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ABSTRACT

In this research, cubic iron sulfide powder was prepared for the sorption of (152 + 154)Eu(III)
from the aqueous solutions. The prepared sorbents were characterized by: X-ray diffraction
analysis, differential thermal analysis, thermogravimetric analysis, Fourier transform
infrared, scanning electron microscope and energy dispersive X-ray analysis. The sorption
was performed as a function of pH, contact time, temperature, and metal ion concentrations
in the batch experiments. The results demonstrated that the sorption was well described
by the Langmuir adsorption isotherm with the maximum adsorption capacity of
(0.0203 mmol g−1). The kinetic data indicated that the sorption fitted well with the pseudo-
second-order kinetic model. The thermodynamic parameters implied that the sorption
process was spontaneous and endothermic in nature.
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1. Introduction

Low- and intermediate-level radioactive wastes
were produced during the research activities of the
radiochemical laboratories, research reactors, radioiso-
tope, and metallurgical laboratories, activation analy-
sis units, nuclear medicine divisions in hospitals,
universities, and research institutes as well as indus-
trial activities [1,2]. Europium belongs to the lan-
thanide group of elements and only the trivalent
oxidation state is stable in water. The ionic radii are
almost the same for all the trivalent lanthanides and
Am(III) which result in a chemically similar behavior.
Europium is often chosen for the sorption investiga-
tions because it is easy to work with it in the labora-
tory [3–5]. The tracer most commonly used 152Eu is a

β/γ-emitter, whereas Am is an α-emitter. The solubil-
ity of europium hydroxide is strongly dependent on
pH with a solubility product, log Kso = 17.6, for the
amorphous phase. Because the ionic radius of Eu(III)
is fairly large, 0.95 Å, hydrolysis in solutions do not
become appreciable until pH 6 is reached [6,7].
Europium poses an external as well as internal health
hazard. The strong gamma radiation associated with
152Eu and 154Eu makes the external exposure to these
two isotopes is of high concern [8]. While in the
body, europium poses a health hazard from both the
beta particles and gamma rays, and the main health
concern is associated with the increased likelihood of
inducing cancer in the liver and bone [8]. The
most stable oxidation state for the elements in
the lanthanide series, including europium, is the
trivalent [8].
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Removal of lanthanides from the waste solutions
could be achieved by several processes such as chemi-
cal reduction [9], solvent extraction [10], ion exchange
[11], or sorption [12,13]. Among them sorption tech-
nique seemed to be a promising approach that offered
a number of benefits such as reducing solvent usage,
disposal costs, and extraction time.

Iron sulfides are an interesting class of materials
with many different forms which include: pyrite
(cubic-FeS2), marcasite (calcium chloride structure-
FeS2), troilite (FeS), mackinawite (Fe1+xS), pyrrhotite
(Fe1−xS, Fe7S8), smythite (hexagonal-Fe3S4), and greig-
ite (cubic spinel-Fe3S4) [14]. While the synthesis of
iron oxide materials is well documented, the
preparation of iron sulfide materials has remained
unexplored until recently. Greigite (Fe3S4) is also of
interest in modern material science [15]. Fe3S4 is a
useful material which has excellent magnetic
properties, electrochemical hydrogen storage proper-
ties, and so on. Importantly, Fe3S4 is an environ-
ment-friendly material and can be used as sorbents
for the removal of heavy metals from the environ-
ment [16].

This omission may be due their complex crystal
structures and physical properties [14]. Recently, Fe3S4
crystals have been obtained by several methods as
hydrothermal route and single-source precursor
approach [14]. Herein, we report the use of iron(III)
complexes of dialkyldithiocarbamates as single-source
precursors to synthesize iron sulfide powder. It is best
of our knowledge that the use of iron sulfide powder
for the sorption of europium is not studied before.
The objective of this research is to conduct a study on
the sorption phenomenon of europium radioactive iso-
topes from the aqueous solutions using the prepared
iron sulfide. It was found that iron sulfide promoted
high-removal capability for hazardous radionuclides
from liquid radioactive waste. This material can be
successively applied for the treatment of low-level
liquid radioactive waste containing (152 + 154)Eu(III)
and hence the storage as well as disposal process will
be facilitated.

2. Experimental

2.1. Chemicals and reagents

All the chemicals were of analytical grade and used
as received without further purification: ferric nitrate
(Fe(NO3)3·9H2O) [99% Merck, Germany], sodium
diethyldithiocarbamate ((C2H5)2NCSSNa·3H2O) [97%
BDH Chemicals, UK], europium oxide (Eu2O3) [99%
Alfa Aesar], and deionized water from the Millipore
water purification system (18.2 MΩ).

2.2. Radioactive isotopes

For preliminary radiochemical investigations,
radioactive (152 + 154)Eu(III) was produced through the
irradiation of europium oxide at the Egyptian second
research reactor, ETRR-2. Accurate amounts of euro-
pium oxide samples (about 10 mg) were wrapped in
thin aluminum foils that were previously cleaned with
acetone and finally placed in thick aluminum irradia-
tion capsules. They were transferred to an aluminum
irradiation box of length of 670 mm then irradiated in
ETRR-2 core adjacent with thermal neutron flux of
1014 n cm−2 s−1 for about 4 h.

