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Abstract : From the spent pickle liquor, magnetite nanoparticles (FesO,NPs) with high
crystallinity and high saturation magnetization were prepared by hydrothermal process. The
characteristics of the materials, prepared via different hydrothermal time durations, were
investigated by X-ray diffraction (XRD), high-resolution transmission electron microscope
(HR-TEM), Energy-dispersive X-ray (EDX), and vibrating sample magnetometry
(VSM)techniques. The adsorption behavior forthe prepared materials towards Pb®‘metal
ionswas also studied. Moreover, equilibrium data were modeled using Freundlich, Langmuir,
Temkin and Dubinin—Radushkevich equations. On the other hand, the adsorption kinetics were
tested by pseudo first-order and pseudo second-order rate equations.To sum up, a well
crystalline face centered cubic structure superferromagnetic FesOsNPswas obtained. The
adsorption of Pb*is a pseudo second-order rate process and follows Langmuir isotherm model
with arelatively high calculated maximum adsorption capacity L (g" 1 ;"max™) Therefore,
the prepared Fe;O4NPs are considered as promising magnetic adsorbents and via this research,
the pickle liquor waste can be transferred into valuable magnetite materials.
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Introduction

Increasing heavy metals in water sources as a result of the rapid industrialization is a serious problem
for the public health. Heavy metals are toxic, non-biodegradable and bioaccumulative environmental pollutants
that have a global concern due to their dangerous effects on the environment®. For instance, the presence of lead
in water with high concentrations causes liver and kidney damage®. Thereby, efficient removal of such
pollutants from water and wastewater became mandatory to avoid their negative impacts.

Recently magnetic nanoparticles (NPs), magnetite (FesO,4) particularly, have been used extensively for
heavy metals removal. Although simple and inexpensive procedures were developed to prepare magnetite NPs,
such as co-precipitation® and sol-gel methods *, yet the need to use chemicals of reagent grade reduces their
practical application. Currently, researches are focusing on the preparation of magnetite NPsfrom solid and/or
liquid wastes®®,

Pickle liquor is used to clean the surface of steel in various steel-making processes and electroplating
industry. Its spent contains strong acids and rich with iron ions. The spent pickle liquor is considered a
hazardous waste. It can be treated commonly by precipitation with lime, which produced a great amount of
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residue waste. Thus, recovery of iron in spent pickle liquor is better environmentally and economically. Chen et
al. *reported some new approaches for the recovery process such as electro-dialysis™, membrane distillation™,
selective precipitation'?, anion exchange/membrane electro-winning®?, and spray roasting **.Iron salts (chlorides
or sulfates), with ferrites as by-products are usually the recovered products. Few reports have been published on
the synthesis of magnetite from pickle liquor. Dufour et al.,">*°prepared magnetite from sulfuric pickling waste
liquor by oxidation-precipitation using ammonium hydroxide as basic agent and air as oxidizer. Ciminelli et
al.,"” used microwave-assisted hydrothermal method to remove metals from pickling liquors and to produce
electroceramics as well. Starting with concentrated liquors, they obtained single-phase magnetite at pH = 13
and processing conditions of 110 °C and 5 min. However, they didn’t discuss the characteristics of the resulting
magnetite. Recently, Fang group prepared magnetite NPs from pickling waste liquor following chemical co-
precipitation method under N, gas protection after adjusting the ratio of Fe?* to Fe**. The as-prepared magnetite
NPs was roughly spherical in shape with a size range of 20-50 nm. Nevertheless, the preparation process
involved several steps and was somewhat expensive and complex. In one hand, they investigated the
heterogeneous Fenton-like catalytic capacity of magnetite NPs for the removal of bisphenol A®. On the other
hand, they functionalized the magnetite NPs with ethylenediamine in order to improve its adsorption capacity
and selectivity for Cr®®. For this purpose, hydrothermal treatment is used in this work as it has many
advantages:geasy to control, produces highly crystallized and weakly agglomerated powders with a narrow size
distribution®.

