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ABSTRACT

In this study, the amount of photocatalytic degradation of
perchloroethylene in the gas phase was investigated by a fixed bed
continuous-flow tubular photoreactor. The photoreactor consists
of a cylindrical glass tube, was filled with glass beads coated with
nanoparticles of TiO,, and TiO, doped carbon (TiO,-C). These
nanoparticles were synthesized by the sol-gel method and deposited
on glass beads using the sol-gel dip technique. X-ray diffraction
(XRD), scanning electron microscopy (SEM), Fourier transforms
infrared spectroscopy (FT-IR), and diffuse reflectance spectroscopy
(DRS) were used for the characterization of synthesized materials.
The effect of different parameters such as relative humidity, residence
time, PCE concentration on the photocatalytic degradation process
was investigated by ultraviolet irradiation to achieve the highest
possible degradation efficiency. The PCE degradation and byproduct
species were monitored and identified with a gas chromatography-
mass spectrometer device (GC-MS). Under the optimum
experimental conditions, the photocatalytic activities of TiO,, TiO,-C
were investigated and compared together. The results showed that
photocatalytic activity of TiO, for degradation of PCE was extremely
increased when doped with carbon. For TiO,-C catalyst, under UV
irradiation (3000 ppm initial PCE concentration, 30% humidity and
1 min residence time) approximately 96% of the initial PCE was
degraded. Also, the catalyst showed high stability over 48 h without
a decrease in catalytically efficiency. All results show that TiO-C is a
good candidate for application PCE degradation.

1. Introduction

This extensive use leads to their being extremely

Among volatile organic compounds (VOCs)
chlorinated volatile organic compounds, such as
perchloroethylene (PCE), are important because of
widely used as solvents at industrial scale in metal
parts, semiconductors washing, dry cleaning, etc.
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present in the water and air. These compounds
are toxic, carcinogenic and have many other
adverse effects on humans [1, 2]. Therefore,
there are great efforts to develop inexpensive and
effective processes that can completely degrade
these compounds. In the physical methods, the
pollutants are only transferred from one phase to
another without any degradation. The chemical



methods are expensive, require high doses of
chemicals, and produce large amounts of sludge
[3]. In recent years, advanced oxidation processes
(AOPs) have been used for the degradation and
mineralization of the potentially toxic organic and
inorganic contaminants in industrial wastewaters
[4, 5]. Some AOPs are the photo-catalytic [6],
8], UV/H,0,
photocatalytic

Fenton and photo-Fenton [7,
[9] processes.
oxidation (PCO) appears to be a promising

Heterogeneous

process for eliminating VOCs from the air
because of operation at ambient temperature and
ability to complete degradation/mineralization
of VOCs (by-products are generally harmless
CO,, HO and mineral acids) [10, 11]. Many
reports described the degradation of PCE through
PCO [11, 12]. In these reports, TiO, is the most
widely used as a photocatalyst because of its high
photocatalytic activity, non-toxicity, and stability
[13, 14]. Although TiO, itself has been proved to
be a suitable photocatalyst for oxidation of PCE
through PCO, more efforts are needed for further
improvement of photocatalytic performance of
TiO,-based catalysts. Supporting on materials with
large surface areas such as glass fiber [15], paint
[16], thin-film TiO, [17], TiO, pellet [18], carbon
black or activated carbon [19], carbon nanofibers
[20], carbon nanotube [21] is one approach.
Another trend is combining or doping TiO, with
other materials such as Ag [22], Au [23], Sn [24],
Pb [25], Ni [26] metal oxides [27] to improve the
performance of the photocatalyst. Among these
attempts, TiO, doping with transition metals ions
such as V, Co, or Fe has been a common approach
for improving the photocatalytic performance of
the catalyst. However, some key problems remain
unresolved, for example, doped materials suffer
from thermal instability, photo-corrosion, and an
increase in the carrier-recombination probability.
Non-metal (B, F, N, C etc.) doping has since
proved to be far more successful. Especially, in
the process of carbon doping, the C element is
always suggested permeating to the lattice of TiO,
substituting a lattice O atom and forming O-Ti—C
species [28-31]. Another approach is to change or
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design new reactor configurations. Some reactor
configurations are honeycomb monolith, plate,
fluidized bed, packed bed, and annular tube flow
[32, 33]. The design of the photocatalytic reactor
plays an important role in its photocatalytic
performance. Some factors such as specific surface
area, pass-through channels, air velocity, direction
and angle of irradiance of UV light on the catalyst
surface, contact area and a mass transfer should
be considered in the design of a photocatalytic
reactor [32, 33].

In this project, a fixed substrate filled photocatalytic
system was used, with a light source in its center,
which in other words, is a combination of a
filled and ring-shaped system. On one hand, the
advantage of ring-shaped tube systems was used
for direct light radiation to the reaction surface
taking into account placing the light source in the
center of the system, which reduces the number
of bulbs as well as the effective use of diffused
light from an optical source in different directions
and, on the other hand, a greater contact surface
between the catalyst and the pollutant in the
fixed substrate system was created. The rotating
center system is designed for two rows of glass
balls to be placed nearby each other, this design
increases the contact surface of the pollutant with
the catalyst compared to other systems. Also,
direct light radiation to glass balls can cause light
fractions in any ball and increase light intensity
throughout the system. In general, the system is
designed to utilize all the power and efficiency
of the catalysts by increasing the reaction surface
and the immediate light exposure. That’s why
in this work, we report an experimental study of
the photocatalytic oxidation of PCE in the gas
phase using a lab-scale continuous-flow annular
photoreactor packed with glass beads. TiO,, C
doped TiO, nanoparticles synthesized with the
sol-gel method and deposited at the surface of
glass beads with dip-coating technique. The
performance of the photoreactor was evaluated
for different operating conditions, such as feed
flow rate, PCE concentration, residence time and
relative humidity. To prove efficiency in industrial
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applications, the effect of these parameters was
investigated under the same industrial condition.
For this propose, High concentrations of PCE
(between 574 and 2442 ppm), a large range of
air stream flow rates contaminated with PCE
(59-300 mL min', measured at 298 K and 1 bar)
and different water vapour contents (12—40%,
measured at 298 K and 1 bar) were employed.

2. Experimental

2.1. Materials

All the solvents and chemicals were purchased
from Merck and Sigma-Aldrich Companies and
used without further purification. The glass beads
with a diameter of 5-6 mm were used as a support
material and deionized (DI) water was used to
prepare the different solutions and washing steps.

2.2. Instruments

The X-ray diffraction (XRD) patterns were
recorded by a Philips Xpert X-ray diffractometer
(Model PW1729) with Cu Ko radiation. The
Structures and morphologies of nanoparticles were
determined using scanning electron microscopy
(SEM, TE-SCAN model MIRA3). The Fourier
transform-infrared (FT-IR) spectra were obtained
using BRUKER spectra VERTEX apparatus. The
UV-VIS diffuse reflectance spectra (DRS) were
recorded by a DRS apparatus (Shimadzu UV-
1800). The identification of photodegradation by-
products was done by a gas chromatography-mass
spectrometry (GC-MS) system (Shimadzu, QP-
2010SE).

2.3. GC/MS analysis

The identification of product gas streams and
intermediate products were analyzed employing a
gas chromatography-mass spectrometry (GC/MS)
system operating in electron impact mode using an
HP-5 (30m x 0.25mm x 250pm) capillary column.
The GC column was operated in a temperature-
programmed mode with an initial temperature of
35" C held for 5 min, ramp at 4’ C min™" up to 250’
C and held at that temperature for 5 min. Injector
temperature was 280" C with helium serving as
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the carrier gas at the flow rate of 2 mLmin'. The
identification of photodegradation products was
done by comparing the GC/MS spectra patterns
with those of standard mass spectra in the National
Institute of Standards and Technology (NIST)
library.

2.4. Catalyst base preparation method

Before the synthesis, transparent glass beads
(with a diameter of 5-6 mm) were roughened
mechanically by sandblasting method to increase
surface area and adherence between the catalyst
and the support. The surface glass beads were
physically roughened in a mixture of water,
sandblasting sand and sanding powder using a
mechanical mixer and then etched in 1M NaOH
solution. After sandblasting, the glass beads were
washed sequentially and thoroughly with acetone,
ethanol and deionized water (DW). Then they
were dried at 80 °C for 1 h in the oven [34].

2.5. Synthesis of TiO,, C doped TiO,supported
on roughened glass bead

TiO,, C doped TiO, were prepared via sol-gel
method according to the previous reports [34]
with few modifications. Briefly, for preparation
of carbon-doped TiO, 50 mmol of Tetrabutyl
Orthotitanate (TBOT) was slowly added to a
solution of ethanol and water under continuous
magnetic agitation at room temperature. Then
4 ml of Hydrochloric acid 1M was added. The
resulting mixture was kept stirred for 3 hours at
a speed of 500 rpm and then the roughened glass
beads were added to the liquid mixture. After 10
minutes, glass beads were separated and dried at
80 ° C for 1 hour and calcinated at 200 ° C for 5
hours, using a heating rate of 1° C min™'. Pure TiO,
was also synthesized with the same procedures as
described above, except calcination temperature
for the synthesis of pure TiO, was set at 350° C.

2.6. Photocatalytic reactor

In this study, Photocatalytic degradation of PCE
in the air using titanium oxide base (TiO,, TiO,-C)
catalysts was evaluated in a lab-scale continuous-
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flow tubular UV-photoreactor packed with coated
glass beads. The continuous gas flow photoreactor
with the length of 40 cm has consisted of two
coaxial tubes. The coated glass beads filled the
void in-between two coaxial tubes and the inner
tube was made of quartz glass housing the light
source. The outer tube was a Pyrex tube packed
with catalyst coated glass beads to a height of 27
cm which provided an effective volume of 200 ml
in the reactor. The external wall of the cylinder
was completely covered with a layer of aluminum
sheet, so that the light is constantly reflected
inside the cylinder. The light source was an 8-watt
fluorescent lamp (Philips UVC 8W T5) to provide
light with appropriate energy in the ultraviolet
region. The reactor feed was prepared by mixing
of PCE vapors, humid and dry air which were
generated via passing the air through two glass
impingers containing pure liquid PCE and distilled

sarnp ling
Sibes

water. PCE concentration and humidity were
adjusted by controlling flow rate of dry air into
the impingers and the amount of dry air entering
the mixing tank. The concentration of PCE in the
inlet and outlet streams of the photoreactor and
degradation byproduct were measured by a GC/
MS. humidity and CO, content were measured by
a SAMWON ENG SU-503B device and a KIMO
AQ-100 CO, meter, respectively and rechecked
by titration methods (Fig.1). All flow rate of
was adjusted by a rotameter and the degradation
efficiency was measured by equation 1:

Ci -C
Degradation Efficiency= —2¢-—24Het 5 100
total

(Eq.1)

C C and C

inlet’ outlet total

were concentrations of inlet
and outlet and total of PCE respectively.

mixture of gas

3,

mixing sample —

Fig.1. Schematic of photocatalytic system 1) Air reservoir 2) Rotamer 3) Impinger containing water

4) impinger containing Perchloroethylene 5) Mixing chamber 6) Tee 7) Tap 8) Reactor 9) Light source
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3. Results and discussion

3.1. Photocatalyst characterization
Thesynthesizedmaterialswerefirstcharacterized
with X-ray diffraction as shown in Figure 2. Fig.
2 shows a typical XRD pattern of the pure TiO,
and TiO,-C which is in good agreement with the
standard patterns for anatase titanium dioxide
(JCPDS 21-1272) [35] and confirm the absence
of any other impurity. The XRD pattern of the
TiO,-C was identical to pure TiO, but strongest
peak at 20 = 25.3¢ (representative of (101)
plane). Compared with pure TiO, shifted slightly
to a higher 26 value. Also for all synthesized
materials, diffraction peaks were weakened and
broadened, suggesting distortion of the crystal
lattice. Greater change can be seen with the
addition of carbon and vanadium, indicating that
vanadium and carbon were incorporated into the
lattice and greater distortion of the crystal lattice
was accorded [36, 37].however, this is favorable
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for photodegradation purposes because of
increasing pathways for gas-phase penetration
into the inner spaces of the active materials and
increasing of material transportation.

