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ABSTRACT

Iron nanoparticles (Fe NPs) and bimetallic iron-nickel nanoparticles (Fe-Ni NPs) were synthesized
by liquid phase reduction method, and were characterized using XRD, XPS, SEM and TEM tech-
niques. A comparative study was performed to assess the efficiency of Fe and Fe-Ni NPs in the
removal of bromophenol blue (BPB) dye from aqueous media. The effects of pH, time, initial dye
concentration, and temperature on the removal process were investigated. The results showed that
the highest dye removal is obtained at pH of 4.0. The removal of BPB follows a pseudo second order
rate kinetics, with the dye removal by Fe NPs being faster than that achieved using Fe-Ni NPs, and
the maximum sorption capacities being 1667 and 213 mg/g, respectively. Equilibrium constant (K)
values were calculated using a modified form of the linear isotherm, and the K values at 298 K were
64416 and 11901 mL/g for Fe and Fe-Ni NPs, respectively. The removal of BPB by Fe NPs and Fe-Ni
NPs was exothermic with AH® values being -35.8 and —51.9 kJ/mol, respectively. Entropy of the sys-
tem decreased in both cases, and the corresponding values were —28.2 and -96.3 J/mol-K for Fe and

Fe-Ni NPs, respectively.

Keywords: Fe nanoparticles; Fe-Ni nanoparticles; Bromophenol blue; Decolorization

1. Introduction

Environmental pollution is rapidly increasing and
threatening the main environmental components; water, air
and soil [1]. The global textile and clothing industry is very
huge and produces large volumes of wastewater, which is
often rich in colors and contains residues of reactive dyes [2].
The existing treatment methods are not effective enough to
degrade textile dyes. The discharge of inadequately treated
textile wastewater is considered a major environmental
concern [3].

Bromophenol blue (BPB) is an acid dye, which is used
as a color marker to monitor the process of agarose gel elec-
trophoresis, polyacrylamide gel electrophoresis, coloring
proteins in paper electrophoresis, and is also a pH indica-
tor. This dye is widely used as an industrial dye for foods,
drugs, cosmetics, textiles, printing inks and laboratory indi-
cators [4]. The structure of the dye is shown in Fig. 1 [5].

*Corresponding author.

Various methods have been traditionally used for the
removal of dye pollutants from wastewater, such as reverse
osmosis, electrochemical coagulation, nano filtration,
adsorption, and others [6]. Iron and iron based-nanoparti-
cles have been widely proposed as effective materials for
the removal of organic and inorganic aqueous pollutants
such as organic dyes, chlorinated organic compounds and
heavy metals [7]. The efficiency of iron nanoparticles is
mainly due to the low oxidation-reduction potential and
high surface area. In addition, it has been widely consid-
ered as an environmental friendly material [8].

Individual nZVI particles possess a spherical shape,
with a core-shell structure. The core is composed of zero-va-
lent iron Fe(0), which can act as an electron donor in redox
reactions. The shell is composed of iron oxide and iron
oxyhydroxide groups, which can take part in the uptake of
pollutants form aqueous media. The nZVI material has a
chain-like structure, which results from the strong magnetic
forces among the individual particles [9]. Iron nanoparticles
can also serve as a coagulant for various anions in ground-
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Fig. 1. Bromophenol blue structure.

water through the hydrolysis of Fe(II). The interfacial reac-
tions of Fe (dissolution, adsorption, redox reaction, and
precipitation) can occur simultaneously or sequentially on
the surface of the nanoparticles during the decontamination
process [10].

Bimetallic nanoparticles consist of two different metal
elements synthesized with nanosize. Adding the second
metal is reported to improve the catalytic properties of the
original single metal [11]. The search for bimetallic nanopar-
ticles containing iron is motivated by some of the limita-
tions in the application of iron nanoparticles, originating
primarily from its agglomeration in aqueous media, which
can reach micrometer size [12]. Fe-Ni bimetallic nanoparti-
cles has been widely synthesized and used in the removal
of organic pollutants and dye stuff [13,14]. The catalytic
properties of nickel are thought to stimulate the formation
of atomic hydrogen or hydride on the surface, and enhance
the electronic properties of the iron, thus expediting the
reductive pathways of the dechlorination reactions [15].