2.3. Synthesis of materials

The experiment was carried out by adjusting the
temperature to (30–40)˚C, once 1 mol of sodium
diethydithiocarbamate, as complexing agent, was
added to 1 mol of ferric nitrate solution a precipitate
was formed. The formed precipitate was filtered off
by centrifugation then washed with distilled water
and absolute ethanol. The prepared powder was dried
at 100˚C (FS0) for 48 h then calcined at 300˚C (FS3),
400˚C (FS4), and 500˚C (FS5) for 3 h. The sketch of iron
sulfide material complexed within diethydithiocarba-
mate is shown in Fig. 1.

It was known that diethyldithiocarbamate deriva-
tives were S- and N-containing ligands which dis-
played a rich and varied coordination chemistry with
a wide range of transition and main group metal com-
plexes [17]. Diethyldithiocarbamate complexes consti-
tuted one of the most promising species to provide
single-source materials for bulk metal sulfides [17].

2.4. Characterization

The prepared powders were characterized using
X-ray diffraction (Shimadzu 6000, Japan). The used
X-ray tube is a copper tube operating at 40 kV and
30 mA, and the used wavelength kα1 is 1.54056 Å. The
scan was performed over the range 2θ (4–90)˚. The
identification of the present crystalline phases was
done using the Joint Committee on Powder Diffraction
Standards (JCPDS) database card numbers. Thermoly-
sis of the synthesized materials were studied using
differential thermal analysis (DTA) and thermogravi-
metric procedure (TGA) using a Shimadzu simultane-
ous DTA/TGA-50 analyzer (Shimadzu, Japan). Spectra
of the prepared hybrid materials were measured
using Fourier transform infrared (FTIR) (Nicolet is10
spectrometer, Meslo, USA). Scanning electron micro-
scopy (SEM) and energy dispersive X-ray analysis
(EDX) of the synthetic adsorbent materials were
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examined using JEOL analytical scanning electron
microscope (JSM-6510 LA, Japan). The scan was per-
formed at high vacuum mode using an accelerating
voltage of 25 kV, a working distance of 12 mm, and
magnification 5,000× and 2,000×. Gamma radioactivity
level throughout this work was measured using a
gamma counter containing a NaI-Tl scintillation coun-
ter of the type Nucleus-Model 500 and scalar rate
amplifier model 2010.

2.5. Batch distribution studies

The synthesized materials were undertaken using
the batch contact method. Typically for the prelimi-
nary pH and contact time studies, the initial pH of the
solutions was adjusted by adding either hydrochloric
acid or liquid ammonia solutions for adjusting the
medium at constant pH; a HANNA 30X model pH
meter was used. The pH of the solution was adjusted
with buffer at 4 except for as laid down elsewhere. At
this point, the amount sorbed and contact time pro-
files were conducted in order to explore the equilib-
rium point. Once the equilibrium time was known,
the different pH measurements were carried out for
each ion. For this purpose, 10 ml of aqueous solutions
of Eu(III) traced by 152 + 154Eu with initial concentra-
tion 10−4 mol l−1 was shaken with 0.03 g of the synthe-
sized material at 298 K. Thereafter, 1 ml was
withdrawn for radiometric assay using the NaI-Tl
scintillation detector connected to the nucleus count-
ing system for 152 + 154Eu.

The uptake percentage, % U, on the solid could be
calculated from Eq. (1):

U % ¼ Co � C

Co
� 100 (1)

where Co and C are the concentration of sorbed ions
(mol l−1) before and after equilibrium.

The distribution coefficient, kd (ml g−1), could be
also calculated from Eq. (2):

kd ¼ Co � C

C
� V

W
(2)

where V is the volume of solution (l) and W is the dry
weight of the material (g).

2.6. Sorption isotherms

Sorption isotherm experiments were unambigu-
ously conducted batchwise; the equilibrium was
attained by shaking 0.03 g of the dried material in 10 ml
of the aqueous solutions containing 10−4 mol l−1 Eu(III)
traced by 152 + 154Eu which was shaken at 160 rpm for a
predetermined time period in an incubator at a con-
trolled temperature. The solution was filtered and the
metal ion concentrations were measured. Initial and
equilibrium concentrations of the metal ions in the
aqueous phase were determined radiometrically. The
pH of the solution was buffered only at 4, except for as
laid down elsewhere as outlined above. Since the
sorption experiments were temperature controlled,
temperature-influenced experiments were carried out
between 298 and 333 K at optimum pH values for
(152 + 154)Eu(III) on the sorbent. The experiments were
repeated three times in each case, the amount of metal
ion sorbed by employing the same general protocol and
analysis procedure as the batch contact experiments,
except that the given metal concentration was
increased, while the prepared iron sulfide powder was
the only exchanger under test; the amount of metal ions
sorbed per gram of the material qe (mmol g−1) was
obtained by Eq. (3) as follows:

qe ¼
Co � C

W
� V (3)

2.7. Kinetic experiments

The rate of sorption for a specific cation was fol-
lowed with time by adding 10 ml of aqueous solution

Fig. 1. Preparation sketch of iron sulfide exchanger.
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having a concentration of 10−4 mol l−1 Eu(III) traced
by 152 + 154Eu to 0.03 g of the dried material in peni-
cillin bottle. Several bottles were prepared and kept in
a thermostat shaker bath at 298 K for various periods
of time. The sorption of the ions on the prepared
material was followed with time until the equilibrium
was attained for each ion in different batches.

2.8. Temperature effects

The temperature effect was taken into account
between 298 and 333 K at optimum pH values for
(152 + 154)Eu(III) on the sorbent. The experiments were
repeated three times in each case. The amount of the
sorbed metal ions was calculated from 10 ml of aque-
ous solutions having a concentration of 10−4 mol l−1

Eu(III) traced by 152 + 154Eu added to 0.03 g of the
dried material of at equilibrium.