The IR spectrum of TiO, and TiO -C were shown
in Figure 3. The FT-IR spectrum of both spectra
displays absorption bands between 700 and
800 cm™!, which can be assigned to the metal-
oxygen stretching vibrations of Ti-O [38]. The
broad peak in the range of 3400 nm and sharp
peak in the range of 1620 nm corresponds to
the stretching and bending bonds of the water
molecule, respectively, which occur due to
lack of inter-tissue water or the absorption of
moisture on the surface of the synthesized
materials. The two peaks appearing in 1350 and
1200 nm of the TiO,-C compound are related to
the CH, and CH, bending bonds, which confirms
the presence of carbon in the structure of this
compound [18, 39].

nsity /a.u.

= Ti0;
==Ti0-C

55 65 75 85

20(degree)
Fig.2. XRD pattern of the pure TiO, and TiO,-C
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Fig.3. FT-IR spectrum of A) TiO, and B) TiO,-C

The optical absorption property is an important
factor to influence the photocatalytic activity of
the catalysts. Thus, the absorbance properties of
as-prepared TiO, and TiO,-C were analyzed by the
UV-vis diffuse reflection spectra (DRS), and the
results are shown in Figure 4. Pure TiO, shows the
absorbance in the UV region, in which the absorption
start point of TiO, is around 400nm. While TiO,-C
exhibits good absorption in the UV region and the
broad absorption region with less intense in the
visible light. Compared with pure TiO,, TiO,-C
absorbed photon energy in the visible region up to

700 nm indicating that the incorporated elemental
carbon was acting as a photosensitizer [40]. The
results suggest that TiO, and TiO,-C photocatalysts
have higher photocatalytic performances in the UV
region.

The morphology of the fabricated products was
characterized by scanning electron microscopy
(SEM) and the results are shown in Figure 5. As
seen in Figure 5 the synthesized particles have
mostly a spherical morphology with the obtained
size in the range of about 14-45 nm for TiO, and
TiO,-C.

14
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Wavelength (nm)

Fig.4. UV-vis diffuse reflection spectra A) TiO, and B) TiO,-C
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Fig.5. SEM image of (A, C) TiO, and (B,D) TiO,-C

3.2. Investigating the reaction conditions of
Pphotocatalytic system

3.2.1.Concentration effect

First, the degradation efficiency of PCE using
TiO,-C photocatalyst in different inlet feed
concentrations from 400 to 5000 ppm under UV
irradiation, the residence time of 1 min and flow rate
200 mL min' investigated. Figure 6 is illustrated
the effect of increasing PCE feed concentrations
on photocatalytic degradation efficiency. As
degradation efficiency increased by
increasing PCE concentration up to 3000 ppm and

shown,

rich to 99%, indicating higher PCE means higher
adsorption in the surface of the photocatalyst,
and higher mass transfer between the PCE gas
and the catalyst surface which increased the PCE
degradation. Further PCE concentration caused
a decrease in the degradation efficiency, because
of surface flooding of photocatalyst [41s, this
referenceshowed in supporting nformation page,
SIP]. It was seen that the degradation capacity of
this system is 3000 ppm, which is much higher
than that other of reported photocatalytic systems
with the same lamp.
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Fig.6. The effect of concentration on degradation efficiency of TiO,-C at a fixed time of 1 min

3.2.2.Residence time effect

Figure 7 shows the residence time effect on
degradation efficiency of TiO,-C photocatalyst
over the range of the residence times from 0.2
min to 2 min at a 3000 ppm PCE concentration.
Residence time in the reactor was controlled by
changing the flow rate. As shown for photocatalyst,
the PCE degradation increased with increasing

residence time, because PCE stays longer inside
the reactor and have more opportunity to react with
photocatalyst [18]. The increasing residence time
of more than 1 min for photocatalyst did not only
increase significantly in the degradation efficiency
of PCE but also increased the elimination time. As
a result, the time of one minute was chosen as the
optimal time.
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Fig.7. the effect of time on degradation efficiency of TiO,-C at 3000 ppm
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Fig.8. The effect of relative humidity on degradation efficiency of TiO,-C at constant

concentration and time of 3000 ppm, 1 min respectively

3.2.3. Moisture Effect

Due to Figure 8, the effect of the water content on
the PCE degradation over TiO,-C was evaluated
under five relative humidity (RH) conditions (10,
15, 30, 50 and 70%), 3000ppm PCE concentration,
one-minute resistance time and UV irradiation.
Figure 8 shows that the degradation efficiency of
PCE attained under each RH condition. As shown,
a significant change in degradation efficiency was
not observed as the RH increased from 10 to 15
% but when RH increased up to 30% degradation
efficiency increased and rich to approximately 99%.
Further increasing of RH reduced the degradation
efficiency due to competitive adsorption of PCE
and water molecules on the photocatalytic surface.
Actually, by more increasing the moisture content
of the incoming gas, most photocatalytic active
surfaces are coated with water and remaining less
surface to contact with PCE and its degradation
[14, 42s, SIP]. The opposing effect of the water
content has already been discussed in several
research works and even so it still is a matter of
debate [42s-45s, SIP]. Several authors reported that
the absence of water vapour can seriously retard

the degradation of several chemicals and their
mineralization to CO, may become incomplete, but
excessive water vapor may inhibit the degradation
by competitive adsorption on the photocatalyst
surface [14].

3.3. Photocatalytic degradation

The photocatalytic performance of prepared
samples was evaluated by the PCE degradation
under UV light. For comparison, the photocatalytic
activity of pure TiO,, TiO,-C , was also determined
under the optimal conditions (eg. 1 min residence
time, 30% RH and 3000 ppm PCE concentration).
First, the photocatalytic system was filled with glass
balls without a photocatalyst coating. Then, the
degradation efficiency was studied in the presence
of photocatalysts coated glass balls. When the
lamp was illuminated, the output of the system was
sampledatdifferenttimes, and the process of changes
in concentration, efficiency and output products
was investigated by the GC-MS. For the photolysis
process (without using any photocatalyst), the
system’s efficiency was determined 99% based on
the reduction of perchloroethylene concentration in
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120 min. At first, it seemed that the lamp alone was
able to degrade perchloroethylene and perform the
complete reaction of converting perchloroethylene
to carbon dioxide, water and hydrochloric acid.
But after a long time, we observed a large volume
of solid crystals at the end of the system and the
outlet pipe. By identifying these materials with
GC-MS, we realized that most of the material has
converted into compounds that result from a simple
breakdown of Perchloroethylene bonds. That’s why
we measured system efficiency based on CO, gas.
Also, the system’s efficiency was calculated 10%
based on the produced amount of CO, gas. So that
the lamp was not capable of completely degrading
PCE, merely transforming it into other materials
with more complex structures and converting has
a small fraction of it into complete degradation
reaction products. Also, the system’s efficiency
was obtained 58% and 95.6% for TiO, and TiO,-C,
respectively based on the produced amount of CO,
gas. The results indicate that in the case of using
TiO,-C, the PCE degradation is almost complete

and turns into completed reaction products in its
output, which indicates the correct choice of the
pollutant, ie carbon in improving photocatalyst.
Table 1
compounds identified.

summarizes the major intermediate

3.4. Photocatalytic mechanism for PCE
degradation

For photocatalytic oxidation, an important step of
photoreaction is the formation of the hole-elect
pairs which need the energy to overcome the band
gap between the valence band (VB) and conduction
band (CB) [41s,SIP]. TiO, as a semiconductor
has a valence band and a conduction band. When
photocatalyst exposes to UV light, TiO, can absorb
UV light and electrons transfer from the valence
band (VB) to the conduction band (CB) and generate
electron-hole pairs (Eq.2) [46s, SIP]. Electrons of
CB can react with oxygen adsorbed on the catalyst
surface to produce oxygen radicals (O,7) (Eq.3).
Holes of VB can react with H,O to produce ‘OH
radicals (Eq.4, 5). Also, the electrons and the holes

Table.1. Products obtained from photocatalytic degradation of perchloroethylene
with UV lamp alone and UV lamp with, TiO, and TiO,-C

Photocatalyst

Compound

UV lamp

HO

cCl,
Dichloroacetic acid
Trichloro dehydrate

Trichloroacetic acid

UV lamp -TiO,

H,0

HCl

cCl,
Trichloroacetyl chloride
Methyl trichloroacetate

Trichloroacetic acid

UV lamp -TiO,-C

H,0
Co,

HCI
c,ql,
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may react directly with PCE molecules leading
to the formation of oxidizing species (Eq.6) [14,
31, 47s, 48s, SIP]. The radicals (OH )as a strong
oxidizing species and O," are responsible for the
degradation of PCE. These ‘OH and O, which
are produced as shown, further react with C Cl, to
produce CO, and water, as represented in (Eq.7, 8)
[31, 49s, SIP]. In the absence of suitable electron
and hole scavengers, the stored energy is dissipated
in a few nanoseconds, through recombination. In
some works [50s-52s, SIP], researchers believe that
carbon materials can generate photoelectrons and
photo holes under UV irradiation. The C element is
not directly involved in the photocatalytic process
but can absorb UV light. After absorbing enough
energy, these regions can generate photoelectrons
and photoholes that can be transferred to TiO,.
The results obtained show enhancement in the
photocatalytic activity when the C element is doped
on the surface of TiO, nanoparticles.
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Based on observed products for TiO,-C, several
mechanisms of PCE degradation and intermediates
have been described in the literature [14, 53s, 54s].

3.5. Photocatalyst stability

The stability of photocatalyst TiO,-C  was
investigated for a relatively long time to evaluate
its capability of being applied in real systems in
addition to examining its stability (Fig. 9). Figure
9 shows the change of degradation efficiency
over relatively long periods for TiO,-C with 3000
ppm input concentration of PCE, 1min residence
time and 30% RH under UV irradiation by the
full intensity of the 8W 365 nm lamp. As seen for
photocatalysts, first the degradation efficiency was
increased and rich to 95% for TiO-C respectively.
No change over 5 hours’ periods of time of
irradiation were observed. Long term stability was
also investigated for TiO,-C photocatalyst over 7
days (result not shown) at the same condition. No
change in the stability and degradation efficiency
were discernible over this period. These results
showed degradation efficiency of TiO,-C was better
than TiO, and relatively50% more than TiO, and
also a good stability over long period of time for
TiO,-C, indicating TiO,-C has good efficiency for
photocatalytic degradation of PCE and is a good
candidate for use in real systems.

TiO,-C+h8 — h* (VB) + e (CB) (Eq.2)
0,+e (CB) — O, (Eq.3)
H,O +h*(VB) —» OH + H* (Eq.4)
h* (VB)+OH — OH . (Eq.5)
h*(VB) +C,Cl,— C, CL* (Eq.6)
OH +C, Cl,— CO,+H,0 (Eq.7)
0,+C,Cl,— CO,+HO (Eq.8)
3600 -T
o 3000 [
3
2400 |
g
E 1800 |
5 1200
2
o)
o

-5 55 115

T

—

175 235 205 355

TIME (MIN)

Fig. 9. Photocatalyst stability of TiO,-C over time 5 h
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3.6. Comparison of TiO -C photocatalyst with
other reported works

InTable 2, the different photocatalysts are compared
in terms of lamp intensity, degradation wavelength,
efficiency, and moisture content. Two factors of
lamp power and temperature are very effective in
degradation efficiency. On the other hand, in many
previous studies, the method of determining the
efficiency is expressed merely based on reducing
the PCE output and does not consider the conversion
of PCE to products and the production of CO,. In
terms of lamp power, the lamp used in the present
study has a power of 8 (wat) and a wavelength of
365 nm in the UV region which was one of the least
powerful lamps used in this field, indicating the
high efficiency of the system due to the design of
the lamp. In the center, its large reflection due to the
aluminium sheet in the outer wall, the increase in

contact surface due to the use of glass balls and the
proper selection of carbon contaminant. Also, the
efficiency of the present research, despite the low
power consumption (compared to the UV lamps),
and the number of fewer lamps, are more or equal
than to many previous reports.

