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Table 1 Size distribution of MnFe,O, particles

Samples Area (nm)? Length (nm)
1 9.04 13.20
2 8.63 12.63
3 9.86 15.01
4 8.63 12.82
5 4.11 5.73
6 11.10 16.67
Average 8.56 12.68

The adsorption data were fitted to the following isotherm
models Langmuir, Freundlich, and D-R models. The adsorp-
tion capacity g, (mg/g) (equilibrium amount of adsorbate
adsorbed per unit mass of sorbent) was calculated from
Eq. (1) and removal yield was calculated from Eq. (2):

Vv
9. = (Co - Cc) M

(Co B Ce)

[}

% P = x 100 2)

where C, is the equilibrium concentration of adsorbate
(mg/L), C, is the initial concentration of adsorbate in the
bulk (mg/L), V is the solution volume (L), and m is sorbent
mass (mg).

Desorption of metal ions from MnFe,O, NPs surfaces
was investigated by using batch techniques. It was started

by loading of metal ions onto MnFe,O, NPs, and then was
leached through 5 cycles with different time intervals, using
five eluents HNO;, NaCl, Na,CO;, HCI, and EDTA with
0.10 M concentration, the desorption recovery yield was
calculated from Eq. (3):

(Cads - Cdes)

% R = % 100% 3)

ads

Determination of U(VI) and Th(IV)

The concentration of metal ions was measured by Vis
absorption spectroscopy, using 0.1% Arsenazo(III) indicator
as a colorimetric agent. 0.50 mL of 0.1% Arsenazo(III) indi-
cator was added to 1.0 mL of the aqueous test, and 10.00 mL
of 9.0 M hydrochloric acid solution for Th(IV) solution or
of 0.01 M hydrochloric acid solution for U(IV) solution in
25 mL volumetric flask, the volume was completed to mark
with deionized water and was shacked well. Absorbance
measurements were carried out by using a 1.0 cm quartz cell
within 1 h of sample preparation at 660 nm to detect Th(IV)
ions, and 650 nm to detect U(VI) ions since each metal ion
was studied separately [59, 60].

Table 2 EDXS chemical

o Materials C Ka O Ka Mn Ka Fe Ka U Ka Th Ko
elements composition of
MnFe,0,, MnFe,0,/U(VI) and MnFe,0, - 6.97 26.93 66.10 - -
Mnke,0,/Th(IV) MnFe,0,/U(VI) 6.33 13.58 23.29 55.93 0.21 -
MnFe,0,/Th(IV) 1.22 3.9 27.84 66.23 - 0.76
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Results and discussion
Characterization of MnFe,0,

Figure la shows the FT-IR spectrum of MnFe,0,, it
includes a stretching band at 568.4 cm™! for (Fe-0O) and
649.6 cm~! for (Mn—0) which represents the spinel struc-
ture of iron [61-63]. The diffractogram of MnFe,O, NPs
given in Fig. 1b shows diffraction peaks at 18.66° (110),
20.56° (111), 30.32° (220), 35.38° (311), 43.12° (400),
52.12° (422), and 57.12° (511), which are the character-
istic peaks of MnFe,O, NPs having an inverse cubic spi-
nel structure (cubic, space group: Fd3 m) and agrees with
MnFe,0, NPs which were previously fabricated [33]. The

@ Springer

particle size can be quantitatively evaluated from the XRD
data by using the Debye—Scherrer Eq. (4), which gives a
relationship between peak broadening in XRD and particle
size.

kA
b= P cos(0) )

k is the Sherrer constant (0.89), 4 is the X-ray wavelength
(nm), g is the peak width at half maximum, and 8 is the
Bragg diffraction angle. The crystallite sizes of the (111),
(220), (311), (400), and (511) for MnFe,O, NPs obtained
from this equation were found to be about 18, 22, 17, 14,
and 29 nm, respectively. The TGA curve of MnFe,0, NPs
given in Fig. 1c shows no change in the mass during the
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Table 3 Parameters of pseudo- Metal ion, pH  Pseudo 1st order Pseudo 2nd order q. (mg g™
first order and pseudo second- :
N = = > 3 i1 > experimental
order kinetic models qg.(mgg™) k(™) R g.(mgg™) k,(gmg—h™) R
U(VI),pH3 28.23 0.33 091 2793 0.03 1.00  25.00
U(VI), pH 4 30.44 0.33 091 2494 0.10 098  25.09
U(VI), pH 5 12.96 0.26 093 2336 2.04 1.00  24.38
Th(IV),pH3  44.46 0.04 043  44.05 2.58 1.00  43.25