This paper reports for the first time the preparation of well crystallized magnetite NPs from real spent
pickle liquor directly by a simple hydrothermal process. The produced materials via different hydrothermal
time durations were fully characterized. The complete picture including the formed crystalline phases, the
morphology, and the composition of the prepared adsorbents was drawn. Besides, the magnetic and the
adsorption properties of the materials were determined in order to select the best preparation conditions.

Experimental methods

1. Preparation of magnetic adsorbent via hydrothermal treatment

The spent pickle liquor was collected from a local iron and steel company. The main components of
this waste are listed in Table 1.Heavy metal ions and sodium were determined by Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES, Agilent 5100model). Inorganic anions were determined by lon
Chromatograph (DionexICS 5000, Thermo Scientific, USA).

Table 1: Concentrations (g/L) of the main components of the used spent pickle liquor.

Fe Zn Pb Na SO.% PO, CI Br F
62.50 | 25.00 1.00 1.50 4.46 15.30 | 323.34 0.64 0.44

The spent pickle liquor was mixed with appropriate amount of distilled water and its pH was adjusted
to 11by ammonium hydroxide solution (28-30% NHs;, Sigma-Aldrich) in order to precipitate the metals
hydroxides. This solution was diluted 20 times with distilled water. Then, 100 mL of the diluted waste was
transferred to 125 mL Teflon-lined autoclave (Model 4748, Parr Instrument Company, USA) and heated at 200
°C for different time durations. Finally, the precipitated materials were collected and washed several times with
distilled water and ethanol. Samples are labeled as M2, M24, and M72, where the number refers to the time of
hydrothermal treatment.

2. Characterization of the prepared adsorbents

X-ray diffraction (XRD) analyses of the prepared powders at different hydrothermal treatment times
were performed using BRUKUR D8 ADVANCE with secondary monochromatic beam CuKa radiation at 40
kVand 40 mA.The microstructure and composition of the prepared adsorbents were examined under high-
resolution transmission electron microscope (HR-TEM, Tecnai G20, Super twin, double tilt, FEI Co., the
Netherlands) using a working voltage of 200 kV.TEM Imaging and Analysis (TIA) software was used to
spectrum acquisition and analysis of Energy-dispersive X-ray (EDX) peaks. The magnetization hysteresis loops
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and the magnetic properties were measured by Riken Denshi BH-55 vibrating sample magnetometer (VSM) at
room temperature.

3. Adsorption experiments

Lead (II) nitrate (Merck) was used as sources forPb®*ions.Its concentration during the adsorption
experiments was followed according to the standard methods for the examination of water and wastewater*®
using Atomic Absorption Spectrometer (Varian Spectra AAS 220) with graphite furnace accessory and
equipped with deuterium arc background corrector. The precision of the metal ions measurement was
determined by analyzing samples in triplicate and for each series of measurements an absorption calibration
curve was constructed.

Adsorption experiments were carried out in a batch mode by shaking 0.5 g/L of the magnetic adsorbent
with 20 mg/L of Pb**solution,without changing the solution pH, in a Pyrex glass conical. Speed of the orbital
shaker (Stuart Scientific, S01, United Kingdom) was 200 rpm. All experiments were carried out at temperature
of 22 + 1°C. The withdrawn samples were filtered by 0.2 um syringe-driven filter unit (Thermo Co.) before
analysis. The amounts of Pb**adsorbed at time t (dt, mg/g) on the magnetic adsorbents were determined by:

(c,ch)v
T 1)

where Co (mg/L) is the initial concentration of Pb*‘ions, €t (mg/L) is concentration of Pb* ions at definite time
), v (L) is the volume of the Pb®* solution, and ™ (g) is the amount of the magnetic adsorbent.