4. Conclusions

In this project, a photocatalyst system with a fixed
substrate and a light source in its center was used.
In general, the system was designed to use all the
power and efficiency of the catalysts, by increasing
the reaction surface and the direct impact of light.
In this system, an 8w fluorescent lamp with a
wavelength of 365 nm was used as a source of UV
light. The system was filled with glass balls coated
with three catalysts (TiO,, C-TiO,) synthesized by
the sol-gel method and uncoated balls to remove

Table.2. Comparison of TiO,-C with photocatalysts reported in previous scientific papers

Lamp Wavelength Efficiency Catalyst Humidity Reference
A Philips UV A lamp
(Cleo performance 80W/10 | he wavelength Is not limited PC500 45 t0 55% [11]
of 365 nm.
Model)
s maximum
Phillips, 4 W, F4 T5/BLB emission at 365 50% . - []
type
nm
three 8W black-light . P25Pt/TiO, and
fluorescent lamps light 365 nm Pd/TiO,, i [55]
e Predicted conversions
Philips TL 18W/08 F4TS/ 355nm show good Tio 48% [56s]
BLB 2
five black light blue 8% relative
fluorescent lamps (Philips TL 343 and 400 (55%) (P-25) ho midit [57s]
8W/08 FST5/BLB) umidity
seven(Philips TL 4W/08 o . 10, 50, and
FATS/BLB) 310 to 410 nm 24, 50, and 100% Tio, 90% [58s]
Eight-4W fluorescent black
light bulbs (Toshiba, FL - 99.3% Tio, - [59s]
4BLB)
A fluorescent black light bulb o .
(Toshiba, FL 4BLB, 4 W) - 80% Porous TiO, - [60s]
1700 W air-cooled Xenon N P25 and o
Lamps Close to 100% PC500 20% [14]
Phillips wavelength 365 o . N Present
UVC/8W/TS) nm. 99/6% Tio,-C 30% study
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the pollutants. Among these four samples, the
highest and fastest total photocatalytic degradation
efficiency was related to the TiO,-C catalyst. The
catalyst also had the highest stability and highest
degradation efficiency. After degradation, all
chemical products were determined by GC-MS
analyzer.
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ABSTRACT

Lithium regulates the concentration of nitric oxide in the human
body and a high dose of nitric oxide causes multiple sclerosis (MS).
Also, the amount of manganese in the cerebrospinal fluid alters the
metabolic reactions associated with MS. In this study, the mixture of
the ammonium pyrrolidine dithiocarbonate (APDC), the hydrophobic
ionic liquid [HMIM][PF6] and acetone coated on the surface of
graphene oxide nanoparticles (GONPs) and used for separation Li
and Mn in human samples by ultrasound assisted-dispersive-ionic
liquid-micro-solid phase extraction technique (USA-DIL-u-SPE) at
pH 6.0. After extraction and back-extraction, the amount of lithium
and manganese in the blood, serum and urine samples was determined
by the flame and the graphite furnace atomic absorption spectroscopy
(F-AAS, GF-AAS), respectively. By optimizing parameters, the
LOD, Linear ranges (LR) and preconcentration factor (PF) for Li
and Mn ions were obtained (0.03 mg L', 0.25 pg L"), (0.1-0.4 mg
L', 0.08-1.5 ug L") and 10, respectively (%RSD<5). The capacity
adsorption of APDC/IL/GONPs and GONPs was achieved (148.5 mg
g', 1223 mg g") and (41.3 mg g, 33.7 mg g!) for Li and Mn ions in
a static system, respectively. This method was successfully validated
by spiking samples and certified reference materials (CRM).

1. Introduction

Nitric oxide and its metabolites in the human

Multiple sclerosis (MS) is the most common
chronic inflammatory disease of the central
nervous system (CNS), affecting more than
2 million people worldwide and is currently
incurable. No drug can completely prevent
progressive neurodegeneration, which is usually
diagnosed with impaired movement function,
bladder control, and cognitive processes [1, 2].

*Corresponding Author: Negar Motakef Kazemi
Email: motakef(@iaups.ac.ir
https://doi.org/10.24200/amec;j.v4.104.158

body may be involved in the pathogenesis of
several neurological disorders such as multiple
sclerosis. Several studies have shown that lithium
regulates NO levels in the central nervous system.
High levels of compounds derived from reactive
oxygen species (ROS) and reactive nitrogen
species (RNS) have been detected in blood
samples from RR-MS patients. In principle,
increased production of NO and its metabolites
in the peripheral blood of these patients has been
shown [3]. Lithium may control NO formation
in MS. There is a significant difference between
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serum lithium levels in RR-MS patients and
healthy individuals. Extensive experimental and
clinical studies show that lithium has protective
effects on the pathogenesis of neurological
diseases through several mechanisms (activation
of nerve pathways, regulation of oxidative stress,
anti-inflammatory responses, regulation of
mitochondrial function, etc.). However, the use
of high doses of lithium may lead to toxic effects
[4]. Excessive accumulation of metal in the
CNS stimulates oxidative stress, mitochondrial
dysfunction, dysfunction of enzymes structural,
regulatory, and catalytic functions in a variety of
proteins, receptors, and carriers. Metals can cause
nerve damage in PD, AD, and MS by disrupting
mitochondrial function. The mechanism act
with lower adenosine triphosphate (ATP) and
produces ROS. Through these mechanisms,
metals cause cell death by apoptotic or necrotic
mechanisms [5]. Also, manganese is toxic to the
CNS in excessive amounts. High manganese
value can lead to a disease whose symptoms
are similar to those of Parkinson’s. Manganism
is a type of extrapyramidal movement disorder
of the Parkinson’s type that has impaired
motor and cognitive impairment due to neural
processes [6]. Determination of metal ions in
blood and body fluids can play an effective role
in diagnosing the disease and various treatments.
The characterization of nanomaterials in various
fields, especially in medical science, caused to
use for the determination of metals in human
body fluids. Recently, the nanoparticles such as
graphene oxide and activated carbon were used
to measure the concentration of lead, mercury,
lithium, silver and manganese ions in patients.
For this purpose, a micro-extraction procedure
based on solid-phase or liquid phase coupled to
ultrasound was used to measure ions by atomic
absorption spectroscopy [7]. Due to the toxicity
of Li and Mn in the human body, its concentration
must be determined in blood, serum and urine
samples. Many technologies have been used for
Li and Mn determination in different samples
including, the isotope dilution atomic absorption
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spectrometry (ID-ET-AAS) for Li determination
in serum samples. ID-ET-AAS based on the
partially resolved isotope shift was done by
graphite furnace atomic absorption spectrometer
[8]. Also, flame emission(FES), flame atomic
absorption spectroscopy (F-AAS) and ion-
selective electrode (ISE) were used for lithium
determination in human patients [9, 10]. The
concentration of beryllium, copper, chromium,
cobalt, nickel, magnesium and iron in the blood
of MS patients was determined by ICP-MS [11].
Moreover, the inductively coupled plasma sector
field mass spectrometry (ICP-SFMS) and MC-
ICP-MS was used for Li determination in serum
samples [12, 13]. The Li in human samples was
determined by high-resolution atomic absorption
spectrometry (HR-AAS) and machine learning
data(MLD) [14]. In addition, Mn ions in herbal
teas were evaluated by FAAS and ICP-OES [15].
The cation exchange chromatography coupled to
field ICP-MS was used for Mn determination in
cerebrospinal fluid [16]. As in previous research,
the Li and Mn were determined in metals of
human blood samples by AAS after sample
preparation techniques. Recently, the different
treatments such as; the dispersive liquid-liquid
microextraction (DLLME) [17], the cloud point
extraction procedure (CPE) [18], and the solid-
phase extraction (SPE) [19, 20] were used for
metal analysis in various samples. Among them,
the SPE as low cost, simple and good recovery is
preferred to other methods.

In this research, a new adsorbent based on
APDCIL/GONPs was used for extraction of Li
and Mn in human biological samples by USA-
DIL-p-SPE procedure. Li and Mn ions were
determined by F-AAS and ET-AAS, respectively
after sample treatment. The method was validated
by spiking real samples and CRM analysis in
human blood, serum and urine samples.

2. Experimental

2.1. Instruments

The different instruments include a magnetic
stirrer (Four E’S Scientific, model MI10102003)
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with a variable speed made in china, a digital
scale with an accuracy of one-thousandth of a
gram made in Japan, a digital pH meter model
744 made in Switzerland, centrifuge with 3500-
4000 rpm made in Iran (IRANLABXPO),
hematocrit centrifuge with 12,000 rpm(AHN
myLab® AHN
Biotechnologie GmbH, Germany), a magnetic

hematocrit centrifuge,
healer, oven (Iran Lab), Austrian microwave
device (Anton Paar, Vienna Austria), the sharp
polyethene pipes and Pyrex glass, the tube and
balloon mixer, and the automatic sampling for
different volumes between 0.01 mL to 1 mL were
used in this research. The Mn and Li concentration
was determined by flame atomic absorption
spectrometer (FAAS, GBC 906, double beam,
Aus.). The air-acetylene (C,H,), the deuterium
lampas was used for Li evaluation. The limit of
detection (LOD) and linear range of F-A AS for Li-
ions in standard solutions was obtained 0.32 mg
L'and 1-4 mg L', respectively. The light of HCL
for lithium was adjusted by maximum energy at
a wavelength of 670.8 nm, slit of 0.5 nm and 5.0
mA. The ultra-trace analyzer, the electrothermal
atomic absorption spectrophotometer (ET-AAS,
GBC, Aus.) was used for the determination of Mn
in human blood samples. The limit of detection
(LOD) and linear range of Mn ions with ET-
AAS was obtained 0.27 ug L' and 2.5-15 pg L,
respectively The Avanta software was used for
calculating absorption results by the F-AAS and
ET-AAS.

2.2. Reagents

The ultra-pure reagents were purchased from
the Merck or Sigma Companies (Germany). All
standard solutions and samples were diluted by
ultra-pure distilled water (DW, R>18MQ cm™)
from Millipore (Bedford, USA). The standard
stock solution of lithium (LiCI, CASN: 7447-
41-8) and manganese (MnCl,, CAS N.:189302-
40-7) was purchased from Sigma Aldrich
(1000 mg L' in 1% nitric acid 500 mL). The
calibration standard solutions of lithium (0.1,
0.2, 0.3, 0.4 mg L) and manganese (0.1-1.5 pg

L") were prepared by diluting of stock solution
with DW (1000 mg L). Nitric acid (HNO,),
hydrochloric acid (HCI, CAS N.: 7647-01-0),
sodium hydroxide (NaOH, CAS N.; 1310-73-2),
potassium hydroxide (KOH, CAS N.: 1310-58-
3), and all other reagents were purchased from
Merck, Germany. The pH was adjusted by suitable
buffer solutions. The different buffer solutions
such as the sodium phosphate (H,PO, / NaH,PO,,
0.15 mol L") for pH 1.5-3, the ammonium acetate
buffer (CH,COOH / CH,COONa) for pH 4-5.5,
the sodium borate (NaBO,/HCI) for pH 7 and
the ammonium chloride (NH,/NH CI) were used
for pH 8-10. Graphene oxide was prepared by
the Petroleum Industry Research Institute (RIPI)
and coated with a mixture of ionic liquid/APDC
(99%, ammonium pyrrolidine dithiocarbonate,
CAS N.: 5108-96-3, EC Number: 225-834-4)
and acetone. Hydrophobic ionic liquid (1-Hexyl-
3-methylimidazolium hexafluorophosphate,
[HMIM][PF ], CAS N.: 304680-35-1) was
prepared from Sigma, Germany.