3. Results and discussion

3.1. Characterization

3.1.1. X-ray diffraction analysis (XRD)

The phase, crystallinity, and purity of the prepared
powders were determined by means of XRD tech-
nique. Fig. 2(a)–(d) shows the X-ray diffraction pattern
of the as-prepared and thermally treated iron sulfide
powders at 300, 400, and 500˚C for 3 h, respectively.
The diffraction pattern of the as-prepared powder was
characterized by the presence of cubic-Fe3S4 (JCPDS
file No. 89-1998) as a major phase and very small
peaks of cubic-FeS2 (JCPDS 42-1340), Fig. 2(a). On the
other hand, the increase in temperature to 300˚C
showed an increase in the peak intensity of Fe3S4 and
a slight decrease in the peak intensity of FeS2,
Fig. 2(b). Otherwise with the increase in temperature
to 400˚C, a marked decrease in the reflection peaks of
Fe3S4 and FeS2 was observed and a new phase of
cubic-Fe3O4 (JCPDS 65-3107) was developed, as shown
in Fig. 2(c). Further increase in the temperature to
500˚C showed the disappearance of both Fe3S4 and
FeS2 phases and the development of rhombohedral
α-Fe2O3 (JCPDS 33-0664), Fig. 2(d).

As concluded, iron sulfide powder was mainly
present in the as-prepared powder (FS0) as well as the
powder thermally treated at 300˚C (FS3); while the
powders thermally treated at 400˚C (FS4) and 500˚C
(FS5) were characterized by the presence of iron oxide
phases. Another important note was that FS3 showed
better crystalline behavior than FS0 due to the increase
in the peak intensity of its Fe3S4 phase and the
decrease in the peak intensity of its FeS2 phase, as
shown in Fig. 2(b).

3.1.2. Differential thermal analysis–thermogravimetric
analysis (DTA–TGA)

Thermal properties of the prepared powders were
investigated in detail by designating the temperature
in the range of 25–1,000˚C using DTA–TGA analysis
and the corresponding curves are shown in Fig. 3. In
general, the thermochemistry of metal diethyldithio-
carbamates has been widely studied in the past years,
but little was known about their decomposition kinet-
ics [17]. TGA curve shows two weight losses at
T < 300˚C. The first weight loss could be assigned to
the evaporation and elimination of the bonded water,
residual organic solvents. This result was correlated to
the two small endothermic peaks of the DTA curve at
T < 100˚C [18,19]. Whereas the second weight loss
could be estimated to the decomposition of the
sodium diethyldithiocarbamate iron complexes [20].
So, the TGA curve revealed that the formed complexes
either volatilized leaving a negligible amount of resi-
due or decomposed to yield iron sulfide as previously
reported [17]. The third distinct weight loss ~6% at
T ≥ 400˚C was due to the development of Fe3O4 as
indicated from the sharp endothermic peak given in
the DTA curve, Fig. 3. This result was confirmed by
the XRD data given in Fig. 2(c) that revealed the
development of Fe3O4 at 400˚C. The as-prepared Fe3S4
sample could be converted into Fe3O4 sample at the
calcination temperature exceeding 400˚C in air.
Another weight loss ~18.67% at T > 600˚C was
observed that was attributed to the complete

Fig. 2. XRD patterns of the as-prepared and thermally
treated powders (a) FS0, (b) FS3, (c) FS4, and (d) FS5.
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formation of α-Fe2O3 and was confirmed by a small
endothermic peak at T ~ 660˚C.

3.1.3. Fourier transform infrared spectroscopy (FTIR)
analysis

Fig. 4(a)–(e) shows the FTIR spectrum of the as-
prepared powder, thermally treated powders, and
FS3/Eu(III). The observed broad band at ~3,400 cm−1

and small band at ~1,627 cm−1 in all the prepared
powders corresponded to both the stretching and
bending vibrations mode H–O–H of physically
adsorbed water from the atmosphere, respectively,
Fig. 4(a)–(e) [21,22]. Very small band at 2,300 cm−1

was due to the adsorbed or atmospheric CO2,
Fig. 4(a)–(e) [23]. FS0 showed many peaks due to the
contribution of the diethyldithiocarbamate compound
including the presence of both bending C–H (1,100–
1,550 cm−1) and stretching C–H (2,998–2,954 cm−1)
vibrations [24]. The characteristic peaks at 1,625, 1,024,
1,200, and 1,012 cm−1 were attributed to thiocarbamyl
(C=S)-stretching vibrations and indicated a symmetri-
cal bidentate binding of the dithiocarbamato moiety
[24], the peaks at (1,350–1,250 cm−1) were attributed to
the stretching vibrations of (C–N), Fig. 4(a). A new
band of medium to strong intensity observed in the
region 420–405 cm−1 may be assigned to υ(M–S)
stretching mode, Fig. 4(a) [25]. The peak at 628 and
668 cm−1 corresponded to (S–S) stretching vibration,
Fig. 4(a) [26,27]. In general, the presence of similar
bands at 1,000–1,200 cm−1 in FS0, FS3, and FS4 may be
assigned to pyrite [28] and greigite formation as com-
plexed within diethyldithiocarbamate derivative [28].
These results were also confirmed by the presence of
bands of low intensity in the regions of 2,046 and
1,900 cm−1 that were attributed to Fe–S vibration,
Fig. 4(a) and (b) [29]. All these peaks have not been
recorded in the spectrum of FS5 indicating the disap-
pearance of FeS2 and Fe3S4 phases for the powders

thermally treated at 500˚C and confirming the XRD
and DTA–TGA results. Peaks observed at 565 and
580 cm−1 in FS4 and FS5 samples were assigned to
Fe–O peaks [30] and corresponded to the formation of
Fe3O4 and Fe2O3, respectively, Fig. 4(c) and (d). FTIR
spectra of the sample FS3 loaded with Eu(III) showed
the disappearance of the peaks corresponding to the
diethyldithiocarbamate complexed within Fe(III) con-
firming that the sorption of Eu(III) was taking place
onto the active sites of Fe(III) complexed within
diethyldithiocarbamate, Fig. 4(e).