3.1. Adsorption isotherms

Isothermal studies were carried out by mixing 0.5 g/L of the prepared material with a suitable amount
of Pb®* solution at different initial concentrations (25 — 150mg/L) and shaking for 2 h at 22 + 1°C. Freundlich®
(Eq. 2), Langmuir ? (Eq. 3), Temkin? (Eq. 4)and Dubinin-Radushkevich (D-R) * (Eq. 5)models were
investigated in order to determine the adsorption behavior. The linear forms of these models are as follows:

1
logq.=logK; + logCe.
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wherede (mg/g) is the adsorption capacity at equilibrium, Ce (mg/L) is the equilibrium concentration, K¢ and n
are the Freundlich adsorption constants related, respectively, to the capacity and intensity of the
adsorption, 9max (Mg/g) is the maximum adsorption capacity, Kt (L/mg) is Langmuir constant; bt (kJ/mol) is
the heat of sorption constant, 2: (L/g) is the equilibrium binding constant corresponding to the maximum

binding energy, B is the universal gas constant, T is the absolute temperature,B (mol¥/kJ?)is activity
coefficient related to mean adsorption energyand€ is the Polanyi potential which can be calculated from:

1
==RTIn (l+—)
C

(6)

The mean free energy (E ) of adsorption was calculated using the following equation *:
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3.2. Adsorption kinetics:

The adsorption kinetics process were studied through the adsorption experiments at different time
intervals and constant metal concentration (20 mg/L) at 22 + 1°C.Pseudo-first-order *(Eq. 8) and pseudo-
second-order **(Eq.9) models were used as follow to interpret the adsorption kinetic data:

kot

log (g~ a:) = 103']!'231‘]3- ®)
b1 1

L et

qt quEE Je (9)

where 9= and gt are the amounts of adsorbed metal (mg/g) at equilibrium and definite time, respectively, k1
(min*) and k2 (g/mg.min) are the first and second rate adsorption constants, respectively.

Results and discussion
1. Phase composition of the prepared materials

Crystalline structures of the prepared materials at different hydrothermal times were identified from
their XRD patterns presented in Figurel.The three XRD patterns exhibit sharp and intense diffraction peaks in
20 range of 10 — 70". All of the diffraction peaks can be assigned to the inverse spinel and face centered cubic
structure of Fes0, according to the JCPDS card 88-0315.The average crystal domain diameter (D) was
calculated by using Debye-Scherrer equation expressed as follows:

b- KA
B Bcos@ (10)

where & is a constant related to the Miller index of crystallographic planes (0.9), A (nm) is the wavelength of
the X-ray, B (radians)is the angular width at half-maximum intensity, and & is half of the diffraction angle?’.
The crystal sizes of the synthesized Fe;O,NPs were calculated at the most intense peak (20 = 35.4°).As the time
of the hydrothermal treatment increase from 2 h to 24 h and finally to 72 h, the FesO4crystalsgrewfrom 12 nm,
to 16 nm and finally to 30 nm and consequently the enhancement of Fe;O4peaks was observed.
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Figurel: XRD patterns of the prepared Fe;O,samples.
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2. Microstructure of the prepared materials

The TEM image of the prepared material M2 in Figure2a show anhedral structure of NPs. Upon
increase in hydrothermal treatment time to 24 h (M24, Figure2b), two different morphologies appeared clearly.
Some particles appeared to be roughly polyhedron in shape and some exist in flakes-like shape. The polyhedron
particles become predominant at hydrothermal treatment time of 72 h (M72, Figure2c) with appearance of rods-
like particles instead of flakes-like particles. Selected area electron diffraction (SAED) analysis (Inset in
Figure2c) confirmed that the rods-like particles have not clear diffraction planes (i.e., no ring patterns was
observed) leading to the fact that these particles are amorphous in nature. These amorphous particles are
considered as impurities, which increase the noise in XRD patterns. On the other hand, an obvious ring-pattern
was observed in the SAED analysis (Inset in Figure2c) of the polyhedral particles. This pattern demonstrates
the polycrystalline nature “of the Fe;O,NPs in polyhedron morphology. The compositions of the prepared
materials were investigated using EDX technique (Table 2). The materials compose mainly of Fe and O
elements withtraces of some elements (e.g. Pb and Zn). The calculated O/Fe ratios are in the range of 1.3 - 1.6
proving the formation of Fe;O, phase that possesses O/Fe = 1.33.

Table 2:Elemental composition of the prepared Fe;O4 NPs samples.