2.3. Synthesis of APDC-IL coated on graphene
oxide

The graphite oxide was prepared by modified
Hummer technique by oxidation of natural
graphite powder in the laboratory of RIPI.
The GO was prepared by peeling off graphite
oxide. First, 5 g of graphite powder and 2.5 g
of NaNO, were combined with 120 mL H,SO,
(98%) and shaken vigorously for 30 min in an
ice bath (0-5 °C). Simultaneously with stirring,
15 g of KMnO, was gradually added, and the
temperature was tuned at below 15 °C. The ice
bath was then removed, and the mixture was
stirred at 35 °C until it gradually turned brown
form and then diluted gently with 250 mL of
water. The reaction temperature rose rapidly
to 98 °C with boiling and its colour changed
to dark brown. Then, 30% H,O, solution was
added, and the colour of the mixture changed
to a bright yellow colour, indicating complete
oxidation of graphene. The graphene oxide
was washed by rinsing and centrifugation with
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dilute hydrochloride solution and then continued
several times with deionized distilled water to
neutralize the filtered solution. The graphene
oxide suspension was centrifuged and sonicated
for 15 minutes at 3000 rpm to obtain graphene
oxide nanosheets. Finally, the prepared GONPs
was air-dried for two hours in two stages at 55
°C. Ammonium pyrrolidine dithiocarbamate
(APDC) was mixed with ionic liquid 1-hexyl-
3-methylimidazolium
(hydrophobic) in the presence of acetone at 25
°C for 10 minutes. Then an organic mixture

hexafluorophosphate

(ionic liquid, acetone, ammonium pyrrolidine
dithiocarbamate) was used at 55 ° C for coating
of graphene oxide (IL /APDC-NGO) [21-23].
2.4. General Procedure

By procedure, a sample of lithium was prepared
by diluting 1 ml of blood, urine and serum sample

2

”E[ IL/APDC-NGO
.-_"?_-1

i

Delution/DW
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with DW up to 10 mL. Also, 10 mL of human
biological samples were used for manganese
separation at optimized pH. 25 mg of APDC/IL/
GONPs adsorbent was used to separate lithium
and manganese ions from the blood, serum
and urine of MS patients by the ultrasound
assisted-dispersive-ionic liquid-micro-solid
phase extraction technique (USA-DIL-p-SPE).
The standard solution of lithium (0.1 - 0.4 mg
L") and manganese (0.1 — 1.5 pg L) as the
lower and upper limit of quantification (LLOQ,
ULOQ) were used. After adding adsorbent to
the human samples, it was placed in an ultrasonic
bath for 5 minutes and the lithium and manganese
ions were physically and chemically adsorbed by
a sulfur bond of APDC ligand and the surface of
the graphene oxide, respectively (Mn**/Li*—NGO;
Mn*?/Li*—: S—IL-NGO). By the proposed

Mn*¥/Li*—:S—IL-NGO

==l

- ﬁﬁ Separation
II—II Extraction "%’fl

3 =

=

TUltrasonic bath

|
5
Centrifuge
Phase
Separation

Fig. 1. Determination and separation lithium and manganese ions in human biological samples based
on APDC/IL/GONPs by USA-DIL-p-SPE procedure
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procedure, lithium (Li) and manganese (Mn) ions
are extracted by coordinate covalent bond at pH 5
and 6, respectively (more than 95%). The results
showed us, at high pH, lithium and manganese ions
were precipitated as hydroxide ions (Mn(OH), and
LiOH). After the separated phase by centrifuging
(3 min, 3500 rpm), the extracted lithium and
manganese ions were trapped in the bottom of the
conical tube by IL/GONPs. Then, the upper liquid
phase was set aside with an auto-sampler and the
loaded ions on the adsorbent (APDC/IL/GONPs)
were back-extracted by the nitric acid solution (500
pL, 0.3 M) by shaking and centrifuging for 1 minute.
Finally, the concentration of lithium and manganese
ions was determined by the F-AAS and ETAAS,
respectively after diluting eluent up to 1 mL with
0.5 ml of DW. Also, the extraction/separation of
lithium and manganese ions based on GONPs in
human biological samples and the standard solution
was investigated in various pH. For urine analysis,
10 mL of sample was used under similar conditions.
For validation of the method, the standard reference
materials (SRM) and spike samples were used for
standard and human samples. For calibration of

lithium and manganese ions, 10 mL of a standard
aqueous sample containing lithium (0.05, 0.1,
0.2, 0.3 and 0.4 mg L) and manganese (0.1, 0.2,
0.4. 0.5, 1.0, 1.5 ugL") were prepared from stock

-

s am

Fig. 2a.SEM image of APDC/IL/GONPs

solutions. In addition, the ICP-MS were used to
validate the real samples.

3. Results and Discussion

3.1. Characterization of APDC/IL/graphene
oxide

Fourier transform infrared (FT-IR) spectra were
recorded by a Perkin Elmer spectrophotometer.
The X-ray diffraction (XRD) was obtained based
on a Panalytical X’Pert PRO X-ray diffractometer.
The Bruker (D) FRA-106/S spectrometer was used
for Raman spectra. Scanning electron microscopy
(SEM) images were reported by a Tescan Mira-
3. The transmission electron microscopes images
(TEM, JEM 2100 plus) was achieved by JEOL
Company, Germany.

3.1.1.Electron microscope images

As Figure 2(a, b) and 3(a, b), the scanning electron
microscopy (SEM) and transmission electron
microscope (TEM) images show that the APDC/
IL/GONPs and GONPS has similar multi-layered
with a smooth surface and some with folds.
Wrinkled areas are at the APDC/IL/GONPs and
GONPS level due to the presence of oxygenated
functional groups (such as carboxyl, hydroxyl,
and carbonyl). The APDC/IL/GONPs and GONPS
both consist of randomly accumulated and
wrinkled thin sheets.

Fig. 2b.SEM image of GONPs
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3.1.2.XRD and FT-IR analysis

In the XRD analysis of graphene oxide, a sharp
peak was observed at 20 = 12.267 (d = 0.723)
with the usual GONPs nanoparticle diffraction
peak. The distance d increases from 0.33 to
0.72 nm after the conversion of graphite to
graphene oxide nanoparticles, which may be
due to the formation of abundant oxygenated
functional groups on the graphene oxide
surface. In addition, the peaks at 20 = 12° and
20 = 42.58°are related to the diffraction planes
of (002) and (100) respectively, which can be
observed in the XRD patterns of both GONPs

mwm

™ BRI
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0 o) 0 "] T

2Theta / degrees

Fig. 4a. XRD of the GONPS
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Fig. 3b.TEM image of GONPs

and APDC/IL/GONPs. It showed that the
XRD intensity of the peak at 20 = 12° for the
APDC/IL-coated on GONPs was significantly
decreased (Fig.4a and b).

Oxygenated functional groups on the surface of
graphene oxide nanoparticles by FT-IR analysis
can be seen in the following diagram. Accordingly,
the groups C=0 and COOH/OH are represented by
the peak of 1728 cm™ and 3300 cm’!, respectively.
The C-O bonding is shown at peak 1011 cm™ and
the peak C= C is located at 1590 cm™ by FTIR. As
physically coated APDC/IL on GONPs any peak
wasn’t added to FTIR of GO (Fig.5).

w-wwm

T T T ¥ T

P ) w0 w0

2Theta / degrees

Fig. 4b. XRD of the APDC/IL/GONPS
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Fig.5. FT-IR analysis of the APDC/IL/GONPs

3.2. Optimization of Method

To achieve optimal conditions in solid-phase
of
lithium and manganese in human biological
samples, the parameters such as pH, the amount of
sorbent, the sample volume, the amount of ionic
liquid, the concentration of APDC ligand, the
shaking and centrifuge time, were investigated.

extraction for preconcentration/separation

3.2.1.The pH optimization

The pH effects on the extraction of Li and Mn ions
by APDC/IL/GONPs. So, the various pH between
2-11 was studied for Li and Mn extraction in human
biological matrixes. The results showed, the sulfur
group on the surface of GONPs adsorbent was
caused to extraction Li and Mn ions at pH of 5-7.
Due to the mechanism, the extraction was reduced
at pH <5 and pH > 7. Therefore, we used pH=6 for
Li and Mn extraction in human biological samples
(blood, serum, urine). The mechanism of absorption
of Li and Mn ions was obtained based on the sulfur
group (SH) on the surface of APDC/IL/GONPs. By
a sulfur group of APDC, the coordinate covalent
bond with Li and Mn ions in human liquid samples

was achieved Mn*%/Li * —: S—IL-NGO). At pH<
pH,,., the adsorbent had a positive charge and
due to similarity charges between Li and Mn and
adsorbent, the extraction was decreased. Also, in
pH 5 for Li and pH 6 for Mn, the surface of APDC/
IL/GONPS based on negatively charged (HS—)
coordinated with a positive charge of Li and Mn. At
pH more than 7, Li and Mn ions have participated
as hydroxyl forms (Li OH, Mn(OH),). Therefore,
we used pH=6 for further studies (Fig. 6).

3.2.2.0ptimization of adsorbent amount

The efficient extraction of Li and Mn ions in
human samples were studied by different amount
of APDC/IL/GONPs. For this purpose, the various
mass of APDC/IL/GONPs was evaluated at pH=6.
For Li and Mn extraction, 2-40 mg of APDC/IL/
GONPs in blood, serum, urine and standard solution
were studied and optimized by the USA-DIL-p-
SPE procedure. Based on the results, the efficient
extractions for Li and Mn ions were obtained by 20
mg of adsorbent in human biological samples. So,
25 mg of APDC/IL/GONPs was used for further
study (Fig. 7).
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Fig.6. The effect of pH on Li/Mn extraction

3.2.3.0ptimization of sample volume and eluent
The effect of eluent on extraction Li and Mn
ions based on APDC/IL/GONPs were studied
at optimized pH. At low pH, the covalent bond
between the metal and sulfur group was dissociated
and the Li and Mn ions released into liquid
phase. Therefore, the inorganic acid solutions
with different concentrations and volumes (HCI,
HNO,, H,PO,, H,SO,) were used to evaluate the
recovery of the back-extraction process for Li and

120 202 m03 w05 ml m2
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40

20

Back-Extraction Recovery(%o)
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HNO3 H2504  H3PO4
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Fig.8. The effect of eluents
on Li/Mn back-extraction
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Fig.7. The effect of adsorbent mass on Li /Mn extraction

Mn ions in human biological samples. The eluent
concentrations between 0.2-2.0 mol L' was studied.
The efficient extraction was obtained by HNO, (0.5
M, 0.25 mL) (Fig. 8). Also, the volume of human
samples and the standard solution was evaluated
from 2.0 mL to 20 mL for Li and Mn concentration
(0.1-0.4 mg L, 0.1-1.5 pg L. As result, the high
recovery occurred for 10 mL of human biological
samples at pH 5-7 (Fig.9).
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Fig.9. The effect of sample volume
on Li /Mn extraction



28 Anal. Methods Environ. Chem. J. 4 (4) (2021) 20-35

3.2.4.Optimization of APDC ligand on adsorbent
The concentration of APDC 1is one of the
important parameters which should be optimized
by the USA-DIL-u-SPE procedure method.
For optimizing, 0.1 x 107%-1.0 x 10° mol L® of
APDC ligand was used in the human biological
sample. The results showed that, by increasing
ligand concentration up to 0.5 x 10°°mol L', the
recoveries are also increased. Figure 10 shows that
0.35x10°mol L' of APDC was necessary to
obtain the maximum extraction efficiency. So, the
amount of chelating agent (APDC) between 0.1-1
umol L' was investigated and 0.35 pmol L' was
found the best amount for Li and Mn extraction.

3.2.5.0ptimization of time, reusability and
absorption capacity

The dispersion of APDC/IL/GONPs in human
blood, serum, urine or standard solution had a
critical role for extraction Li(I) and Mn(Il). The
time extraction depended on chemical adsorption
between the sulfur group with metals at pH 5-7. By
the USA-DIL-pu-SPE procedure, the shaking time
was examined between 1- 10 min. It has occurred
that the shaking of 5.0 min was the favourite time for
ions extraction in samples. In this study, the time of

120

EBlood Mn #mBlood Li = Water Li

0.4 0.5

10

=

8

=]

6

Recovery (%)
[—]

4

=]

2

=]

=]
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shaking and centrifuging process were investigated
and 5 min was found suitable for the shaking and
3 min for centrifuging process (3500 rpm). After
sonication for 5 min, the APDC/IL/GONPs was
trapped at the end of the conical tube and then the
upper liquid phase was put out by auto-sampler. The
reusability of APDC/IL/GONPs was obtained with
many cycles extraction/back-extraction process.
The results showed the adsorbent can be used for
12 cycles. The absorption capacities for cadmium
depended on the characterization of APDC/IL/
GONPs and surface area. The absorption capacities
of APDC/IL/GONPs for Li and Mn was achieved
at 148.5 mg g, 122.3 mg g, respectively.