3.1.4. Scanning electron microscopy (SEM)

SEM measurements were carried out in order to
understand the morphology and the shape of synthe-
sized powders. SEM micrographs of both the as-pre-
pared and thermally treated powders are shown in
Fig. 5(a)–(d). There were no noticeable morphological
changes between the as-prepared powder (FS0) shown
in Fig. 5(a) and the powder thermally treated at 300˚C
(FS3) shown in Fig. 5(b), where the powders consisted
of uniform particles having a cubic shape. Subsequent
changes were observed in FS4 where the cubic

Fig. 3. DTA–TGA analysis of the prepared powder in air.

Fig. 4. FTIR spectra of the as-prepared (a) FS0, thermally
treated powders (b) FS3, (c) FS4, (d) FS5, and (e) FS3/Eu(III).
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particles transformed to rhomboid particles collapsed
over some, as marked by black arrows shown in
Fig. 5(c), and distributed over newly formed small
particles of Fe3O4. FS5 consisted of a more compacted
distribution of Fe3O4 and Fe2O3 particles, Fig. 5(d).

3.1.5. Energy dispersive X-ray analysis

Fig. 6(a) and (b) shows the EDX spectra of both
FS0 and FS3, respectively. EDX spectra of FS0 shows
intense peaks for the elements Fe, S, C, O, and Na.
The presence of Fe and S indicated the formation of
iron sulfide complexed with carbamate derivative,
Fig. 6(a). Also the presence of C and O indicated the
presence of various carbon-and oxygen-containing
functional groups at the surface. On the other hand,
the EDX spectra of FS3 given in Fig. 6(b) showed a
decrease in the peaks of C and O due to the thermal
effect as outlined above in the DTA–TGA data. The
increase in the peak intensity of Fe and S meaning
that there was an improvement in the crystallization
of Fe3S4. So, the EDX results confirmed the results
obtained in both the XRD and FTIR results. We have
observed the absence of N element peak in both spec-
tra and the only reason that we could proposed was
the interference of both the peaks of N (kα: 0.392) with
that of O (kα: 0.525), especially the small difference
between the kα values [31]. In this case, the identifica-
tion of nitrogen and quantification of its content,

which was very low, is often tricky and may appear a
little bit confusing [31].

According to this study, FS0 and FS3 showed
many similarities from the point of view of XRD,
SEM, and FTIR, but we have selected FS3 to be the
material used as a sorbent for (152 + 154)Eu(III) because
it showed better crystalline behavior as given in XRD
investigations and higher percent of Fe and S elements
as given in EDX results.

Fig. 5. SEM of the as-prepared and thermally treated powders (a) FS0, (b) FS3, (c) FS4, and (d) FS5.

Fig. 6. EDX spectra of (a) the as-prepared powder “FS0”
and (b) the powder thermally treated at 300˚C for 3 h
“FS3”.
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3.2. Batch sorption studies

3.2.1. Effect of pH value

Sorption phenomenon of metal ions by sorbents is
pH dependent; this may be assigned to the discrepan-
cies in either their possible complexation reactions or
physisorption processes at the sorption surface. The
initial pH of the solution is an important parameter
which controls the sorption process. It affects the sur-
face of the sorbent and the chemistry of metal ion in
solution. The effect of pH on sorption of (152 + 154)Eu
(III) on FS3 at initial concentration of Eu(III) 1.0 × 10−4

(mol L−1) was studied in the pH range 2–5 to avoid
any complications from the precipitation of Eu(III) at
higher pH in the aqueous solution [32]. The hydrolysis
of Eu(III) begins at pH as low as 6 and various species
can be formed [32]. Fig. 7 shows the pH dependence
of (152 + 154)Eu(III) sorption on FS3 at an initial concen-
tration of Eu(III) ×10−4 mol l−1 as outlined before. As
shown in Fig. 7, the solution pH was the key factor
that affects the sorption of Eu(III) on FS3 powder. The
sorption of (152 + 154)Eu(III) increased slowly at pH 0.5–
2 and sorbed abruptly at pH 2–3.5. Then, the sorption
remained constant up to pH 3.5 for Eu(III) as shown
in Fig. 7. This may be attributed to the competition
between the higher concentration of H ions present in
the reaction mixture and the Eu(III) for the sorption
sites and as such no sorption occurred below pH 0.5.
Above this pH, the concentration of H ion decreased,
whereas the concentration of Eu(III) remained con-
stant. The sorption of Eu(III) in this range could be
explained as an H–Eu(III) exchange reaction. After this
pH range, the hydroxide species could be formed and
form hydroxocomplexes [33,34]. This behavior could
be attributed to the change of the speciation products

and the involved sorption mechanism at the solid–
liquid interface with pH variation [35].