heating process; where the residual mass is 98.32% indict-
ing that MnFe,O, NPs are stable over temperature range
from 0 to 1000 °C. The DSC thermogram for MnFe,0,
NPs was recorded under nitrogen (Fig. 1d), shows that the

endothermic process corresponds to the phase transition
which transforms from orthorhombic to cubic crystal at a
temperature range from 10 to 250 °C.
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The morphology of MnFe,O, NPs has been investigated
by using SEM and TEM; the micrographs of SEM are shown
in Fig. 2a. The surfaces of NPs show numerous irregularities
in particle size and irregularities plates shape, also TEM
images (Fig. 2b) shows miscellaneous plates forms with
different size particles, the average dimension distribution
of particles processed by “Image-J” program and listed in
Table 1, it was proved the sample particles dimensions in the
nanoscale. Energy dispersive X-ray spectroscopy (EDXS)
gives the type and weight percent of each element presented
in the selected point of the sample at SEM micrographs,
the percentage of each element after normalization is pre-
sented in Table 2. The results show percentage of 1Mn:20,
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IMn:2Fe, and 2Fe:40 that confirmed with cubic crystal
structure of MnFe,0,, the same results of EDXS analysis for
total species of U(VI) or Th(IV) adsorbed on MnFe,O, NPs,
the C-atom appeared due to hydrolysis species of uranium
atom or thorium atom as will be mentioned it in “Effect of
solution pH” section.

Zeta-potential is the potential at the plane of shear
(located approximately between the compact and diffuse
layers) between charged surface and liquid moving with
respect to each other [64], and show the surface charge
of material. Figure 3 shows that MnFe,O, has a negative
charge (—7.15 mV), that make it suitable for positive spe-
cies uptake, such as U(VI) and Th(IV).
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Sorption experiments
Effect of sorbent amount

A 5.0 mL of 50.0 ppm of metal ions solution was contacted
with various amounts of sorbent (1.0000-5.0000 mg) for
12 h at 25 °C. Figure 4a shows an increase in the % uptake
of both ions with increasing in MnFe,O, NPs mass due
to the increase in the number of adsorbing active sites, so
5.000 mg is a suitable sorbent mass for both ions.

Effect of solution pH

A 5.0 mL of 50.0 ppm of metal ions solution having a
pH range of (1.00-7.00) was contacted with 5.0000 mg
MnFe,O, NPs at 25 °C for 12 h. The results are expressed
in Fig. 4b, c, where the maximum uptake of U(VI) with
50% is at pH range (3.0-5.0) and Th(IV) with 90% at
pH 3.0. The pH of the solution affects the hydrolysis of
U(VD) and Th(IV), at pH>3.0 U022Jr produce UO,(OH)™,
(UO,),(OH)3*, (UO,);(OH)3*, and (UO,),(OH),, which
decreases sorption efficiency of UO,** [65]. Maximum Th**
exists at pH (2.0-3.5), when pH increases the polymeric
Th, (OH), is formed, which decreases the sorption at sorbent
surface [65, 66]. In addition, pH effect on chemical stability
and surface charge of MnFe,O, NPs, where positive charge
decreases as pH increases until reaching pH 6.0 [67, 68].
Less positive charge on MnFe,O, NPs increases the adsorp-
tion capacity of positive hydrolyzed metal ions species.

Effect of metal ion concentration

A 5.0 mL of different concentration of U(VI) and Th(IV)
solution range (10.0-100.0) ppm at optimized pH con-
ditions 12 h. The results are expressed in Fig. 4d, where
the uptake of U(VI) and Th(IV) reaches its maximum at
50.0 ppm. It can be explained by the fact that the rate of
accumulation of metal ions on MnFe,0, is a function of
concentration gradient according to linear driving force law
[69]. In addition, the increase in uptake with increase in
concentration may be attributed to the improved ratio of total
active sites to the metal ions in solution hence these ions
interact fully with the active sites.