Different studies are reported in literature about the
removal of aqueous BPB. In one of those BPB was removed
from water using activated charcoal as adsorbent material
[5]. In another study, o-chitin nanoparticles were tested for
the removal of BPB [16]. A polymer-clay composite con-
sisting of kaolinite clay crosslinked with polyacrylamide
co-acrylic was also studied as an adsorbent material of BPB
[17]. It was also reported that TiO, could be used effectively
to decolorize BPB under UV irradiation [18]. Furthermore,
certain types of nanomaterials have been also reported in
literature as possible choices for the removal of BPB such
as Fe,0,-ZnO-ZnFe,0,/C nanocomposite and CuO-na-
no-clinoptilolite [19,20]. Our literature review did not, how-
ever, yield results about the removal of BPB by either Fe
NPs or bimetallic Fe-Ni NPs, and to our knowledge this
work is the first of its kind for BPB dye.

This study focuses first on the synthesis and charac-
terization of Fe NPs and Fe-Ni NPs, and then using these
materials in the removal of BPB from aqueous solution. The
prepared materials were characterized using scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), X-ray powder diffraction (XRD), and X-ray photo-
electron spectroscopy (XPS). The BPB concentration was

monitored using UV-visible spectrophotometry. The inves-
tigated experimental parameters included pH, contact time,
dye initial concentration, and temperature.

2. Experimental
2.1. Chemicals and reagents

Throughout this study the following chemicals were
used without further purification; ferrous sulfate hepta-
hydrate FeSO,7H,O (Aldrich 7782-63), nickel chloride
hexahydrate NiCL-6H,O (Aldrich 7791-20), sodium boro-
hydride, NaBH,, (Merck 8.06373), absolute ethanol (J.T.
Baker 8006), bromophenol blue C,;H, Br,O.S (95%) (Aldrich
61698), potassium dihydrogen phosphate KH, PO, (Aldrich
45369), and potassium hydrogen phthalate (KHP; C;H,KO,)
(Merck 545-K764274). All aqueous solutions were prepared
using deionized water.

2.2. Synthesis of Fe NPs, Ni NPs, and Fe-Ni NPs

Iron nanoparticles and iron-nickel bimetallic nanopar-
ticles were prepared using liquid phase reduction method
with sodium borohydride as the reducing agent, in accor-
dance with procedures reported in previous publications
[21,22].

In order to prepare Fe NPs, 5.34 g of FeCl-4H,0 was
dissolved in 25.0 mL 4:1 (ethanol: water) solution in each
batch, and was kept under magnetic stirring conditions for
15 min. The NaBH, solution was prepared separately by
dissolving 2.54 g in 70.0 mL of water. Then, the borohydride
solution was added to the iron solution using a burette at
a constant addition rate of about 0.5 mL s under contin-
uous magnetic stirring conditions. During the addition of
the borohydride solution, the iron solution color converted
from brown to black and H, gas evolution was observed. A
sharp rise in pH occurred, indicating successful reduction
of Fe* to Fe® according to the following chemical equation:

Fe* + 2BH,” + 6H,0 — Fe" + 2B(OH), + 7H, )T

The solution of Fe NPs was kept under stirring condi-
tion for another 15 min, and vacuum filtration was used to
separate the produced Fe NPs. While still on suction filter,
the black Fe NPs powder was washed with absolute ethanol
three times. Finally, the obtained Fe NPs sample was dried
in the oven at 90°C for 6 h, and was stored for future use.

The same procedure was used to synthesize Ni NPs. For
this purpose, 6.45 g of NiCL-6H O were dissolved in 25.0
mL 4:1 (ethanol: water) solution, and were kept for 15 min.
under magnetic stirring condition. The NaBH, solution
was prepared separately by dissolving 5.67 g in 70.0 mL
of water. Then, the borohydride solution was added to the
nickel solution using a burette at a constant addition rate of
about 0.5 mL s™ under continuous magnetic stirring condi-
tion. The solution was finally filtered, washed and dried,
and stored for future use.