3.2.2. Effect of sample weight

The relationship between the sample weight and
the amount of (152 + 154)Eu(III) sorbed on FS3 sample is
shown in Fig. 8. It was observed that the amount
sorbed increased with increasing the weight of FS3
sample up to 0.09 g, while at higher amounts qe values
remained constant. Close inspection to the data clari-
fied that the amount sorbed attained the value of
0.0128 mmol g−1 with 5 mg of sample weight while it
attained 0.01572 mmol g−1 with 10 mg of sample.
Therefore, the increase in qe value from 0.0192 to
0.0211 mmol g−1 was not consisted with the increase
in sample weight from 5 to 10 mg. So, it was sup-
posed to consider 5 mg as a sample weight in the rest
of experiments.

3.2.3. Effect of ionic strength

The effect of ionic strength, adjusted with NaCl
salt, on (152 + 154)Eu(III) sorption on FS3 was presented
in Fig. 9. The data clarified that qe of (152 + 154)Eu(III)
decreased with the increasing ionic strength molarity.
This was because the movement of (152 + 154)Eu(III)
from the bulk solution toward the sorbent surface was
retarded by the presence of an increased concentration
of Na(I) ions that formed a positive layer on the sur-
face of the applied sorbent. Also, Na(I) could compete
with (152 + 154)Eu(III) for the available active sites on
the sorbent surface. It is wise to note that the high
ionic charge of (152 + 154)Eu(III) compared with that of

Fig. 7. Effect of pH on the sorption capacity of
(152 + 154)Eu(III) on FS3 sorbent: Co (10−4), sorbent dose

(0.05 g), shacking time (60 min), and temp. (298 K).
Fig. 8. Variation of (152 + 154)Eu(III) sorbed on FS3 sorbent
with sample weight.
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Na(I) depressed the competitive action of Na(I). There-
fore, the overall qe values were slightly decreased by
the presence of an increased concentration of NaCl as
a background electrolyte.

3.3. Sorption isotherm

At equilibrium, the amount of solute being sorbed
onto the sorbent is equal to the amount of solute being
desorbed and the solution concentration remains con-
stant (Ce). The sorption isotherm described the
removal of (152 + 154)Eu(III) from the aqueous solution
on FS3 at 298 K is shown in Fig. 10. There were many
isotherms that could be used for modeling the sorp-
tion process in heterogeneous systems. Of these mod-
els, Langmuir, Freundlich, and Dubinin–Radushkevich
(D–R) isotherms were considered in this study and
their parameters were obtained from the logarithmic
form of the isotherm equations.

3.3.1. Langmuir isotherm

The linearized form of Langmuir isotherm
equation could be written in Eq. (4) as follows [36]:

1

qe
¼ 1

qm
þ 1

bqmCe
(4)

where qe is the amount of the solute sorbed per unit
weight of the sorbent (mmol g−1) as outlined before,
Ce is the equilibrium concentration of the solute in the
equilibrium solution (mol l−1), qm is the monolayer
sorption capacity (mmol g−1), and b is a constant
related to the free energy of sorption (b α e−ΔG/RT). As
shown in Fig. 11(a), the plot of 1/qe vs. 1/Ce should
give a straight line and the Langmuir constants could
be calculated. The essential features of the Langmuir
isotherm could be expressed in terms of equilibrium

Fig. 9. Variation of (152 + 154)Eu(III) sorbed on FS3 sorbent
with NaCl as background electrolyte.

Fig. 10. Sorption isotherms of (152 + 154)Eu(III) on FS3 at
298 K.

Fig. 11. (a) Langmuir model for the sorption of
(152 + 154)Eu(III) on FS3 sorbent, (b) Freundlich model for

the sorption of (152 + 154)Eu(III) on FS3 sorbent, and (c) D–R

isotherms of (152 + 154)Eu(III) on FS3 sorbent.
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parameter, RL, which was used to predict if the sorp-
tion system was “favorable” or “unfavorable” [37,38].

RL ¼ 1

1þ bCo
(5)

where Co is the initial metal concentration. The value
of RL indicated the shape of an isotherm to be either
unfavorable (RL > 1), linear (RL = 1), favorable
(0 < RL < 1), or irreversible (RL = 0). These values were
less than unity indicating that the sorption was favor-
able and the used sorbent was optimum for the sorp-
tion of (152 + 154)Eu(III) from the aqueous solutions.

3.3.2. Freundlich isotherm

Freundlich isotherm models the multilayer sorp-
tion that postulated the heterogeneity of surfaces; its
linearized form was given by the following equation
[39]:

log qe ¼ log KF þ 1

n
log Ce (6)

where KF is the Freundlich constant (mmol g−1) which
indicated the sorption capacity and represented the
strength of the adsorptive bond and n is the hetero-
geneity factor. The plot of log qe vs. log Ce may give a
straight line as shown in Fig. 11(b), KF and n values
could be calculated from the intercept and slope of
this straight line, respectively.

3.3.3. D–R isotherms

In D–R model, the sorption on a single type of
uniform pores was adopted. In this manner, the D–R
isotherm was an analog of the Langmuir type in a more
general postulation that it did not assume a homoge-
neous surface or constant sorption potential [40].