Sample OK PbM FeK ZnK Of/Fe ratio
M2 60.99 0.06 375 1.45 1.3
M24 63.45 0.07 34.13 2.35 1.6
M72 57.44 - 39.68 - 1.4

©)
Polyhedron

Anhedral e

Figure2: TEM images of (a) M2, (b) M24, and (c) M72; the insetsare SAED images.
3. Magnetic properties of the prepared FesO, NPs

It is very important to investigate the magnetic properties of the prepared FesO, NPs in order to assess
its separation and recovery tendencies from water/wastewater after the treatment process. Figure3represents the
magnetization curves of these FesO4NPs and the extracted values are listed in Table 3.The small coercivity
values indicate the superparamagnetic behavior for the prepared ferromagnetic adsorbents. This behaviorcan be
attributed to the effects of small grain size composing the magnetic adsorbent®®. The inset in
Figure3demonstrates the recovery of the prepared material (M24) by the action of a neodymium permanent
magnet (STM-30x50-N magnet, magnetsdyou Co., Germany).

The saturation magnetization (Ms) of M72 is little bet higher than M24. While on decreasing the time
of the hydrothermal treatment to 2 h (i.e. M2 sample), the saturation magnetization markedly decreased by
about 10 emu/g. This is due to the higher ratio of the crystallized polyhedron particles to the impurities of
amorphous nature in samples that treated for 24 h and 72 h. The room temperature Ms value of M72 is62 emu/g
which is comparable with the previously reported values **** and lower than other reported Ms values ~92
emu/g **** This is could be attributed to the existence of impurities, incomplete particle crystallization, the
large surface-to-volume ratio due to the small particle size®'.



Amer S. El-Kalliny et a/ /International Journal of PharmTech Research, 2016,9(12): 373-382. 378

Magnetization (emu/g)

Field (T)

Figure3: Magnetic hysteresis loops of the prepared Fe;O, NPs. Insets: Magnification at the origins and
the photographs of magnetic separation of the prepared Fe;O4 NPs.

Table 3: Magnetic properties ofthe prepared Fe;O4 NPs.

Saturation . .
Sample Magnetization Coergwty Rete”t;V'ty
(emul/g) ©) (emu/g)
M2 49.00 97.00 3.3
M24 60.00 101.00 141
M72 62.00 86.00 3.66

4. Adsorption study
4.1. Adsorption kinetics

Figure4 displays the adsorption of the model Pb?'metal ions on the Fe;O,NPsthat prepared by
hydrothermal treatment for different durations. Generally, the adsorption process is fast and reaches the
equilibrium within20 - 30 minutes. The M2 and M24sampleshave similar affinities to adsorbPb®*with peaked
adsorption capacity of 36.0and 32.8mg/g, respectively. Upon increasing the hydrothermal treatment time to 72
h (i.e. M72 sample), the adsorption capacity was significantly decreased. Thus, 2 h is the optimum
hydrothermal treatment time forthe preparation of Fe;0,NPs in terms of Pb?*adsorption.Based on these results,
the sample M2 was selected to explore further the adsorption kinetics and isotherms.

Knowledge about the kinetics parameters of an adsorption system is necessary to depict its efficiency.
The pseudo-first-order equation describes adsorption in solid-liquid systems based on the sorption capacity of
solids. On the other hand, the pseudo-second-order rate equation has been applied for analyzing chemisorption
kinetics from liquid solutions. Table 4 lists the driven parameters of the pseudo-first-order and pseudo-second-
order equations.

—0—M2
—o—M24
—A—M72

T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Time (min)

Figure4: Adsorption behaviors of Pb** ions on the prepared Fe;O4NPs.



Amer S. El-Kalliny et a/ /International Journal of PharmTech Research, 2016,9(12): 373-382. 379

Table 4: Driven kinetic parameters for Pb*" adsorption by M2 sample (adsorbent dose: 0.5 g/L, metal
concentration: 20 mg/L, agitation speed: 200 rpm, 22 + 1 °C).

(mg)
Qel —
" g k (min™1) R?
Pseudo-first order Experimental Calculated

36 7.07 0.012 0.532

1t
() . e
- War i) 71

Pseudo-second order Experimental Calculated (g (mg.min)]71)

36 36.5 0.004 0.999

Table 4 shows that the R?values were higher for pseudo-second-order equation. Moreover, the
calculated ge value agrees quite well with the experimental value. Consequently, the adsorption of Pb** on the
prepared FesO4NPsis best described by pseudo second-order rate process and the adsorption process might
occur via a chemical reaction.