The Fe-Ni NPs samples were prepared by dissolving
3.0750 g FeSO,-7H,O and 0.7500 g NiCL,-6H,O in 25.0 mL
of a 4:1 (ethanol: water) solution, and was kept for 15 min.
under magnetic stirring condition. The NaBH, solution was
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prepared separately by dissolving 2.54 g in 70.0 mL of water.
Then, the borohydride solution was added to the Fe-Ni
solution using a burette at a constant rate of approximately
0.5 mL s under continuous magnetic stirring condition.
The mixture was then kept under continuous stirring for
another 15 min. Vacuum filtration was used to separate the
produced NPs, and while still on suction filter, the nanopar-
ticle powder was washed with absolute ethanol three times.
Finally, the resulting Fe-Ni NPs sample was dried in the
oven at 90°C for 6 h, and was stored for future use.

2.3. Dye removal experiments

Throughout this study, all of the solutions were pre-
pared in potassium hydrogen phthalate (KHP) buffer solu-
tion (pH = 4.0). This solution was prepared in accordance
with a procedure reported in literature [5]. For this purpose,
10.21 g of KHP salt and 1.0 mL of 0.10 M HCl were dis-
solved in 1.0 L deionized water using a volumetric flask. A
stock solution of bromophenol blue (BPB) at a concentra-
tion of 100 mg/L was prepared by dissolving exactly 26.3
mg dye in 250 ml KHP buffer solution (at pH = 4.0). Further
analytical dilutions were made when needed using volu-
metric pipettes. A linear calibration curve was constructed
for BPB in the concentration range of 1.0-10.0 mg/L. The
calibration curve was obtained by measuring the UV-Visi-
ble absorbance atA__ (590 nm) of the dye using Varian Cary
50 UV-Visible spectrophotometer.

The dye removal experiments where performed using
freshly prepared dye solutions obtained by serial dilutions
from the stock solution. Following the decolorization exper-
iments, the absorbance was measured directly for solution
aliquots, and in some cases further dilutions were made
to account for high absorbance. All the experiments were
performed under atmospheric pressure using polypropyl-
ene falcon tubes under shaking conditions. These tubes are
appropriate for shaking in the water bath, are thermally sta-
ble, and their volumes are suitable for the solution volumes
used in the experiments.

2.3.1. Effect of pH

The pH was adjusted to different values (4.0, 6.0, and 8.0)
by using KHP or KH,PO, buffers, in which the BPB powder
was dissolved. The buffer solutions were prepared by dis-
solving the appropriate weights of KHP or KH,PO,. The pH
was adjusted to the specified values by further additions of
0.1 M HCl or 0.1 M NaOH, then deionized water was added
to fill up to 1.0 liter volume.

2.3.2. Dye remouval kinetics

Prior to performing the kinetic experiments, the removal
of BPB dye was tested using three different doses of Fe NPs;
0.010, 0.0050, and 0.0010 g. The removal of the dye by Fe
NPs was very fast and highly dependent on the amount of
Fe NPs. The results showed that the removal of BPB was
almost complete after 1 min. of contact when 0.010 g of
Fe NPs was used. Hence, in order to be able to follow the
kinetic progress of the removal process, the related experi-
ments were conducted at a dose of 0.0010 g Fe NPs.

On the other hand, in the case of Fe-Ni NPs and Ni NDPs,
0.0100 g dose was used due to low removal efficiency at a
0.0010 g amount.

The three adsorbents (Fe, Ni, Fe-Ni NPs) were added
separately to 25.0 mL of 100.0 mg/L BPB dye solutions. The
mixtures were kept in contact for different time periods in
different falcon tubes. Subsequently, the dye solutions were
separated from the adsorbents by filtration, and were ana-
lyzed using UV-Vis spectrophotometry.