The D–R isotherm was given as follows:

qe ¼ qm expð�ke2Þ (7)

The linearized form of this equation was given by:

ln qe ¼ ln qm � ke2 (8)

where ε (Polan’s potential) is [RT ln(1 + (1/Ce))], k is a
constant related to the sorption energy (mmol2 kJ−2).
The values of qm and k were calculated from the inter-
cept and slope of the D–R plot, respectively, and pre-
sented in Table 1. The mean free energy of sorption (ε)
could be calculated from the corresponding k values
using the equation:

e ¼ 1ffiffiffiffiffiffiffiffiffiffi�2K
p (9)

The magnitude of ε, based on D–R model as shown in
Fig. 11(c), was considered as a useful mean for esti-
mating the type of sorption process.

It was evident from these data that the sorption
fitted well to the Langmuir isotherm model than that
of the Freundlich and D–R models, as indicated from
the numerical values of the correlation coefficients
(R2). A reasonable explanation for this result was: Eu
(III) traced by (152 + 154)Eu(III) in the aqueous solution
was sorbed on the surface of FS3 and formed a
monolayer through the coordination of (152 + 154)Eu
(III) with the lone pair of electrons present on the
sulfur atom in diethyldithiocarbamate complexed
within Fe(III), (Fig. 1). Therefore, the Langmuir
model fitted the experimental data better than the
Freundlich model and D–R models. The maximum
sorption capacity of the sorbent, calculated from the
Langmuir isotherm equation, defined the total capac-
ity of the sorbent for rare earth ions. It was found
that the sorption capacity of (152 + 154)Eu(III) using

Table 1
Langmuir, Freundlich, and D–R isotherm constants

FS3 sorbent Langmuir parameters qm (mmol g−1) b (L mmol−1) RL R2

0.0262685 49,261.083 0.203 0.9996

Freundlich parameters KF (mmol g−1) n R2

2.5678 1.82 0.9685

D–R parameters qm (mmol g−1) k (mol2 kJ−2) ε (kJ mol−1) R2

0.267 4.62E−9 10.416 0.9928
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FS3 (0.0203 mmol g−1) was consistent with the results
obtained from the pH effect on the sorption. In addi-
tion, the magnitude of ε was considered as a useful
mean for estimating the type of the sorption process
as outlined above. If this value was between 8 and
16 kJ mol−1, the sorption process could be explained
by ion exchange [41]. In this study, ε value was esti-
mated to be 10.416 kJ mol−1, as shown in Table 1.
Consequently, the sorption of (152 + 154)Eu(III) on FS3
could be explained by ion exchange process.

3.4. Sorption kinetic studies

Kinetic studies were undertaken to show the
mechanistic aspects of the process and obtain the
thermodynamic parameters. In order to interpret
the experimental data, it was necessary to identify the
best-fit model that represented the sorption process.
The kinetics of the sorption was important since it
controlled the efficiency of the process. The sorption
process was generally fast at the beginning and then
slowed down as the equilibrium was approached.
Fig. 12 shows the variation of the amounts of
(152 + 154)Eu(III) sorbed on FS3 at different time inter-
vals, for a fixed initial ion concentration of 10−4 mol l−1

and sorption temperature at 298 K. The amount
removed of (152 + 154)Eu(III) from the solution increased
with time, and about 84% of equilibrium was reached
within the first 10 min. It was well recognized that the
characteristic of the sorbent surface was a critical fac-
tor that affected the sorption rate parameters and that
the diffusion resistance played an important role in
the overall transport of the ion [42,43]. The high
capacity of FS3 toward (152 + 154)Eu(III) sorption could
be attributed to the presence of the lone pair of elec-
trons on the sulfur atom in diethyldithiocarbamate
complexed within Fe(III), (Fig. 1) as outlined before.
The rate constant of (152 + 154)Eu(III) removal from the

solution by FS3 was determined using pseudo-first-
order, pseudo-second-order rate, and intraparticle
diffusion models.

3.4.1. Lagergren pseudo-first-order model

Lagergren pseudo-first-order expression was
written as follows [44]:

lnðqe � qtÞ ¼ ln qe � k1ð Þt (10)

where qe and qt (mmol g−1) are the amount of
(152 + 154)Eu(III) sorbed on FS3 at equilibrium and time
t, respectively. k1 is the pseudo-first-order rate constant
(min−1). Pseudo-first-order kinetic for the sorption of
(152 + 154)Eu(III) on FS3 was studied to determine the
first-order rate constant (k1) and the theoretical equilib-
rium sorption capacities (qe), respectively. The calcu-
lated values of k1 and qe with the values of the linear
correlation coefficients (R2) were presented in Table 2.
The theoretically calculated equilibrium sorption
capacity should be in accordance with the experimen-
tal sorption capacity values. As could be seen from
Table 2, both the linear correlation coefficients (R2) of
the plot and the qe (calculated) values differ with qe
(experimental) for the studied sorption process. So, it
could be suggested that the sorption of (152 + 154)Eu(III)
on FS3 was not a first-order reaction.