3.2.6.Interference cations and anions

The effect of interference of ions on Li and Mn
extraction in human biological samples were
studied by the USA-DIL-u-SPE procedure. The
concentrations of ions were added to the standard
solution and human samples with lithium (0.1
- 0.4 mg L") and manganese (0.1 — 1.5 pgL") at
optimized conditions. The results showed the
interference of ions couldn’t decrease the efficient
extraction of Li and Mn ions at pH=6. (Table 1).

‘Water Mn

0.6 0.8 0.9 1

Concentration of APDC(10-6 xmol L)

Fig.10. The effect of APDC concentration on Li /Mn extraction by the USA-DIL-u-SPE procedure
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Table 1. Interference cations and anions for Li and Mn extraction based

on APDC/IL/GONPs by the USA-DIL-pu-SPE procedure

Mean ratio

Mean ratio

0 o

Interfering Ions(A) (G, /C Li“)) (C,/C Mn(u)) Recovery (%) Recovery ()
Li Mn Li Mn

Ni**, Co*, Se* 700 850 98.3 97.9

Cr¥, Al*, Ag" 600 700 97.1 97.3

I, Br, F, CI 1000 1100 97.8 98.4

Na*, K*, Ca*, Mg* 1200 1300 98.8 99.1

CO,”, PONO; 800 900 96.6 97.0

Zn*, Cu** 500 750 97.5 98.5

Pb*, Mo*, Fe* 850 650 98.2 97.3

Hg* 100 80 96.2 98.5

3.2.7.Method validation

The concentration of Li and Mn in human blood
and standard samples was determined by the USA-
DIL-pu-SPE procedure. The results were obtained
based on the average of three analyses in blood
samples. The rate of recovery showed that the
proposed method has good accuracy and precision
in the blood matrix. The recovery of spiked blood
samples and the standard solution was more than
95%. This method was satisfactory for the analysis
of analytes in the human blood samples. Lithium
and manganese concentrations were studied in

MS patients (40, subject) and healthy people (40,
control) by the USA-DIL-pu-SPE procedure. Mean
lithium and manganese concentrations in control
groups were significantly lower than MS patients.
In addition, for the validation of the method,
standard reference materials (SRM) for Li and
Mn were examined by the adsorbent. The results
of blood samples in standard reference samples
(SRM) was satisfactorily confirmed the accurate
concentration of Li and Mn ions. The following
table shows the validation of the USA-DIL-u-SPE
procedure based on APDC/IL/GONPs by spiking

Table 2. Validation of Mn determination in serum, blood and urine of MS patients by spiking
samples with the standard solution by the USA-DIL-pu-SPE procedure coupled to ET-AAS

Sample Added (ug L") Mn “Found (pg L") Mn (%) Recovery

0.052 + 1.244
Blood 0.5 0.117+1.729 97.0

1.0 0.135+2.251 100.7

--- 0.063 +1.036 ---
Serum 0.5 0.072 £ 1.531 99.0

1.0 0.203 +1.984 94.8

--- 0.033 £0.784 ---
Urine 0.5 0.065 +1.293 101.8

1.0 0.084 +1.781 99.7

“Mean of three determinations of samples + confidence interval (P = 0.95, n =8)



30 Anal. Methods Environ. Chem. J. 4 (4) (2021) 20-35

Table 3. Validation of Li determination in serum, blood and urine of MS patients
by spiking samples with the standard solution by the USA-DIL-u-SPE procedure coupled to F-AAS

Sample Added (mg L") Li "Found (mg L) Li (%) Recovery

--- 0.07 £1.56 ---
Blood 1.0 0.12+2.61 105.0

1.5 0.14 3.02+ 97.3

0.12+2.16
Serum 1.0 0.15+£3.11 95.0

1.5 0.18 £ 3.63 98.0

--- 0.033 +1.88 ---
Urine 1.0 0.065+2.92 104.0

1.5 0.084 +3.33 96.6

“Mean of three determinations of samples + confidence interval (P = 0.95, n =8)

real samples and standard reference materials.
ICP-MS was used to prepare standard reference
samples (SRM) for validation of methodology. In
this study, the method was validated by spiking
real samples with a standard Li and Mn solution
in blood, serum and urine samples (Table 2
and 3). Also, the Li and Mn were validated by
ICP-MS. Validation of Mn and Li extraction in
human samples was obtained based on APDC/Il/
GONPs and standard reference materials (ICP-
MS analysis) by the USA-DIL-u-SPE procedure
(Table 4 and 5). The results demonstrated the high

extraction and recovery for Li and Mn in human
blood matrixes. As intra and inter-day analysis, the
40 MS patients were compared to healthy people
by the USA-DIL-u-SPE procedure (40 Men, 25-55
age, Iran) (Table 6). As Table 6, the concentration
of lithium and manganese ions in the human body
fluids for MS patients is significantly higher than
the concentration of healthy people.

3.2.8.Discussion
The analysis of biological fluids is one of the most
appropriate forms of evaluating environmental

Table 4. Validation methodology for Mn determination in human samples based on APDC/Il/
GONPs and standard reference materials (ICP-MS analysis) by the USA-DIL-u-SPE procedure

Added

Certified ®

Found *

Samples® g L g L ng L (%) Recovery
Serum - 0.02+1.23 0.06 + 1.21 98.4

.o e 0.12+2.18 97.0
Blood = - 0.01 £0.79 0.04 £ 0.81 102.5

0.5 - 0.05+1.29 96.0
Urine - 0.02+1.01 0.06 £ 0.98 97.1

o e 0.09 £ 1.99 101.0

“Mean of three determinations of samples + confidence interval (P =0.95, n =8)
°ICP-MS analyzer for blood, serum and urine as CRM (ugL™")
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Table 5. Validation methodology for Li determination in human samples based on APDC/11/
GONPs and standard reference materials (ICP-MS analysis) by the USA-DIL-u-SPE procedure

Samples® A(;dlejll Cnell;igid fl;);lid: (%) Recovery
Serum - 0.05+3.23 0.15+3.14 97.2

20 - 0.24+5.09 97.5
Blood = - 0.02 £2.88 0.13+£2.86 99.3

25 - 0.24 £ 5.38 100.8
Urine - 0.01 £1.98 0.11 £2.02 102.1

20 - 0.09 £3.99 98.5

aMean of three determinations of samples + confidence interval (P = 0.95, n =8)

°ICP analyzer for blood, serum and urine as CRM (mgL'l)

Table 6. The comparing of Li and Mn concentration in MS patients with healthy people by the
USA-DIL-u-SPE procedure

*Patients MS * Control Patients MS
**Sample
Li Mn Li (mgL™") Mn rLi Pvalue rMn Pvalue
(mgL")  (ugL?) (ngl™)
Blood 6.19+ 1424+ |342+0.15 3.12+ | 0.202 <0.001 0.115 <0.001
0.29 0.65%* 2. 11%*
Urine 435+ 683+ [1.75+0.07 242+ | 0.196 <0.001 0.076 <0.001
0.22 0.31%* 0.90
Serum 747+ 134+ |258+0.12 063+ | 0.221 <0.001 0.109 <0.001
0.33 0.06 3.92

*Mean of three determinations of samples + confidence interval (P = 0.95, n =40)
** Sample dilution (1:10) over a linear range of Mn

exposure to pollutants such as toxic metals.
Metals are important constituents widely used in
different industrial processes and can be present in
biological fluids, namely urine, as a consequence
of occupational exposure. Although atomic
absorption spectrometric techniques, (flame or
graphite furnace mode; FAAS and GFAAS) are
a powerful analytical tool for the determination
of trace metals. Determination of metals in urine,
serum and blood samples is very difficult due to
various factors, particularly low metal content and
high salt content of the sample matrix. The use
of a separation and preconcentration technique in

the analytical process can solve these problems

and lead to easy determination of trace metals in
urine, serum and blood samples. There are many
methods for preconcentration/separation of trace
heavy metals from human biological samples
[24]. Komatsu et al reported determination of Li
in whole blood by using colorimetric determination
of lithium ions with a low limit of detection about
0.054 mM, and the coefficient of variance below
6.1%. A portion of whole blood has been placed on
the end of the separation unit, plasma in the sample
is automatically transported to the detection unit,
which displays a diagnostic color [25]. This method
has higher LOD and RSD% as compared to the USA-
DIL-p-SPE procedure. Also, a wide linear range
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between 0.1-0.4 mg L' was used based on APDC/
IL/GONPs. Suherman et al reported electrochemical
detection and quantification of lithium ions in
authentic human saliva using LiMn,O,-modified
electrodes. The sensing strategy is based on an
initial galvanostatic delithiation of LMO followed
by linear stripping voltammetry (LSV) to detect
the re-insertion Li" in the analyte. The process was
investigated using powder X-ray diffraction (PXRD)
and voltammetry. LSV measurements reveal a
measurable lower limit of 50.0 uM in both LiCIO,
aqueous solutions and synthetic saliva samples [26].
Filippini et al showed that the determinants of serum
manganese levels in an Italian population. They
employed an inductively coupled plasmasector field
mass spectrometry (ICP-SFMS) instrument for Mn
determination in medium resolution mode. The LOD
for Mn-peaks in SEC-ICP-DRC-MS was calculated
as 3 o-criterion and found between 28-35ng L1 [27].
This method is expensive and sample preparation
needs before analysis. On the other hand, as normal
level Mn in serum or blood (ugL"), the USA-DIL-
u-SPE procedure has a sufficient rate. Zabtocka et al
reported an applied method for evaluation Zn, Cu and
Mn in serum /whole blood samples and their relation
to redox status in lung cancer patients. In their study
for whole blood preparation, 0.5 ml was performed
twice by microwave —technique wet mineralization
in a closed system using MLS 1200 Mega, with
mixture 1:5 of H,0,(30%) and HNO,(69-70%)
and graphite furnace atomization was used for the
determination of Mn. They reported analytical
values of Zn, Mn and Cu were: 8.97 mg L, 47.3
pg L' and 2.47 mg L, respectively. Mean accuracy
(n = 6) was as follows: 98,3% (Zn), 105.9% (Mn)
and 91.6% (Cu) which was comparable to the USA-
DIL-pu-SPE procedure for Mn determination [28].
In this study, we used the USA-D-p-SPE procedure
based on APDC/IL/GONPs for micro-extraction
and determination of lithium and manganese
concentration in human biological samples. The
surface charge of GONPs is negative so, the
electrostatic attraction between negatively charged
of adsorbent and positive charge of Li* and Mn?**
ions have occurred at optimized pH=6. In addition,

quantitative extraction of more than 95% was
observed in the optimized sample volume. It was
also noticed that higher sample volumes, partially
solubilized the ionic liquid phase, leading to non-
reproducible results and increased the amount of
GONPs. It was also observed that the extraction
efficiency was remarkably affected by GONPs and
IL amount, so they were examined within the range
of 2 to 60 mg and 10 to 100 mg for GONPs and IL,
respectively. Quantitative extraction was observed at
25 mg of GONPs for Li and Mn which was lower or
similar amount as compared to other methods. The
USA-DIL-pu-SPE method was applied to determine
Li"and Mn** for 1 mL and 10 ml in human biological
samples, respectively. The spiked serum and blood
were prepared to demonstrate the reliability of the
method for extraction and determination of Mn and
Li. At optimized condition, the LOD of the method
was found 0.03 mg L' for Li and 0.026 pgL"' for
Mn*" and working ranges was found 0.3-1.0 mg L"!
for Li and 0.08-5 pgL! for Mn. The mean of Mn?*
and Li" concentration in blood, urine and serum of
MS patients and healthy people were determined
by the USA-DIL-p-SPE procedure which was near
to recently reported. The results showed that the
concentration of Li* and Mn?' ions in the blood,
urine and serum of MS patients were higher than
healthy people, (6.19+£0.29 pgL! vs 3.42+0.15 pgl-
!, P<0.05 for Li in the blood and 6.83+0.31 mgL!
vs 2.4240.90 mgL"!, P<0.05 for Mn in urine). The
adsorption capacity of APDC/IL/GONPs for Li* and
Mn** ions were found at 148.5 mg g, 122.3 mg g’!,
respectively. This study showed that the application
of APDC/IL/GONPs as the SPE procedure is a fast
and low-cost separation route without nonabsorbent
loss. Therefore, APDC/IL/GONPs is considered
to be excellent and potential adsorbent for the
extraction of Li* and Mn?* ions in human biological
fluids.