Effect of contact time
The effect of contact time on metal ions sorption by using

MnFe,0, NPs was carried out over time intervals (0.5, 1,
3, 6,8, and 12 h), using 5.0 mL of 50.0 ppm of metal ions

solution at optimized pH and 25.0 °C (Fig. 4e) expresses
the results. The maximum adsorption capacity (g,,) of
metal ions onto MnFe,O, NPs increases with increase of
contact time, g,, of U(VI) needs 6 h at pH values 3.0 and
4.0, but g, of U(VI) at pH 5.0 needs 2 h, whereas g,, of
Th(IV) needs 1 h.

Kinetics studies

Adsorption kinetics of metal ions consist of two phases:
initial phase where adsorption is fast and contributed sig-
nificantly to equilibrium uptake, and a slower step or the
second phase contribute to the metal ions adsorption which
is relatively small. There are two kinetic models used to
postulate time-dependent adsorption models; pseudo-first-
order and pseudo-second-order [70].The pseudo-first-order
reaction equation:

ln(QC_Qt) = 1n(qe) - klt (5)

The pseudo-second-order kinetic equation:

A ®

The results of the pseudo-first-order and pseudo-sec-
ond-order models are shown in Figs. 5 and 6, respectively.
The values of calculated ¢, experimental ¢, and correla-
tion coefficients R? are shown in Table 3. The values of
R?, q. calculated, and g, experimental fit pseudo-second-
order kinetic model more than pseudo-first-order model.
The rate-determining step of adsorption metal ions on the
surface of sorbents involves physicochemical mechanism,
where interactions between two phases of bulk solution
and sorbents surface [70, 71]. The value of k, (Table 3)
shows the uptake of U(VI) by MnFe,O, NPs at pH 5.0
(2.04 g mg~! h™!) which reaches to equilibrium faster than
uptake of U(VI) at pH 3.0 or 4.0, pH plays a major role
in the adsorption of U(VI), the positive charge decreases
as pH increases. So, the repulsion force at pH 5.0 is less
than the repulsion force at pH 3.0 and pH 4.0. The uptake
of Th(IV) by MnFe,O, NPs at pH 3.0, (2.58 gmg~' h™)
reaches equilibrium faster than uptake of U(VI) at dif-
ferent pH, because the hydrolysis of Th(IV) and U(VI)
as mentioned in “Effect of solution pH” section makes
the hydration radius of Th** less than UO,** and other
uranyl species that makes adsorption of Th** easier than
U0, [72].
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Fig.8 Plots of linearized 0.12
adsorption isotherm of U(VI) (A)
a linearized Langmuir(II), b

linearized Freundlich, ¢ D-R 0.10
isotherm at pH 3.0 at 25.0 °C,

35.0 °C, and 45.0 °C
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Fig.9 Plots of linearized 0.14
adsorption isotherm of U(VI) (A)
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Fig. 10 Plots of linearized
adsorption isotherm of U(VI)
a linearized Langmuir(II), b
linearized Freundlich, ¢ D-R
isotherm at pH 5.0 at 25.0 °C,
35.0 °C, and 45.0 °C
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Fig. 11 Plots of linearized
adsorption isotherm of Th(IV)
a Langmuir(II), b Freundlich,
¢ D-R at pH 3.0 at 25.0 °C and
35.0 °C, d D-R isotherm at pH
3.0,45.0°C
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Fig. 11 (continued) 5.50
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Effect of temperatures The linearized Freundlich (Eq. 9) was used to find n

The adsorption isotherm graphs (Fig. 7a—d) explain the sorp-
tion process of metal ions by MnFe,O, NPs. It undergoes
S-type adsorption isotherm, where cooperative adsorption
works. The adsorbate interaction at the surface of sorbent is
stronger than adsorbate interaction in the bulk, that creates
a cluster of multilayers of adsorbate at the surface of sorbent
[73].

Adsorption isotherms

The Langmuir, Freundlich and D-R models are commonly
used for describing adsorption isotherms. In the present work,
the linear Langmuir form (Eq. 7) was used.

de KL ) Co ' G

The slope and intercept are used to find K; (L/mg) and
g, (mg/g), and then to find the value of R; (Eq. 8) that
indicates the adsorption nature to be either unfavorable if

Ry > 1), linear if R; =1, favorable if 0<R| <1 and irre-
versible if R =0 [74-76].

1

R=——
LT 1¥K.C, ®)

@ Springer

(heterogeneity factor) and K (the adsorption capacity)
value.