4.2. Adsorption isotherms

In order to understand the adsorption mechanism and the surface properties and affinity of the
adsorbent, the adsorption of Pb* by M2 sample was modeled using Freundlich, Langmuir, Temkin and
Dubinin-Radushkevich (D-R) adsorption isotherms. Table 5lists driven parameters calculated from the plots of
the linear forms of these models. According to the R? values, it can be concluded that, although the studied
models reasonably fit the equilibrium data, Langmuir model is the best fitting implying the formation of a
monolayer of Pb®* onto the adsorbent surface *that has identical and equivalent number of definite sites on
which adsorption occurs. The maximum adsorption capacity ( 9max ) calculated from Langmuir isotherm model
for Pb**'was compared with those of other adsorbents reported in the literature (Table 6). It can be seen that the
FesO4NPs prepared in this study have a higher 9max than many reported adsorbents, indicating that Fe;O4NPs
are promising adsorbents forPb** removal

The mean free-energy (E) was calculated from the data fitting according toD-R isotherm and by using
Equation (7). It is argued that when the mean free energy (E) values driven from the D-R isotherm is below 8 kJ
mol™,the adsorption is a physical process and between 8 and 16 kJ mol™ the adsorption occurs via ion exchange
process . The E value of Pb* adsorption on M2 sample is less than 16 kJ mol™. This indicates that the
adsorption occurs via ion exchange process. Accordingly, the energy of this chemisorption was calculated from
Temkin isotherm. Since, the variation of the adsorption energy is positive, the adsorption reaction is considered
exothermic process .

Table 5: Driven isotherm parameters for Pb®* adsorption on M2 sample (adsorbent dose: 0.5 g/L, initial
metal concentration: 25 — 150mg/L., contact time: 60 min, agitation speed:200 rpm, 22 + 1 °C).

mg L )
Langmuir isotherm parameters q“’-ix(?) b (ﬁ) R
120.48 0.14 0.99
1 L 2
Freundlich isotherm parameters n K (ﬁ) R
0.23 41.6 0.97
K
D-R isotherm parameters q“"'ﬂ“(mrI E) E (m_::.l’) i
1.16X 10° 15.9 0.98
L
Temkinisotherm parameters be (:ﬁ] “ (E) R’
140.2 6.5 0.98
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Table 6: Maximum adsorption capacity (dmax ) of various adsorbents for Pb*".

myg

Adsorbent [/ (?) Ref.

Fe;04 NPs 120 This work
Fe;O4nanosphereswith hollow interiors 19 27
Nano Fe;0,/SiO-NH, 17.65 %
Activated carbon 13.05 %
Manganese oxide-coated carbon nanotubes 78.7 i
Indonesian peat ~ 80 o
Cancrinite-typeZeolite 530 i
Nanometer TiO, immobilized on silica gel 3.16 s

Conclusion

Preparation of magnetite NPs from pickle liquor waste was carried out by hydrothermal treatment. Well
crystallized face centered cubic structure of FesOswas obtained.HR-TEManalysis shows the increase of
polyhedron NPs morphology by increasing the hydrothermal treatment time. SAED analysis confirmed that
rods-like particles are amorphous in nature which are considered as impurities. It confirmed also that polyhedral
particles are polycrystallineFe;O4NPs. The elemental detection from EDX matched well with the Fe;O,
composition.Fes0, NPs exhibited superferromagnetic behavior which is dependent on the hydrothermal
treatment time. In addition, the Fe3O4NPs prepared via hydrothermal treatment for 2 h showed the highest
adsorption affinity towards Pb?* metalions, but from the practical point of view Fe;04 NPs hydrothermally
treated for 24 h are the best as they are separated easily from the treated water due to its highest saturation
magnetization. It was found that Langmuir isotherm model can describe the adsorption behavior of Pb?*
metalions on theseFesO,NPs and the calculated 9max was higher than many reported adsorbents. This
indicates that the preparedFe;O4NPs are promising adsorbents forPb* removal and the pickle liquor waste can
be transferred into valuable magnetite materials.
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