4. Conclusions

A novel APDC/IL/GONPs was used for separation/
extraction and determination of Li and Mn ions
in human blood, serum and urine samples by the
USA-DIL-u-SPE procedure. The IL ([HMIM]
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[PF,]) property was helped to collect the GONPs
phase from the liquid phase in the bottom of the
conical tube. By the proposed procedure, a fast and
simple, efficient extraction and perfect separation
were achieved at pH 5-7 (RSD < 5%). The APDC
ligand coated on nanoparticles of GONPs enhanced
the Li and Mn extraction in blood samples. By the
USA-DIL-u-SPE procedure many advantages such
as good reusability, perfect separation, low cost, and
high recovery
as compared to ICP-MS and other techniques.
Therefore, the separation and determination of

(more than 95%) were achieved

Li and Mn ions in human samples were achieved
in optimized conditions. The results showed the
detection limits (LOD), pre-concentration factor
and the linear range of the method for Li and Mn
were obtained (0.03 mg L' and 0.025 pg L), (9.72,
10.2) and (0.1-0.4 mg L' and 0.08-1.5 mg L"),
respectively. The adsorption capacity of graphene
oxide for lithium and manganese was achieved
at 148.5 mg g' and 122.3 mg g!, respectively.
Validation of the method was performed by spiking
samples and standard reference materials (SRM) in
the human blood, serum and urine.
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ABSTRACT

Benzene has a carcinogenic effect on the human body and adsorption
from the air is the best way to control it. By this research, benzene
vapor was removed from the air based on a tantalum metal-organic
framework (Ta-MOF) by gas flow solid-phase interaction (GF-SPI).
Benzene adsorption with Ta-MOF was studied in the static and
dynamic systems at room temperature. The benzene concentration
was analyzed by gas chromatography equipped with an FID detector
(GC-FID). The factors affecting benzene removal efficiency like
initial concentration of benzene, amount of adsorbent, exposure time,
flow rate, and temperature were studied and optimized. The results
showed us, the adsorption capacities range of Ta-MOF for benzene
in the static and dynamic system were obtained between 90-160 mg
g'and 65-135 mg g, respectively. Also, the high removal efficiency
was achieved by more than 95% at 45°C, 67.5 mg L' benzene
concentration, 0.5 g of Ta-MOF, and the flow rate of 250 mL min™!
for a dynamic system. By dynamic system, the benzene is generated
in the chamber, stored in a bag, and then moved on the surface of
Ta-MOF. The GF-SPI method was validated by GC-MS and spiking
real samples.

1. Introduction

definitive carcinogen in humans since 1979 based
on sufficient evidence of leukemia. Benzene can

Volatile organic compounds (VOCs) contain a
carbon structure with a high vapur pressure at
room temperatures [1]. These compounds are
known air pollutants released through industrial
activities such as liquid fuels and cleaning supplies
[2]. Benzene is a hazardous pollutant in the air that
workers in various industries (oil and chemicals)
exposure to it [3]. Benzene has been classified as a

*Corresponding Author: Ali Faghihi-Zarandi
Email: Alifaghihi60@yahoo.com
https://doi.org/10.24200/amec;j.v4.104.155

replace by toluene or derivatives with less toxicity
[4,5]. Benzene exists in fuels such as gasoline and
is used in the production of styrene, dyes, inks and
polymer products [6, 7]. Benzene enters into the air
through different ways such as gasoline leakage,
pipelines and petrochemical effluents[8]. Exposure
to benzene can affect human health and cause
cancer, CNS impairment, and kidney diseases [7,
9, 10]. The benzene is volatilized and distributed
in air, soil, water and foods [11,12]. Exposure to
BTEX products causes many problems in the
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human body [13-15]. By increasing stringent
environmental standards, the
for the removal of VOCs is the principal aim
[16]. Methods developed to control and remove
VOCs emission on industrial plants including,
condensation, adsorption, catalytic oxidation, and
biodegradation methods. Whereas adsorption onto
sorbents such as activated carbon, zeolites, and
cotton fibres has been the reliable option so far
[17,18]. Adsorption is one of the most efficient
ways to control the emission of VOCs [19]. Some
common adsorbents for the adsorption process are
carbon quantum dots(CQDs), graphene(NG), resin,
zeolite, and carbon nanotubes [20]. Metal-organic

actual control

frameworks (MOFs) are relatively new compounds
made of porous crystal materials and are being
studied as adsorbents since 1998 [21]. These
materials are regular polymers that are formed
from different metals and bonds between metals
created by organic compounds [22]. Organic-
metal framework compounds use in clean energy,
as the most important storage devices for gases
such as hydrogen and methane, as well as high-
capacity adsorbents to meet various separation
needs23] ]. The previous studies have shown that
these adsorbents have excellent performance in
absorbing benzene vapours. For instance, in 2008,
Bright and colleagues studied benzene adsorption
efficiency on various adsorbents made from MOFs.
The adsorption occurs at the same conditions at
25°C and 440 ppm benzene concentration. Also,
the adsorption capacities of the adsorbents varied
from 2 to 176 mg g'. The MOF-199 sorbent had
the highest absorption rate [24]. In 2019, Vikrant
et al. Examined conventional adsorbents such as
activated carbon for the adsorption of gaseous
benzene compared to the new adsorbent of the
metal-organic framework. The results showed the
highest efficiency of MOF-199 was 94.8 mg g,
which was slightly higher than the other adsorbent,
activated charcoal (93.5mgg™"). Also, the adsorption
efficiency of the adsorbent MOF(Ui0O-66) is 27.1
mg g, which is lower than the activated charcoal
adsorption efficiency [25]. In 2011, Young and
colleagues studied the adsorption of VOCs by
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the metal-organic framework, MIL-101(Cr),
influenced by the shape and size of the molecule
and concluded that benzene adsorption capacity in
MIL-101 was 1291477 mg g'[21]. Ahmaruzzaman
and Xiang et al showed that activated carbon has
desirable physical and chemical properties, which
made it useful as an adsorbent and was used in the
industry for decades. Sone et al were reported the
CNTs can be used for BTEX removal from the air.
They showed the carbon nanotubes are promising
better absorbed than other carbon materials due
to their unique properties. The CNT has been
defined as cylindrical porous with walls made of
crystalline graphite layers. Many technologies,
such as bio-filter system [26], surface interaction
[27], separation [28], adsorption [29, 30], and
nanocatalyst [31], were used for VOCs removal. In
addition, the various adsorbents such as activated
carbon based on cellulose acetate [32], carbon
nanotube (MWCNTs) [33], Zeolite [34], the
graphene-modified by IL [35] were reported for
removal benzene and BTX from the air.

In this study, benzene vapour was removed
from the air based on a tantalum metal-organic
framework (Ta-MOF) by the gas flow solid-phase
interaction (GF-SPI). Benzene adsorption based on
Ta-MOF was evaluated in the static and dynamic
systems. The benzene concentration was analyzed
by the GC-FID. The main parameters such as
temperature, flow rate, the adsorbent mass and
benzene concentration were optimized.

2. Material and Methods

2.1. Instrumental and reagents

All of the chemical compounds such as
benzene anhydrous (99.8%, CAS N.: 71-43-2),
tantalum chloride (CAS N: 7721-01-9 TaCl,),
benzene tetracarboxylic acid (CAS N.: 89-
05-4), the cetyltrimethylammonium-Bromide
(CAS N.: 57-09-0), and propane had high purity
and were purchased from the Merck/Sigma
company(Germany). Five calibration solutions
of benzene were prepared. The approximate
concentrations of benzene were prepared from 0.1,
0.5, 1.0, 1.5, and 2.0% (v/v). The other chemicals
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Fig.1. Preparation steps for synthesis of the tantalum metal-organic framework

based on GC grade and 99% purity were purchased
from Merck (Germany). The characterization of the
synthesized MOF was carried out via SEM-Philips
XL 30, UK, and the X-ray diffraction equipment
(XRD) Rigaku XDS 2000. The Agilent 7890A
GC based on three detectors was used for benzene
determination. The FID detector chosen was
selected for benzene analysis in air. For injecting,
slide the plunger carrier down and tighten the
plunger thumb screw. Due to sampling valves, we
introduce a sample of fixed size into the carrier gas
stream. Valves are most frequently used to sample
air or liquids. Gas sampling bags with valve and
septum port (Tedlar) and air sampling apparatus
(Bucket brigade) were prepared. The split/splitless
injector, FID, and a column coated (50 m x 0.2 mm
id.) was used by GC. The injector temperature was
adjusted to 200-210°C and the detector temperature
at 240-250°C. The GC oven temperature was tuned
at 220°C. Hydrogen as t}}e carrier gas was used at a
flow rate of 1.0 mL min with a split ratio of 1:100.
Vials with PTFE air-tight cap (parker) were used as
a batch/static system.

2.2. Preparation of the tantalum metal-organic
framework

In this study, the MOF adsorbent was prepared by
Rezaie and colleagues’ research [36]. A solution
of tantalum chloride (0.027 g) and benzene
tetracarboxylic acid (0.011 g) was prepared in 17
mL double distilled water (DDW). The solution
prepared from the reaction above and then added
to the mixture of 0.77 g cetyltrimethylammonium-
Bromide and 8 mL propane in a 50 mL Pyrex tube.

This new compound is then put in a microwave
bath of 45°C and microwave bath with a power
of 220 watts for 30 minutes. After 45 minutes of
centrifuging, the MOF white crystals were formed,
and then the product was left to dry in an argon
atmosphere (Fig.1).

2.3. Benzene preparation in a dynamic system
First, the air was purified with an electro air cleaner
(EA-HEPA600M) based on HEPA and activated
carbon which was removed particles 200-300 nm
(99.97%) and VOCs from the air, respectively.
Then, the pure air passed through the chamber and
entered to PVC bag (5 Li) by an SKC pump. The
amount of H,O (vapor) was controlled by adjusting
the amount of water injection. All of the gas lines
and bags were covered with heating jackets at 50-
60 °C to prevent H O (vapor) and benzene from
condensing (Fig.2).

2.4. Static and dynamic adsorption procedure
10 mL of different
concentrations of benzene were drawn with a syringe

For the static experiment,

and injected into the vials that were air-tightened with
a PTFE lid and contained the Ta-MOF adsorbent.
After a specific time, 100-500 microliter air from
the vial was extracted and injected into the GC-FID
analyzer for determining benzene. The effect of
four exposures, times (5, 10, 15, and 20 minutes),
the amount of Ta-MOF adsorbent in four amounts
(0.5, 1, 1.5, and 2 mg), four different concentration
levels (30, 50, 70, and 100 mg L' of benzene) and,
two temperatures of 25 and 45°C based on Ta-MOF
adsorbent were studied (Fig.3).
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Fig.4. The calibration curve of benzene based on Ta-MOF adsorbent by GC-FID

The adsorption efficiency for static adsorption was
obtained from the following equation:

(CO - Ce) XV
m

Q=

In the equation, Q is adsorption efficiency in (mg
g'), C, is benzene’s primary concentration in (mg
L"), C, is benzene’s equilibrium concentration in
the vial in (mg L), m is the amount of adsorbent in
(g), and V is the vial’s volume in (L).

To draw the calibration curve from different
standard concentrations of benzene in the ranges
between 10 - 1000 mg L' were prepared in Tedlar
sampling bags. Then, 100-500 microliters of the
air vial containing benzene were prepared by a
micro GC syringe. At last, the calibration curve
was plotted by considering standard solutions and
adsorption peak areas by GC-FID (Fig.4).

By dynamic procedure, 20 mg of Ta-MOF sorbent
tubes connected to a sampling pump (SKC, UK).
The flow rate was adjusted to 50-400 mL min™.
The benzene vapour was mixed with pure air in
the chamber, the different value of benzene in the
air was passed through the Ta-MOF sorbent. After
adsorption of benzene on Ta-MOF, the adsorbent
was heated by thermal accessory at 80-100 °C in
the presence of Ar gas and then, the benzene was

desorbed from Ta-MOF and flowed/stored in a
polyethylene bag. Finally, the 100 -500 microliters
of air were aspired with Hamilton syringes and
injected into an injector of GC-FID. Based on
the dynamic procedure, Ta-MOF had efficient
extraction and recovery for the removal of benzene
from the air. The results showed that the absorption
capacity of the static system was higher than the
dynamic system at a flow rate of 250 ml min™.