2.3.3. Effect of initial dye concentration and temperature

In these experiments, a fixed weight (0.0100 g) of Fe NPs
and Fe-Ni NPs was mixed separately with 25.0 mL portions
of BPB dye at initial concentrations of 20.0, 40.0, 60.0, 80.0
and 100.0 mg/L, and was kept in contact for 1 h at 298 K.
The dye was then separated from the adsorbent by filtra-
tion. In order to test the effect of temperature, the same
experiments were repeated under the same conditions by
adjusting the thermostat water bath at 323 K.

2.4. Characterization techniques

The dye concentrations were measured using a Varian
Cary 50 UV-Visible Spectrophotometer. The spectropho-
tometer operates on dual beam using a Czerny-Turner
monochromator at 190-1100 nm wavelength range with
approximately 1.5 nm fixed spectral bandwidth. The light
source consists of full spectrum Xe pulse lamp, and has
dual Si diode detectors. The spectrophotometer was used to
obtain calibration curves for BPB in the concentration range
of 1.0-10.0 mg L™ respectively, at A___of 590 nm.

Powder XRD data were collected on a STOE Stadi P
diffractometer, located at Helmholtz Institute Ulm, Ger-
many. The source consists of Cu Kol (A =1.54 A) radiation
at 40 kV/ 40 mA. The samples were scanned from 26 of 5
up to 80°.

The morphology of the nanoparticles was studied using
Scanning Electron Microscopy (SEM). The images were
recorded using a Hitachi, 5-5200 field-emission scanning
electron microscope, Hitachi, Tokyo, Japan located at Uni-
versity of Ulm, electron microscopy department, Germany.
The accelerating voltage is 10 kV, and the images were taken
with the secondary electron detector.

Transmission Electron Microscopy (TEM) images were
recorded with a Jeol-1400 instrument, located at University
of Ulm, electron microscopy department, Germany. The
images were taken under an accelerating voltage of 120 kV,
bright field signals. After preparation, the samples were
placed on a copper grid and fixed on the device holder, and
the parameters were adjusted to obtain clear images. During
SEM and TEM analysis, the samples were dispersed in eth-
anol for few minutes using a sonicator, then one drop from
the suspension was placed on a copper grid which then was
fixed on a special holder and placed in the instrument.

X-ray photoelectron spectroscopy (XPS, Multiprobe,
Omicron Nanotechnology) was performed in a multi-tech-
nique UHV instrument using a monochromatic Al Kot X-ray
source (1486.7 eV, 270 W), and the chamber pressure was
5%107"° mbar. The equipment is located at Physics depart-
ment in Bielefeld University, Germany. The sample was
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dispersed in ethanol using ultrasonic shaker path, then few
drops of the suspension were placed on piece of silicon/sil-
icon oxide substrate. The analysis of the XP spectra was car-
ried out using CasaXPS software, and a Shirley background
subtraction procedure was employed.

3. Results and discussion
3.1. Characterization of the nanoparticles materials
3.1.1. Characterization of Fe NPs

The structure of Fe NPs was characterized using XRD.
Fig. 2a shows the basic reflection of metallic iron (110) at
20 = 44.9°. The reflections of iron oxides are very weak,
indicating that nZVI is the major component of the Fe NPs
material.

Typical SEM and TEM images of Fe NPs are shown in
Fig. 3. The morphology of the iron sample matches with the
results reported in earlier publications [e.g. 23-25]. As shown
in the SEM and TEM images, the diameter of individual Fe
nanoparticles is in the range (40-80) nm, and it is aggregated
into chain-like structures; a typical behavior attributed to the
magnetic attractive forces between the individual iron par-
ticles. The dark color in the TEM image is attributed to the
presence of metallic iron, and the lighter regions refer to the
oxidized iron on the surface shells. It is well known that the
individual Fe nanoparticles possess a core-shell structure in

(b)

Fig. 2. a) XRD pattern showing the basic reflection of metallic
iron in Fe NPs, b) XRD pattern showing the basic reflections of
metallic Fe and Ni in Fe-Ni NPs.

which the core is composed of Fe in its zero-valence state,
while the shell contains iron oxides and oxyhydroxides [26].