3.4.2. Pseudo-second-order model

In order to find a more reliable description of the
kinetics, pseudo-second-order kinetic equation was
applied. The kinetic data were tested by the pseudo-
second-order expression as follows [45]:

t

qt
¼ 1

k2q2e
þ 1

qe

� �
t (11)

where k2 is the rate constant of pseudo-second-order
equation (g mg−1 min−1). Thus, by plotting t/qt against
t the value of k2, qe, and the product k2q

2
e (which repre-

sents the rate of the initial sorption) could be deter-
mined graphically from the slope and the intercept of
the revealed plot. The kinetics plot of t/qt vs. t for
(152 + 154)Eu(III) removal on FS3 is represented in
Fig. 13. The equilibrium metal sorption capacity (qe),
the values of the rate constant (k2), and the correlation
coefficients (R2) were calculated and presented in
Table 2. The plot was linear and the corresponding
correlation coefficients (R2) suggested a strong
relationship between the calculated mathematical

Fig. 12. Variation of the amounts of (152 + 154)Eu(III) sorbed
on FS3 sorbent at different time intervals.
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parameters and also explained that the process of the
sorption of each ion followed the pseudo-second-order
kinetics. Also from the data, it was observed that the
correlation coefficient (R2) had an extremely high
value (>0.99) and closer to unity for the pseudo-sec-
ond-order kinetic model than for the pseudo-first-
order kinetic model. When comparing the obtained
value for the sorption capacity (qe) with the calculated
value of qe, using pseudo-second-order kinetic model,
we found a good agreement with the experimental
data clarifying the matching of the experimental data
to the pseudo-second-order kinetics. The results
explained that the pseudo-second-order kinetic was
predominant and that the rate constant of the sorption
appeared to be controlled by an ion exchange process
through sharing or exchange of electrons between iron
sulfide exchange surface and the exchanging of
(152 + 154)Eu(III) [45].

3.4.3. Intraparticle diffusion model

The solute transport from a solution phase to the
surface of iron sulfide occurred in several steps:

external diffusion, surface diffusion, pore diffusion,
and sorption on the pore surface, or a combination of
more than one step. The overall sorption process may
be controlled either by one or more of these steps. In
rapidly stirred batch sorption, the diffusive mass
transfer could be related to an apparent diffusion
coefficient, which will fit the experimental sorption
rate data. In general, the sorption process is diffusion
controlled if its rate is dependent upon the rate at
which components diffuse toward one another. The
possibility of intraparticle diffusion was explored
using the intraparticle diffusion model given by
Weber–Morris and represented by the equation [46]:

qt ¼ kidt
0:5 þ C (12)

where kid is the intraparticle diffusion rate constant
(mg g−1 min−0.5) and C is a constant (mg g−1) that gives
an idea about the thickness of the boundary layer, i.e.
the larger the value of C, the greater the boundary
layer effect. If Weber–Morris plot of qt vs. t

0.5 gave a
straight line, then the sorption process was controlled
by intraparticle diffusion only. However, if the data
exhibited multilinear plots, then two or more steps
influenced the sorption process. Weber and Morris
plots of (152 + 154)Eu(III) sorbed per unit mass of adsor-
bent vs. t0.5 for FS3 are given in Fig. 14. The slope of
these plots was defined as a rate parameter that was
characteristic to the rate of sorption in the region
where intraparticle diffusion was the controlling rate.
The graphs revealed that the data points were related
by two straight lines: the first portion depicting macro-
pore diffusion and the second one representing micro-
pore diffusion. The extrapolation of the linear portions
of the plots to the y-axis gave the intercept, which pro-
vided a measure of the boundary layer thickness. The
deviation of the straight line from the origin may be
due to the difference in the rate of mass transfer in the
initial and final stages of sorption. Further, such

Table 2
Pseudo-first-order, pseudo-second-order, and intraparticle diffusion rate models

FS3 sorbent Experimental result qe(exp.) (mmol g−1)
0.0203

Pseudo-first-order rate constants kads (min−1) qe(theo.) (mmol g−1) R2

0.05545 0.0055 0.9996

Pseudo-second-order rate constants k2 (mmol g−1 m−1) qe(theo.) (mmol g−1) R2

22.272 0.0197 0.9998

Intraparticle diffusion constants kid (mmol g−1 min−1/2) C (mmol g−1) R2

0.0137 0007581 0.982

Fig. 13. Pseudo-second-order kinetic for the sorption
of (152 + 154)Eu(III) on FS3 sorbent.
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deviation of straight line from the origin indicated that
the pore diffusion was not the sole rate-controlling
step. The sorption data for qe vs. t

0.5 for the initial per-
iod showed a curvature that was usually attributed to
the boundary layer diffusion effects or external mass
transfer effects. The values of model parameters of the
intraparticle diffusion rate constant (kid) and the corre-
lation coefficient (R2) are shown in Table 2. It was
likely supposed that a large number of (152 + 154)Eu(III)
diffused into the pores before being sorbed. Signifi-
cantly, the plot did not have a zero intercept as pro-
posed by Eq. (12) indicating that the intraparticle
diffusion might not be the controlling factor in deter-
mining the kinetics of the process. As shown in Fig. 14,
the plots of qt vs. t

0.5 did not fit with the straight lines
passing through the origin as required by Eq. (12) indi-
cating the non-applicability of this model and the
intraparticle diffusion was not the rate-controlling step
during the sorption process of (152 + 154)Eu(III) on FS3
sorbent. When the transport of the solute from the liq-
uid phase to the solid phase boundary played the most
significant role in the sorption, the liquid film diffusion
model may be applied using Boyd kinetic expression
as shown in Eq. (13) [47]:

F ¼ 1� 6

p2
expð�BtÞ (13)

where F is the fraction of the sorbate sorbed at differ-
ent times t (F = qt/qe) and Bt is a mathematical func-
tion of F. The rearrangement of Eq. (13) gives:

Bt ¼ �0:4977� ln 1� qt
qe

� �
(14)

The calculated Bt values for (152 + 154)Eu(III) sorption
on FS3 were plotted against t as shown in Fig. 15. The

linearity of the plot will provide useful information
for distinguishing between the external transport- and
intraparticle transport-controlled rates of sorption [48].
In general, if the plot of Bt vs. t gave a straight line
passing through the origin, then the sorption was gov-
erned by a particle diffusion mechanism. Otherwise, it
was governed by film diffusion. From Fig. 15, the plot
was not only deviated from the origin, but also it had
a very poor linear correlation coefficient, R2 is 0.98541,
implying that the external mass transport (film diffu-
sion) is the rate-controlling step throughout the sorp-
tion process of (152 + 154)Eu(III) on FS3 sorbent. Several
investigations reported that sorption of heavy metals
onto various adsorbents was film diffusion controlled
[49,50].