3. Results and Discussion

3.1. SEM, TEM and XRD analysis

The morphology and size distribution of Ta-MOF
nanoparticles were studied by a scanning electron
microscope (SEM) and transmission electron
microscopy (TEM). In this study, characterization
of tantalum MOF adsorbent was carried out by
SEM, TEM and XRD devices. SEM’s microscopic
images of Ta-MOF showed that the average size
of particles in tantalum MOF adsorbent is 48
nanometers (Fig.5a). TEM of Ta-MOF showed
a nanometric size of about 30 nm. The Ta-MOF
sample has homogenous morphology with similar
particle size (Fig.5b). Also, XRD images showed that
tantalum MOF adsorbent has a cubic crystal structure
(Fig.6). the X-ray diffraction pattern of porous Ta-
MOF that prepared by the ultrasonic method. A
comparison of Ta-MOF diffraction with the other
MOF revealed a triclinic crystalline structure of Ta-
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SEM HV: 15.0 kV.

Fig. 5a. SEM images of tantalum Ta-MOF

Intensity (a.u)

Mohammad Bagher Aghebat Bekheir et al 41

Fig. 5b. TEM images of tantalum Ta-MOF
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Fig. 6. XRD images of the tantalum MOF adsorbent

MOF. As TEM images any agglomeration wasn’t
seen in the structure of Ta-MOF.

3.2. The effect of benzene concentration on
adsorption efficiency

The effect of benzene’s primary concentration
varying from 10 to 100 mg L' on tantalum MOF
adsorbent was studied. The results showed tantalum
adsorbent became saturated at a concentration of
70 mg L! (Fig. 7).

3.3. The Effect of exposure time on adsorbent

efficiency
The effect of different times from 5 to 20 minutes

for benzene removal based on tantalum MOF in
different concentrations of benzene between 10-100
mg L' was studied. In this study, it was observed that
increasing the exposure time has a positive effect on
the recovery and adsorption capacity of Ta-MOF
adsorbent. The results showed, the adsorption rate
increases up to 10 minutes and then remains almost
constant (Fig.8).

3.4. The effect of the amount of Ta-MOF on
adsorption efficiency

The effect of the amount of the adsorbent (Ta-MOF)
in the range of 0.1 to 2 mg for benzene removal
include the benzene concentration (10 - 100 mg L)
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Fig.7. The effect of benzene concentration on Ta-MOF adsorption efficiency

was studied in optimized conditions. The results
showed the maximum adsorption efficiency for
benzene was achieved for 0.5 mg of Ta-MOF by
70 mg L. Due to Figure 9, for an extra amount
of adsorbent, the adsorption capacity increased and
then constant (Fig. 9).

3.5. The effect of temperature on adsorption
efficiency of Ta-MOF

For efficient removal of benzene from the air, the
effect of temperature on adsorption/desorption of
Ta-MOF must be optimized. The results showed
us, the optimized temperature for adsorption and
desorption of benzene from sorbent was achieved

at 45 °C and 90 °C, respectively. The effect of
temperature on benzene removal was studied in
optimized conditions. For this purpose, the different
concentrations of benzene in the range of 10 to
100 mg L' of benzene at a temperature between
25 - 60°C were evaluated. The results showed us,
the maximum absorption capacity and efficiency
were obtained at the temperature of 45 °C. For
evaluating, 100-500 microliters of air containing
benzene in static and dynamic procedure injected
into GC. As shown in Figure 10, by increasing
temperature, the absorption capacity and efficiency
decreased (Fig.10).
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Fig. 8. The Effect of exposure time on adsorbent efficiency
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3.6. Effect of flow rate

By procedure, the effect of different flow rates
between 50 -500 mL min! was studied by Ta-
MOF adsorbent. The flow rate was measured by
a digital rotameter. The removal efficiency and
adsorption capacity of Ta-MOF were reduced
in more than 300 mL min”' of flow rate. So, 250
mL min'! of flow rate was used as optimum flow
rate for removal of benzene from the air. A higher

flow rate was significantly reduced the adsorption
efficiency of benzene. Figure 11 shows the
efficiency and
decreased by increasing the flow rate in optimized
temperature (blue, 45 °C). Therefore, benzene

removal adsorption capacity

cannot absorb at a higher flow rate by the sorbent.
The results showed us the removal efficiency and
the adsorption capacity was decreased at 60 °C

(grey).

Table 1. Validation of GF-SPI method in a dynamic system based on Ta-MOF adsorbent
by spiking benzene (ppm)

Air Samples

GF-SPI, GC-FID

Added(ppm) ppm Recovery (%)
A -—-- 11.9+04 -
10 21.7+ 1.1 98.1
B - 18.5+0.8 -
20 382+1.7 98.5
C e 31.7+14 e
30 61.9+29 100.6

Mean of three determinations + confidence interval (P =0.95, n =5)
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3.7. Validation of methodology

The Ta-MOF was used for the removal of benzene
vapour from the air. By the proposed method, a
mixture of 10-100 ppm of benzene vapour in
pure air (Ar gas) was passed through Ta-MOF
sorbent by an SKC pump. Before adsorption,
the standard of benzene in the air was validated
by GC-MS in different concentrations. For
validation, the spiked benzene concentration was
done to demonstrate the reliability of the method
by Ta-MOF (Table 1). At optimized conditions,
at different times based on 250 mLmin!, the
different concentrations of benzene in the air
were generated and used for validation by spiking
samples. The efficient recovery of spiked samples
confirmed the capability of flow solid-phase
interaction (GF-SPI) for the removal of benzene
from the air.

3.8. Discussion

MOF adsorbent is one of the strongest adsorbents
regarding the removal of volatile compounds
from the air. In this study, the effect of tantalum
organic metal framework adsorbent (Ta-MOF) for
the removal of benzene vapour was investigated.
The efficiency of different MOF adsorbents for
benzene adsorption is shown in Table 2. Due to
results, the tantalum MOF adsorbent has a higher
adsorption efficiency as compared to the other
adsorbents. In 2010, Lu and colleagues conducted
a study regarding the removal of benzene, toluene,
ethylbenzene,
nanotubes oxidized by sodium hypochlorite
and concluded that at first, with the increase of

and para-xylene with carbon
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exposure time, benzene adsorption efficiency also
increased and then decreased [37]. As compared
to the Ta-MOF, by increasing exposure time,
the adsorption efficiency increased. Moreover,
the maximum amount of adsorption occurred at
10 minutes and then the amount of adsorption
remained constant. Also, in 2018, Hua Xie and
colleagues carried out a study and concluded that
the increase in temperature when using the MOF
adsorbent, BUT-66 (Zr), lowered adsorption
efficiency. In this study, it was found that the
adsorbent at 25 and 80 ° C had 2.54 mmol g and
1.65 mmol g' of benzene adsorption, respectively
[5], while in the present study at 25 and 45 °
C, by increasing temperature, the amount of
adsorption has decreased slightly. Also, the effect
of temperature in the different adsorbents such as
nano activated carbons and activated carbon has
also been observed, which is confirmed by the
study of Golbabai et al. to remove xylene vapor
by these adsorbents. The results from Bright and
colleagues research in 2008 regarding benzene
adsorption efficiency using the adsorbents such as
(MOF-5) (Zn40(CO2)6), (MOF-3)(C,H.NO,-2),
(MOF-177)  (Zn,O(btb),)) and (MOF-199)
(Cu,(CO,),), at benzene concentration levels
of 440 ppm, showed that benzene adsorption
efficiency for each 1gr adsorbent, was 2, 56, 1,
and 176 milligrams of benzene, respectively [38].
However, in the present study, a trace amount of
Ta-MOF can be absorbed by a high concentration
of benzene (70 ppm) with a significant adsorption
rate of 155.3 mg g!' which indicated the high
adsorption capacity of the Ta-MOF adsorbent.

Table2. Comparing of adsorption capacities of Ta-MOF with other adsorbents

Adsorbate Adsorbents A (m*>g") Q, T Refs.
(Zn,0(CO,),) MOF-5 2205 2mgg’ 25°¢ [24]
(C;HNO,-2)IRMO-3 1568 56 mg g’! 25°%¢ [24]

(Zn*0,(CO,),)MOF-74 632 96 mg g! 25°¢ [24]
Benzene (Zn,0O(btb),)MOF-177 3875 I mgg! 25°c [25]
(Cu,(CO,),)MOF-199 1264 176 mg g 25°¢ [24,25]
IRMO-62 1814 109 mg g 25°¢ [24]
MIL-101 (Cr) 3980 129177 mg g'! 25°¢ [17]
Ta-MOF 1200 350 mg g 45°¢ This study




46 Anal. Methods Environ. Chem. J. 4 (4) (2021) 36-48

4. Conclusion

In the present study, a new Ta-MOF adsorbent was
used for the removal of benzene from air and the
absorption efficiency studied. For benzene analysis,
100-500 microliter air from the vial (static) or
polyethylene bag (dynamic) was extracted and
injected into the GC-FID analyzer. To evaluate the
adsorbent capacity, the effect of four independent
factors such as benzene concentration, the adsorbent
amount, the exposure time, and temperature on the
amount of benzene adsorption were investigated. The
absorption capacities of static and dynamic procedures
based on Ta-MOF were obtained 155.3 mg g' and
124.6 mg g, respectively based on 0.5 g of Ta-MOF
and the flow rate of 250 mL min™. The results showed
the Ta-MOF adsorbent had more adsorption capacity
than other conventional adsorbents.

5. Acknowledgements

The authors wish to thank the Department
of Occupational Health and Safety at Work,
Kerman University of Medical Sciences, Kerman,
Iran for supporting this work.

6. References

[1] G. Zhang, Y. Liu, S. Zheng, Z. Hashisho,
Adsorption of volatile organic compounds
onto natural porous minerals, J. Hazard.
Mater., 364 (2019) 317-324. https://doi.
org/10.1016/j.jhazmat.2018.10.031.

[2] P. Liu, C. Long, Q. Li, H. Qian, A. Li, Q.
Zhang, Adsorption of trichloroethylene
and benzene vapors onto hypercrosslinked
polymeric resin, J. Hazard. Mater.,, 166
(2008)  46-51.  https://doi.org/10.1016/j.
jhazmat.2008.10.124.

[3] D. Loomis, K.Z. Guyton, Y. Grosse, F.
El Ghissassi, V. Bouvard, L. Benbrahim-
Tallaa, N. Guha, N. Vilahur, H. Mattock, K.
Straif, Carcinogenicity of benzene, Lancet.
Oncol, 18 (2017) 1574-1575. https://doi.
org/10.1016/s1470-2045(17)30832-x.

[4] R.Althouse, J. Huff, L. Tomatis, J. Wilbourn,
Chemicals and industrial processes associated
with cancer in humans. IARC Monographs,

IARC. Monogr. Eval. Carcinog. Risk.
Chem. Hum. Suppl., 1-20 (1979) 1-71.
https://monographs.iarc.who.int/wp-content/
uploads/2018/06/mono71.pdf

[5] L.H. Xie, X. M. Liu, T. He, J. R. Li, Metal-
Organic frameworks for the capture of
trace aromatic volatile organic compounds,
Chem., 4 (2018) 1911-1927. https://doi.
org/10.1016/j.chempr.2018.05.017.

[6] P.Gaurh, H. Pramanik, Production of benzene/
toluene/ethyl benzene/xylene (BTEX) via
multiphase catalytic pyrolysis of hazardous
waste polyethylene using low-cost fly ash
synthesized natural catalyst, Waste. Manag.,
77 (2018) 114-130. https://doi.org/10.1016/j.
wasman.2018.05.013.

[7] D.M.Chambers, C.M.Reese, L.G. Thornburg,
E. Sanchez, J.P. Rafson, B.C. Blount,
J.R.E. Ruhl, V.R. De Jesus, Distinguishing
petroleum (Crude Oil and Fuel) from smoke
exposure within populations based on the
relative blood levels of benzene, toluene,
ethylbenzene, and xylenes (BTEX), styrene
and 2,5-Dimethylfuran by pattern recognition
using artificial neural networks, Environ. Sci.
Technol., 52 (2018) 308-316. https://doi.
org/10.1021/acs.est.7b05128.