1
log g, = logK; + ;10gCe 9)

If the (n) value above unity indicates normal sorption,
but if the value is less than one, it implies that sorption
process is cooperative adsorptions [77, 78].

The linear (D-R) model (Eq. 10) characterizes the physi-
cal and chemical features of the adsorption process and it
was used to find potential binding energy E (kJ/mol) that
describes transferring one mole of adsorbate from solution
to sorbent surface [79].

In(q.) =In(qy) — pe* (10)

1
=RTin{ 1+ —
en{ie)
R is the gas constant (kJ K~ mol™!) and T'is the tempera-
ture (K), E was calculated by using Eq. (12), where (f) is a
constant (mol?/kJ?) and (¢) Polanyi potential from Eq. (11).

T ®

The data of adsorption isotherms from three models for
metal ions by MnFe,O, NPs are shown in Figs. 8, 9, 10 and
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Table 4 Calculated parameters for Langmuir, Freundlich and D-R adsorption isotherm models at different temperatures and pH for U(VI) and Th(IV) ions by MnFe,O, NPs

Th(IV), pH 3.0

U(VI), pH 5.0

U(VI), pH 4.0

U(VI), pH 3.0

s

Mn+

25 35 45 25 35 45 25 35 45 25 35 45

T(°C)

Langmuir

9.39
0.11
0.15
0.96

10.95
0.11
0.15
0.96

13.51
0.10
0.16
0.93

20.49 23.87 23.81

20.45

21.41
0.05
0.29
0.96

22.17

37.59
0.03
0.40
0.95

39.84
0.03
0.40
0.96

44.25

qy, (mglg)

0.04
0.33
0.96

0.04
0.33
0.91

0.04
0.33
0.89

0.04
0.33
0.95

0.04
0.33
0.93

0.05

K (L/mg)
R, (mg/g)

0.29
0.96

Freundlich
K; (L/mg)

2.80
3.97
0.90

0.39
0.42
0.92

0.05
0.29
0.95

0.20
0.51
0.92

0.16
0.52
0.91

0.18
0.50
0.95

0.90
0.86
0.95

0.93
0.96
0.96

0.90

0.94
7.39
0.94

0.95
4.07
0.95

0.95

1.13

0.93

3.87
0.96

RZ

D-R

101.48 106.26 104.04 101.41 99.45 76.50 103.49 103.91 179.81 241.97 290.09
3.00E-05

80.96

qp, (mg/g)

1.00E—-05
223.71
0.97

1.20E-03

20.42
0.97

1.90E-03
16.23
0.97

3.00E-05
129.10
0.99

2.00E-05
129.10
0.99

3.00E-05
158.13
0.96

3.00E-05
129.10
0.99

3.00E-05
129.10
0.99

3.00E-05
129.10
0.97

2.00E-05
158.13
0.98

1.00E-05
223.71
0.98

S (mol?/kI?)
E (kJ/mol)
R2

129.10
0.98

Table5 AG°, AH°, and AS° for adsorption U(VI) and Th(IV) by
MnFe,0, NPs at different pH values, 25 °C

Thermodynamic ~ U(VI) ThdV)
parameters

pH 3.0 pH 4.0 pH 5.0 pH 3.0
AG® kJ/mol 1.02 0.67 —-0.04 —-1.87
AH° kJ/mol 2.86 13.69 —-9.54 -2.12
AS° J/K mol 6.18 43.69 —31.88 —-0.84

11. The parameters of the Langmuir, Freundlich and D-R
models, ¢, 0, E, and linear regression (Rz) are summa-
rized in Table 4 were used to detect which model explained
the adsorption process.

Based on R? values of the Langmuir, Freundlich and D-R
isotherms models shown in Table 4 and Figs. 8, 9, 10 and
11 are > 0.89 indicating that they describe the adsorption
process, but R? values of D-R model confirm better repre-
sentation of experimental data than Langmuir and Freun-
dlich models [80-83]. D-R describes both homogeneous
and heterogeneous distribution of adsorbate on sorbents
surface by cooperative adsorption [76], also values of (n)
obtained from Freundlich model (Table 4), suggesting that
the adsorption process undergoes a nonlinear sorption pro-
cess by cooperative adsorption mechanism [77-79, 84]. R
values obtained from Langmuir model 0 <R; <1, indicate
a favorable adsorption of metal ions onto MnFe,O, NPs
by formation of monolayer at the surface of sorbent [76].
These values give a postulated mechanism about coopera-
tive adsorption, where a monolayer of metal ions formed
onto MnFe,O, NPs by physical electrostatic adhesion, then
the monolayer makes multilayers by chemical bonding with
ions in the bulk [84, 85, 86]. Binding energy (E) values
obtained from D-R model are more 8.00 kJ/mol at different
pH and temperatures, indicate that the adsorption mecha-
nism occurred by chemical adsorption process or coopera-
tive adsorption [84, 85, 86].