A wide XPS survey, in addition to Fe 2p peak spec-
trum, is shown in Fig. 4. The photoelectron peak at the
binding energy of 285.5 eV corresponds to C 1s photoelec-
trons arising from adventitious sources. The O 1s feature
appearing at 533 eV originates from O* in metal oxides.
The Fe 2p features at 727 eV and 713 eV are attributed to
the binding energies of Fe 2p, , and 2p, , respectively. The
satellite peaks are observed around 720 and 730 eV. These
features indicate that the shell in Fe NPs is composed
mainly of iron oxides and iron oxyhydroxides. The weak
feature appearing at 707 eV arises from Fe 2p, attributed
to zero-valent iron (Fe®). The results reflect the core-shell
nature of nZVI [27].

3.1.2. Characterization of Fe-Ni NPs

The XRD pattern of a sample of Fe-Ni NPs is shown
in Fig. 2b. The broad peak centered at 26 of 43-45 seems

500nm

438_01 10.0kV x100k SE 5/24}16 14:26

100 am

(b)
Fig. 3. Typical a) SEM image, b) TEM image, of Fe NPs.



350 R. Naser, T. Shahwan / Desalination and Water Treatment 159 (2019) 346355

25
7 O1s
Cis
20]
15 ]
£ Jhats Si2s
10] Si2p
Fe2p
5] M
T T T T T T T T T T T T T T T T T T 1
1000 300 600 400 200 0
Binding Energy(eV)
(a)
4200,
4009 Fe2p
Fe2p,, Fozp.. Fe2p,, satellite
3800 y
satellite
w
2 3600
(@]
3400
3200
300
700 705 710 715 720 725 730 735
Binding energy (V)
(b)

Fig. 4. a) Wide XPS spectrum, b) Fe 2p features, of Fe NPs.

to correspond to the overlap between metallic Ni(111)
major reflection (44.5°) and metallic Fe (110) major reflec-
tion (44.9°) [28,29]. The XRD pattern contains also the basic
reflections of NiO; (200), (111), and (220). The peaks appear
to be broad and the corresponding intensities are low indi-
cating that the material is mostly amorphous.

The SEM and TEM analysis of Fe-Ni bimetallic nanopar-
ticles indicated aggregation due to the magnetic properties
of Fe and Ni metals leading to the well known chain-like
structure, as shown in Fig. 5 (a,b). This is in line with earlier
reports about this material [15]. The particle size appears
to be smaller than that of Fe NPs. In order to check the par-
ticle size, Helium ion microscope (HIM) analysis was per-
formed. According to the results, the diameter of individual
nanoparticles is approximatly 40-50 nm, which is roughly
half of that observed for Fe NPs.

The wide XPS survey in Fig. 6a shows the elements
in the Fe-Ni. The Fe 2p peak in Fig. 6b is similar to that in
pure Fe NPs, and indicates the presence of iron oxides and
hydroxide in addition to zero-valent iron. The Ni 2p, ,and
Ni 2p, , doublet in the Ni 2p peak are attributed to nickel
oxide and hydroxide [30]. While the XPS features corre-
sponding to Fe 2p in Fe-Ni NPs show the presence of iron
in its zero-valent state (around 707 eV), the feature corre-

200nm

(b)
Fig. 5. Typical a) SEM, b) TEM images of Fe-Ni bimetallic NPs.

sponding to zero-valent nickel appears very weak. On the
overall, as reflected by the colour contrast, the extent of
oxidation in Fe-Ni NPs seems to be more pronounced com-
pared with Fe NPs. This is in line with the XRD characteri-
zation results which showed significant formation of NiO in
addition to metallic Fe and Ni.