3.5. Effect of reaction temperature

The entire study was performed at five tempera-
tures: 298, 303, 313, 323, and 333 K to evaluate the
thermodynamic properties after attaining equilibrium
at 60 min for (152 + 154)Eu(III). A 0.033-g mass of FS3
material and 10 ml of 10−4 mol l−1 from each ion were
equilibrated at their natural equilibrium pH of 3.5
(152 + 154)Eu(III). The plot of qe against the temperature
is shown in Fig. 16. The experimental fitting of the
data revealed that the linear relationship between the
amount sorbed and temperature has been obtained.
This could be explained by the reversible behavior of
the sorption process at the solid–liquid interface. The
thermodynamic parameters of the sorption reactions
were calculated using Van’t Hoff’s equation, from the
slope of the linear relationship of plotting log Kc

against 1/T as shown in the inset of Fig. 16.
Fig. 14. Morris–Weber plots for modeling of (152 + 154)Eu(III)
sorbed on FS3 sorbent.

Fig. 15. Correlation between Bt and t for the sorption of
(152 + 154)Eu(III) on FS3 sorbent.
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From this plot; the thermodynamic parameters
were calculated using the following relations, Eqs.
(15)–(18):

DG ¼ �2:303RT log Kc (15)

where Kc is the sorption equilibrium constant, R is the
gas constant (8.314 J mol−1 K−1), and T is the absolute
temperature (K). The sorption equilibrium constant (Kc)
could be calculated from the relation given in Eq. (16):

Kc ¼ Fe
1� Fe

(16)

where Fe is the fraction attainment of the metal ion
sorbed at equilibrium, which is defined as the ratio
between the sorbed ion concentration at certain instant
and the equilibrium concentration.

log Kc ¼
DS

2:303R
� DH
2:303RT

(17)

DS ¼ DH � DG
T

(18)

where ΔH is the enthalpy change of the sorption
process, ΔG is the free energy change, and ΔS is the
entropy change. The thermodynamic parameters are
summarized in Table 3.

The positive values of ΔH indicated the endother-
mic nature of the sorption process and its value 8.22,
the prepared FS3 reflected an ion exchange and
implied the possibility of strong bonding between
(152 + 154)Eu(III) and the sorbent surface [48]. The
negative values of ΔG indicated a spontaneous nature
and a high preference of (152 + 154)Eu(III) sorption on
the used material. The positive values of ΔS specified
the increasing of randomness at the powder—
aqueous medium interface during the sorption
process [51].

4. Conclusion

Iron sulfide powders with homogeneous cubic
shape were successfully prepared using a single-
source precursor approach, where diethyledithiocarba-
mate was used as a complexing agent. Both the
as-prepared powder (FS0) and thermally treated
powder at 300˚C (FS3) were considered as the source
of iron sulfide material (Fe3S4) in this work because at
higher temperatures (400 and 500˚C), iron oxide
phases (Fe3O4 and Fe2O3) were formed. FS0 and FS3
showed the formation of Fe3S4 as a major phase and
FeS2 as a minor phase, but FS3 showed better crys-
tallinity behavior and was used as a sorbent for
(152 + 154)Eu(III). A detailed study for the sorption of
(152 + 154)Eu(III) on FS3 was given, where the prepared
iron sulfide powder exhibited promising sorption for
(152 + 154)Eu(III) from the aqueous solution. The sorp-
tion equilibrium data were fitted with Langmuir,
Freundlich, and Dubinin–Radushkevitch isotherm
models. The results indicated that the isotherm data
were successfully fitted Langmuir over the entire con-
centration range studied. Furthermore, the kinetics of
the metal ions were experimentally studied and the
obtained rate data were analyzed using simple
Lagergren-first-order, pseudo-second-order, and intra-
particle diffusion models. The results explained that
the pseudo-second-order sorption mechanism was
predominant and the overall rate constant of the sorp-
tion process appeared to be controlled by ion
exchange process. The process was thermodynami-
cally feasible as indicated by a negative free energy
change and a positive entropy change which con-
firmed that the process was endothermic in nature.
Finally, cubic iron sulfide as a green sorbent material
could be successively applied for the treatment of
radioactive liquid waste.

Fig. 16. Effect of temperature on the sorption modeling of
(152 + 154)Eu(III) sorbed on FS3 sorbent. The inset shows

Van’t Hoff plot for (152 + 154)Eu(III) sorbed on FS3 sorbent.

Table 3
Thermodynamic parameters for sorption of (152 + 154)Eu(III)
sorbed on FS3 powder

ΔH˚
(kJ mol−1)

ΔS˚
(J mol−1 K−1)

T
(K)

ΔG˚
(kJ mol−1)

FS3 sorbent 8.22 52.7 298 −15.700
303 −16.620
313 −17.700
323 −18.873
333 −19.897
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