It is interesting to note that the difference in g,, derived
from the Langmuir and ¢g,, derived from D-R models is
quite large. The difference may be attributed to the differ-
ent definition of g, in the two models. In Langmuir model,
q., represents the maximum adsorption of metal ions at
monolayer coverage, whereas in D-R model it represents
the maximum adsorption of metal ions at the total specific
micropores volume of the sorbent, to form multilayers of
sorbent at the surface of sorbent [87, 88]. In this work the
value of D-R (gq,,,) was adopted to describe the adsorption
isotherm process, as shown in Table 4 g,, for adsorption
U(VI) by MnFe,O, NPs at 25 °C, pH 3.0 is 80.96 mg/g and
76.50 mg/g at pH 5.0, but increases to 106.26 mg/g at pH
3.0 and increase to 103.91 at pH 5.0 as temperature increases
to 45 °C, indicating an endothermic sorption process and
favorable as temperature increases. While g, of U(VI) at pH

@ Springer
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4.0, 25 °C is 104.04 mg/g decreases to 99.45 mg/g as tem-
perature increases to 45 °C, indicates that the sorption pro-
cess is exothermic process and unfavorable as temperature
increases. The g, for adsorption Th(IV) by MnFe,O, NPs
atpH 3.0 is 179.81 mg/g at 25 °C, increases to 290.09 mg/g
as temperature increases to 45 °C, indicating an endother-
mic sorption process and favorable as temperature increases.
The values of g, for adsorption Th(IV) > U(VI), suggest that
adsorption Th(IV) onto MnFe,O, NPs is better than U(VI).

Adsorption thermodynamics

Thermodynamic parameters (Gibbs free energy) AG°®,
(enthalpy) AH®, and (entropy) AS° were Calculated at 25 °C

@ Springer

and summarized in Table 5. They are obtained by using
Van’t Hoft Eq. (14) where K, calculated by using equation.
The slope of InKd Vs. 1/T, (Fig. 12a and b) is — AH°/R and
intercept is AS°/R then AG® obtained by using Eq. (15) as
shown

qe

Ky = C. (13)
AS°  AH®
LnK, = — —
Ky == - (14)
AG®° = AH° — TAS® (15)



Journal of Radioanalytical and Nuclear Chemistry (2020) 323:515-537

533

Table 6 Maximum adsorption capacity ¢,, (mg/g) of U(VI)/Th(IV) metal ions on various nanosorbents with present work MnFe,O, NPs at

25°C
Metal ions Nanosorbent G pH References
ThdV) Titanate nanotubes 233.00 3.0 [88]
ThdV) Magnetic multi-walled carbon nanotubes 33.35 3.0 [80]
U Ton-imprinted chitosan/PVA nanoparticles 0.66 5.0 [81]
UvD Phosphonate grafted mesoporous carbon 150.00 4.0 [82]
U(VID Silica-coated magnetic Fe;O, nanoparticles 12.33 1.0 [83]
Th(IV) Fe;0, magnetic ion-imprinted chitosan 147.10 4.0 [89]
U(VI) Fe;0, magnetic carboxymethyl chitosan nano-particles functionalized with ethylen- 175.40 4.5 [90]
ediamine
UvDh Graphene oxide-manganese dioxide nanoparticles a-MnO,/GO 185.20 4.0 [91]
UvDh Graphene oxide-manganese dioxide nanoparticles y-MnO,/GO 66.80 4.0 [91]
ThdV) Graphene oxide-manganese dioxide nanoparticles a-MnO,/GO 497.50 4.0 [91]
Th(IV) Graphene oxide-manganese dioxide nanoparticles y-MnO,/GO 408.80 4.0 [91]
ThdV) Amino-Fe;O, magnetic glycidyl methacrylate nanoparticles 50.89 3.7 [92]
ThdV) Amino-Fe;O, magnetic glycidyl divinylbenzene nanoparticles 68.98 3.7 [92]
ThdV) Polyacrylonitrile composite nanofiber adsorbent 249.4 (45 °C) 6.0 [92]
Th(dV) Magnetic Fe;0,/Si0,/PVA/aminopropyltriethoxysilane (APTES) nanoparticles 62.50 5.0 [93]
u(vI) Amberlite IR120 by magnetic nano iron-oxide 10.36 35 [94]
u(vD MnFe,0, 80.96 3 Present work
104.04 4
76.50 5
Th(IV) MnFe,0, 179.81 3.0 Present work