3.2. Effect of pH

The effect of pH on the removal of BPB by Fe and Fe-Ni
NPs was investigated using a buffer system adjusted at val-
ues of 4.0, 6.0 and 8.0. This “intermediate” pH range was
chosen in order to avoid excessive acidic or basic media
which could cause, respectively, dissolution of iron NPs, or
precipitation of iron hydroxide species. The removal pro-
cess was very efficient at pH 4, as given by the data in the
subsequent sections, but the extent of removal was negli-
gible at the higher pH values. As known, BPB is an acid
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Fig. 6. a) Wide XPS spectrum, b) Ni 2p and Fe 2p features, of Fe-Ni NPs.

dye which carries a slight negative charge at moderate pH.
Hence, the dye is more active in surface bonding at low pH
values. As such, its extent of removal is expected to decrease
as pH increases due to the development of negative surface
charge on the sorbent at high pH values. In addition, low
pH values cause enhancement in nZVI reactivity, which is
induced by the acceleration of iron corrosion and dissolu-
tion of the passivated layers on the nZVI surface. Moreover,
at high pH values, nZVI reactivity can be lowered due to
the precipitation of ferrous hydroxide on the nZVI surfaces,
leading to the inhibition of electron transfer from the Fe(0)
core to the outermost oxide surface [10].

Based on these results, the subsequent experiments
were performed at pH of 4.0.

3.3. Effect of time

The variation of the BPB liquid concentration with time
is plotted in Fig. 7 for Fe and Fe-Ni NPs. In both cases, the
dye removal is seen to approach equilibrium in less than an
hour. For the sake of comparison, similar experiments were

also performed using pure Ni NPs. The dye removal by Ni
NPs was very limited and did not exceed 30% even after 1
hour of contact between the dye solution and Ni NPs. This
is indicative that Ni’ is less effective that Fe’ in dye removal.

Although the removal mechanism may involve
reductive degradation of BPB dye, adsorption of the dye
molecules on the nanoparticles surface is essential as a pre-
liminary step. The concentration of the adsorbed dye can
be linked to its concentration in solution through the mass
balance equation given by:

Q-(C,-0)7. 0
m
where Q is the solute concentration on the solid (mg g™') at
a given time, C, is the initial solute concentration (mg L),
C is the solute concentration at a given time (mg L™), m is
the mass of the sorbent (g), and V is the solution volume (L).
The kinetic data was tested by a pseudo first order equa-
tion (Lagergren’s equation), and by two pseudo second
order rate equation (suggested by Ho [31] and by Shahwan
[32]). These equations are, respectively, given as:
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Fig. 7. Variation of dye concentration with time for Fe and Fe-Ni
NPs.
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In the two equations, the dependent and independent
variables are the same, however, the slope and inter-
cepts are different. In both cases, k is the rate constant,
though the unit is different. Q, in Eq. (5) is the equilib-
rium amount of the sorbed dye, and Q  in Eq. (6) is the
maximum amount of solute that would be sorbed if the
sorption reaction goes to completion (equals to V/m mul-
tiplied by C ).

In constructing the linear plots, the data points corre-
sponding to the pre-equilibrium stages were used. The lin-
ear correlation of the kinetic data with Lagergren’s equation
[Eq. (2)] was poor for both types of nanomaterials. On the
other hand, the pseudo second order equations provided
adequate description of the kinetic data, and the coefficients
of determination (r?) were 0.9738 and 0.9843 for Fe NPs and
Fe-Ni NPs, respectively.

The linear fits of the kinetic data of BPB removal by Fe
NPs and Fe-Ni NPs are shown in Fig. 8. The rate constants
calculated using Eq. (5) for the dye removal by Fe NPs
and Fe-Ni NPs were 0.000212 g-mg*min™ and 0.001381
g:mg'-min”'. On the other hand, the corresponding rate
constants obtained using Eq. (6) were 0.00353 L-mg~"-min"
and 0.00294 L-mg"-min™.

In order to compare the correlation of the data with Egs.
(5) and (6), the Chi test was performed. The test is based on
comparing the experimental data with the data predicted
by each of the two Egs. (5) and (6). For this purpose the
following formula was used [31]:

a

0.012, b
0.30 —

Y = 0.0006X+0.0017 Y = 0.0047X+0.0016

0010f R'=09738 R’ =0.9843
0.25
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Fig. 8. Pseudo second order linear fits for the removal of BPB by:
(a) Fe NPs (b) Fe-Ni NPs.

R | (Qexp _Qmodel)z
X Tg 7

A smaller value of x*> means that the difference between
experimental and predicted values is smaller, and vice
versa. The calculated values of x> for Fe NPs obtained from
the linear regressions of Egs. (5) and (6) were, respectively,
1648 and 217, whereas the %?values for Fe-Ni NPs case were
31.4 for both equations. These results indicate that the Q
values predicted by Eq. (6) are closer to the experimental
values. The rate constants obtained by Eq. (6) indicate faster
removal of BPB by Fe NPs compared to Fe NPs.

3.4. Effect of initial dye concentration at 298 K

The effect of initial BPB concentration on the extent of
the dye removal was investigated for both of Fe NPs and
Fe-Ni NPs at the initial dye concentrations of 20.0, 40.0, 60.0,
80.0 and 100.0 mg L™. The time of contact was kept at 1 h,
and the experiments were conducted at 298 K. The obtained
results, given in Table 1, confirm that Fe NPs are superior in
BPB removal at all studied concentrations.

The obtained data was tested using Langmuir and
Freundlich isotherms, but the linear correlation was poor
in both cases. Hence, and in order to elucidate the parti-
tioning constant of BPB among liquid and solid phases, a
new approach was used. As shown below, the approach is
based on a combination of the linear isotherm with the mass
balance equation. This method has been recently reported
in one of our studies for the removal of methylene blue by
Fe NPs and provided adequate correlation with the experi-
mental data [33].

The linear isotherm is given by the relation:

Q=KC ®)

K stands here for the distribution ratio of the solute
between the solid and liquid phases. Using the mass bal-
ance equation for a single stage batch process (given in Eq.
(1)) the linear isotherm becomes:
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Table 1
The calculated Q values of BPB on the two NPs types at various
BPB initial concentrations.

Table 2
Values of coefficient of determination (R?), K, K, and AG’
obtained for sorption of BPB on Fe NPs and Fe-Ni NPs at 298 K.

Q (mg/g) at 298 K Q (mg/g)at 323 K Fe NPs Fe-Ni NPs

C,(mg/L) FeNPs Fe-NiNPs FeNPs Fe-Ni NPs Slope 2.4066 2.0660
20 47 39 45 23 R? 0.9992 0.9876
40 96 82 91 48 K'(ml/g) 2406 2066
60 141 116 138 73 K (ml/g) 64416 11901
80 194 159 181 100 AG? (kJ/mol) 274 -23.2

100 243 218 219 119

Q - m FeNPsat298 K
-m ® Fe-NiNPsat298 K
=K(C,—-=—— 9
Q=KG-=5 ©) A FeNPsat323K
Rearranging; 200 v FeNiNPsat323K
K
1+——
1%
Since K, m, and V are all constants, the equation can be d 104
written as:
Q=K'C, (11) 50
where K’'= K .
1 Km 20 40 60 80 TO0
1%
C, (mg/L)

K’ can be obtained from the slope of Q vs Clinear plots,
and used to calculate the apparent equilibrium constant, K:
K 7
K= 1— K’ m
Vv

The K values are then used to calculate standard Gibbs
energy change (AG®) values using the well-known thermody-
namic relation, which is valid under equilibrium condition:

(12)

AG" =—-RTInK (13)

The data in Table 1 were fitted to Eq. (11), as shown in
Fig. 9, and the slope of each figure was used to calculate K*
and K values, which were then used to obtain AG° values,
as provided in Table 2.

The table indicates clearly that Fe NPs are more effective
in BPB removal than Fe-Ni NPs, as reflected by the higher K
values. In all cases, the sorption reactions favor the products
over the reactants, as indicated by the negative AG® values.

3.5. Effect of initial dye concentration at 323 K

In order to reveal the effect of temperature on the extent
of dye removal, the effect of initial dye concentration was
also studied at 323 K. The removal experiments were per-
formed using Fe and Fe-Ni nanoparticles at the initial dye
concentrations of 20, 40, 60, 80.0 and 100.0 mg/L, and the
time of contact was 1 h. The results are given in Table 1.