According to Van’t Hoff plot, the adsorption processes of
U(VI) on MnFe,O, NPs at pH 3.0 and 4.0 are classified as
endothermic physical process, but the adsorption of U(VI)
on MnFe,0, at pH 5.0 and Th(IV) on MnFe,O, NPs at pH
3.0 are classified as exothermic physical process.

As shown in Table 5 AH° of Th(IV) at pH 3.0 and U(VI)
at pH 5.0 is negative, indicates that the adsorption process
is exothermic process, and negative AS° indicates a stable
arrangement of metal ions on MnFe,O, NPs surfaces, and
the adsorbed metal ions on MnFe,O, NPs surfaces are more
ordered than metal ions in the bulk solution, while negative
AG° means that the adsorption process is favorable process.
Positive AH® of the adsorption of U(VI) at pH 3.0 and 4.0 on
the MnFe,O, NPs indicates an endothermic process, and posi-
tive AS° indicates less stable arrangement of U(VI) ions onto
MnFe,O, NPs surfaces and the adsorbed U(VI) on MnFe,0,
surface is less ordered than U(VI) in the bulk solution, while
positive AG° means the adsorption process is less favorable
process [74—76]. This behavior explains due to the hydro-
lyzed species of both U(VI) and Th(IV) at these pH values,

and the interaction of hydrolyzed species with surface charge
of MnFe,O, NPs at the same pH.

Comparative study

Based on optimization conditions results, kinetic data, and
thermodynamic results, MnFe,O, NPs have special conditions
work and have unique results describe adsorption of U(VI)
and Th(IV). Table 6 shows a suitable efficiency of U(VI) and
Th(IV) removal by MnFe,O, NPs comparison with other
nanosorbent at different pH and 25 °C.

Reusability and stability of MnFe,0, NPs

The reusability of MnFe,0, NPs was investigated by desorp-
tion test by using batch methods started by loading of metal
ions onto MnFe,O, NPs surfaces, then the metal ions leached
using 5 cycles with different intervals of time (Fig. 13a and b)
shows the desorption capacity of U(VI) and Th(IV) from
MnFe,0, NPs using 0.10 M HCI, HNO;, NaCl, Na,CO;, and
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Fig. 13 Desorption of a 100.0
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EDTA eluents. They have different pH values effect on desorp-
tion process and stability of sorbents. The results show that the
highest desorption of U(VI) was 92.50% by using HCl eluent
during 4 h (Fig. 13a), and the highest desorption of Th(IV) was
96.80% by using HCl eluent during 2 h (Fig. 13b).

@ Springer

Conclusion

MnFe,0, nanoparticles were fabricated in nanoscale using
co-precipitation methods in a green and easy way. It were
used as a sorbent to remove of U(VI) and Th(IV) from water,
the adsorption contact time was fast to moderate range
(1-6 h). The pH of the solutions plays a major role in deter-
mining the maximum adsorption capacity metal ions, pH 3.0
was the best condition to remediate Th(IV) and pH 3.0-5.0
to remediate U(VI). The equilibrium kinetics of U(VI) and
Th(IV) adsorption were explained using the pseudo-second-
order equilibrium model. The adsorption thermodynamics
of removal U(VI) at pH 3.0 and 4.0 by MnFe,O, NPs is
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endothermic process while the adsorption thermodynamics
of U(VI) at pH 5.0 and Th(IV) at pH 3.0 by MnFe,O, NPs is
an exothermic process. MnFe,O, NPs are suitable sorbents
with a high reusability feature for U(VI) and Th(IV) using
different eluents with different pH values.
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