In order to calculate the equilibrium constants at 323 K,
the experimental data were fitted using Eq. (11), as shown

Fig. 9. Variation of Q with C, for BPB using Fe NPs and Fe-Ni
NPs at 298 K and 323 K.

in Fig. 9, and the slope of each figure was used to calculate
K" and K values. The obtained K values were used to calcu-
late the standard enthalpy change, AH®, utilizing the well-
known van’t Hoff equation, which has been widely applied
before for this purpose [e.g. 5,33]:

(14)

The standard entropy change, AS®, of sorption was cal-
culated using the following equation:

AH° - AG®
T

The obtained values of AG°, AH®, and AS° are provided
in Tables 3 and 4.

The values of enthalpy change are negative for BPB
removal by both of Fe and Fe-Ni, indicating exothermic
behavior. In both cases, negative entropy changes of the
system are obtained. The negative standard Gibbs energy
changes show that the reaction distinctly favors the prod-
ucts over the reactants.

The exothermic behavior and the negative entropy
changes of BPB sorption on both nanomaterials can be
attributed to the relatively low hydration energies of the
solute, which leads to high chemical potential of the BPB
molecules in the solution. In such a case, the fixation of

AS° = (15)
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Table 3
Values of coefficient of determination (R?), K, K, and AG°
obtained for sorption of BPB on Fe NPs and Fe-Ni NPs at 323 K.

Fe NPs Fe-Ni NPs
Slope 2.2343 1.2109
R? 0.9975 0.9969
K (ml/g) 2234 1211
K (ml/g) 20996 2349
AG® (KJ/mol) -26.7 -20.8
Table 4

The calculated values of AH® and AS° associated with removal of
BPB from aqueous solutions containing Fe NPs and Fe-Ni NPs.

Sample AH? (k]/mol) AS° (J/mol-K)
Fe NPs -35.8 -28.2
Fe-Ni NPs -51.9 -96.3
4
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Fig. 10. UV-Vis spectra of BPB before and after treatment with
Fe NDPs.

the solute on the solid surface will be driven by intrinsic
enthalpy changes (exothermic), with small contribution from
enthalpy of dehydration (endothermic). As such the result-
ing enthalpy change is exothermic. The overall sorption pro-
cess causes an increase in the order of the system, yielding
a negative entropy change. In the specific case of BPB, this
can be rationalized based on the fact that the dye molecules
are nearly charge less, with a relatively large molecular size.
Hence, BPB is not expected to have strong hydration energies
in water, as it is the case with charged and small molecules.

Finally, the U-Vis spectra of BPB solutions obtained at
the end of the removal process showed the disappearance
of the dye peaks at 590 nm and 440 nm, and the appearance
of a new intense peak at 317 nm. Fig. 10 provides two typi-
cal spectra. This result could be considered as an indication
of the degradation of the BPB during the removal process
by nanoparticles materials. This topic and the identification
of the degradation products needs further investigation in
a separate study.

4. Conclusions

Fe NPs and Fe-Ni NPs can readily be prepared by lig-
uid phase reduction using sodium borohydride as a reduc-
ing agent. Fe-Ni NPs were observed to be smaller in size
than Fe NPs. Both of the materials possess chain-like mor-
phology. Comparing the efficiency of Fe and Fe-Ni NPs in
removing BPB dye from water, the following conclusions
can be summarized:

e In terms of the extent of dye removal, the efficiency
of BPB removal using Fe NPs was higher than that
obtained using Fe-Ni NPs.

® Fe NPsremove aqueous BPB faster than Fe-Ni NPs, and
the process in both cases can be described by pseudo
second order kinetics.

e Apparent equilibrium constants can be calculated using
a modified form of the linear isotherm, in which the ini-
tial concentration is the dependent variable.

¢ The removal of BPB is an exothermic process in both
cases, and leads to decrease in the entropy of the system.

e Future studies are needed to investigate the degrada-
tion products of the reaction. In addition, further exper-
iments can be performed to comparatively test both
materials as Fenton-like catalysts.
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