[8] E.Farsouni Eydi, A. Shariati, M.R. Khosravi-
Nikou, Separation of BTEX compounds
(benzene, toluene, ethylbenzene and xylenes)
from aqueous solutions using adsorption
process, J. Dispers. Sci. Technol., 40 (2019)
453-463. https://doi.org/10.1080/01932691.2
018.1472007.

[9] A.L. Bolden, C.F. Kwiatkowski, T. Colborn,
New look at BTEX: Are ambient levels a
problem?, Environ. Sci. Technol., 49 (2015)
5261-5276. https://doi.org/10.1021/es505316f.

[10] M.I. Konggidinata, B. Chao, Q. Lian, R.
Subramaniam, M. Zappi, D.D. Gang,
Equilibrium, kinetic and thermodynamic
studies for adsorption of BTEX onto ordered
mesoporous carbon (OMC), J. Hazard.
Mater., 336 (2017) 249-259. https://doi.
org/10.1016/j.jhazmat.2017.04.073.



Removal of benzene from the air by Ta-MOF

[11] R. Montero-Montoya,
0. Arellano-Aguilar,
compounds in air:

R. Lopez-Vargas,
Volatile
sources, distribution,

organic

exposure and associated illnesses in children,
Ann. Glob. Health, 84 (2018) 225-238.
https://doi.org/10.29024/a0gh.910.

[12] F.A.  Kuranchie, PN.
F.  Attiogbe, E.N.
Occupational exposure of benzene, toluene,

Angnunavuri,
Nerquaye-Tetteh,

ethylbenzene and xylene (BTEX) to pump
attendants in Ghana: Implications for policy
guidance, Cogent. Environ. Sci., 5 (2019)
1603418. https://doi.org/10.1080/23311843.
2019.1603418.

[13] H.Huang, H. Huang, Q. Feng, G. Liu, Y. Zhan,
M. Wu, H. Lu, Y. Shu, D.Y. Leung, Catalytic
oxidation of benzene over Mn modified TiO,/
ZSM-5 under vacuum UV irradiation, Appl.
Catal. B, 203 (2017) 870-878. https://doi.
org/10.1016/j.apcatb.2016.10.083.

[14] W. Yang, H. Zhou, C. Zong, Y. Li, W. Jin,
Study on membrane performance in vapor
permeation of VOC/N2 mixtures via modified
constant volume/variable pressure method,
Sep. Purif. Technol., 200 (2018) 273-283.
https://doi.org/10.1016/j.seppur.2018.02.044.

[15] V. Binas, V. Stefanopoulos, G. Kiriakidis,
P.  Papagiannakopoulos,  Photocatalytic
oxidation of gaseous benzene, toluene and
xylene under UV and visible irradiation over
Mn-doped TiO, nanoparticles, J. Mater.,
5 (2019) 56-65. https://doi.org/10.1016/j.
jmat.2018.12.003.

[16] Y. Wang, H. Tao, D. Yu, C. Chang,
Performance assessment of ordered porous
electrospun honeycomb fibers for the
removal of atmospheric polar volatile organic
compounds, Nanomater. (Basel), 8 (2018)
350. https://doi.org/10.3390/nano8050350.

[17] K. Yang, Q. Sun, F. Xue, D. Lin, Adsorption
of volatile organic compounds by metal-

MIL-101:

of molecular size and shape, J. Hazard.

Mater., 195 (2011) 124-131. https://doi.

org/10.1016/j.jhazmat.2011.08.020.

organic frameworks influence

Mohammad Bagher Aghebat Bekheir et al 47

[18] K. Vellingiri, P. Kumar, A. Deep, K.-
H. Kim, Metal-organic frameworks for
the adsorption of gaseous toluene under
ambient temperature and pressure, Chem.
Eng. J., 307 (2017) 1116-1126. https://doi.
org/10.1016/j.cej.2016.09.012.

[19] W. Song, D. Tondeur, L. Luo, J. Li, VOC
Adsorption in circulating gas fluidized bed,
Adsorption, 11 (2005) 853-858. https://doi.
org/10.1007/s10450-005-6035-z.

[20] Z.Zhao, S. Wang, Y. Yang, X. Li,J. Li, Z. Li,
Competitive adsorption and selectivity of
benzene and water vapor on the microporous
metal organic frameworks (HKUST-1),
Chem. Eng. J., 259 (2015) 79-89. https://
doi.org/10.1016/j.cej.2014.08.012.

[21] S. Gwardiak, B. Szcze$niak, J. Choma,
M. Jaroniec, Benzene adsorption on
synthesized and commercial metal-organic
frameworks, J. Porous, Mater., 26 (2018)
775-783.  https://doi.org/10.1007/s10934-
018-0678-0.

[22] L.Y. Filippova, V.N. Shubina, N.P. Kozlova,
S.B. Putin, Adsorption properties of the
MOF-5
relation to water and benzene, Russ. J.
Appl. Chem., 86 (2013) 1388-1391. https://
doi.org/10.1134/S1070427213090126.

[23] Zhou H-C, Long JR, Yaghi OM, Introduction
to Metal-Organic Frameworks, Chem.
Rev., 112 (2012) 673-674. https://doi.
org/10.1021/cr300014x.

[24] D. Britt, D. Tranchemontagne, O.M. Yaghi,

with  high
capacity and selectivity for harmful gases,
Proc. Natl. Acad. Sci., 105 (2008) 11623.
https://doi.org/10.1073/pnas.0804900105.

[25] K. Vikrant, C. J. Na, S.A. Younis, K. H.
Kim, S. Kumar, Evidence for superiority
of conventional adsorbents in the sorptive
removal of gaseous benzene under real-

metal-organic  framework in

Metal-organic  frameworks

world conditions: Test of activated carbon
against novel metal-organic frameworks, J.
Clean. Prod., 235 (2019) 1090-1102. https://
doi.org/10.1073/pnas.0804900105.



48

[26]

Anal. Methods Environ. Chem. J. 4 (4) (2021) 36-48

D. Wu, X. Quan, Y. Zhao, S. Chen,
Removal of p-xylene from an air stream
in a hybrid biofilter, J. hazard. Mater., 136
(2006) 288-295. https://doi.org/10.1016/j.
jhazmat.2005.12.017.

[27] S. Pedram, H.R. Mortaheb, F. Arefi-Khonsa,

Optimization of benzene removal by air gap
membrane distillation using response surface
methodology, J. Water Supp. Res. Technol.,
68 (2019) 231-242. https://doi.org/10.2166/
aqua.2019.067.

[28]Y. Yang, P. Bai, X. Guo, Separation of xylene

isomers: a review of recent advances in
materials, Ind. Eng. Chem. Res., 56 (2017)
14725-14753. https://doi.org/10.1021/acs.
iecr.7b03127.

Z. Vahdat Parast, H. Asilian, A. Jonidi
Jafari, Adsorption of xylene from air by
Natural Iranian zeolite, Health. Scope, 3
(2014) e17528. https://dx.doi.org/10.17795/
jhealthscope-17528.

[30] S.T. Lim, J.H. Kim, C.Y. Lee, S. Koo, D. W.

Jerng, S. Wongwises, H.S. Ahn, Mesoporous
graphene adsorbents for the removal of
toluene and xylene at various concentrations
and its reusability, Sci. Rep., 9 (2019) 1-12.
https://doi.org/10.1038/s41598-019-47100-z.

[31] K.W. Shah, W. Li, A Review on catalytic

nanomaterials for volatile organic compounds
removal and their applications for healthy
buildings, Nanomater. (Basel), 9 (2019) 910.
https://doi.org/10.3390/1an09060910.

[32] K. Patil, S. Jeong, H. Lim, H. S. Byun, S.

Han, Removal of volatile organic compounds
from air using activated carbon impregnated
cellulose acetate electro spunmats, Environ.
Eng. Res., 24 (2019) 600-607. https://doi.
org/10.4491/eer.2018.336.

[33] M. Bagheri Hossein Abadi, H. Shirkhanloo,

J. Rakhtshah, Air pollution control: the
evaluation of TerphApm@MWCNTs as a
novel heterogeneous sorbent for benzene
removal from air by solid phase gas extraction,
Arab. J. Chem., 13 (2020) 1741-1751. https://
doi.org/10.1016/j.arabjc.2018.01.011.

[34] S. KP Veerapandian, N. De Geyter, J. M.

Giraudon, J.-F. Lamonier, R. Morent, the
use of zeolites for VOCs abatement by
combining non-thermal plasma, adsorption,
and/or catalysis: a review, Catalysts, 9 (2019)
98. https://doi.org/10.3390/catal9010098.

[35] H. Shirkhanloo, M. Osanloo, O. Qurban-

[36]

dadras, Nobel method for toluene removal
from air based on ionic liquid modified nano-
graphene, Int. J. Occup. Hyg., 6 (2014) 1-5.
https://ijoh.tums.ac.ir/index.php/ijoh/article/
view/89

M.R. Rezaei Kahkha, M. Kaykhaii, G.
Sargazi, B. Rezaei Kahkha, Determination
of nicotine in saliva, urine and wastewater
samples organic
framework pipette tip micro-solid phase
extraction, Anal. Methods, 11 (2019) 6168-
6175. https://doi.org/10.1039/C9AY01773A.

using tantalum metal

[37] F. Su, C. Lu, S. Hu, Adsorption of benzene,

[38]

toluene, ethylbenzene and p-xylene by
NaOCl-oxidized carbon nanotubes, Colloids.
Surf. A. Physicochem. Eng. Asp., 353
(2010) 83-91. http://dx.doi.org/10.1016/;.
colsurfa.2009.10.025.

M. Jafarizaveh, H. Shirkhanloo, F. Golbabaei,
A. Tabrizi, K. Azam, M. Ghasemkhani,
Nobel method for xylene removal from air on
nano activated carbon adsorbent compared to
NIOSH approved carbon adsorbent, J. Health
Safe. Work, 6 (2016) 23-30. https://jhsw.tums.
ac.ir/browse.php?a_id=5374&sid=1&slc
lang=en



Anal. Methods Environ. Chem. J. 4 (4) (2021) 49-63

Research Article, Issue 4
Analytical Methods in Environmental Chemistry Journal

Journal home page: www.amecj.com/ir

Adsorption of nitrate from aqueous solution with ZSM-5/Fe
nanosorbent based on optimizing of the isotherms conditions
before determination by UV-Vis Spectrophotometry
Mostafa Hassani?, Mohsen Zeeb™*, Amirhossein Monzavi®, Zahra Khodadadi ® and Mohammad Reza Kalaee®

“Department of Applied Chemistry, Faculty of Science, Islamic Azad University, South Tehran Branch, Tehran, Iran

®Department of Polymer and Textile Engineering,Islamic Azad University,South Tehran Branch, Tehran, Iran
‘Department of Polymer and Chemical Engineering,Islamic Azad University,South Tehran Branch, Tehran, Iran

ARTICLE INFO:
Received 28 Jul 2021
Revised form 7 Oct 2021
Accepted 10 Nov 2021
Available online 30 Dec 2021

ABSTRACT

The life-threatening nature of high nitrate concentrations in various
water resources motivated the present study to investigate the nitrate
adsorption by ZSM-5 nanozeolite and the feasibility of increasing
nitrate removal efficiency using iron-doped ZSM-5 (ZSM-5/Fe)
nanoadsorbent. The optimal adsorption conditions were determined
first by modeling the central composite design (CCD) using Design
Expert.7 software based on four influential factors of contact time,

Keywords: pH, adsorbent dosage and initial nitrate concentration. Then, the
Adsorption, isotherms of nitrate adsorption under optimized conditions were
ZSM'5/FG nanozeolite, investigated using the degree of fit of experimental data with
Freundhph, Langmuir and Freundlich models for mathematical modelling of
Langmuir, the nitrate adsorption process. Based on the test design results, the

UV-Vis Spectrophotometry highest nitrate removal efficiency (%93.1) was determined with UV-

Vis spectrophotometry at the contact time of 150 min, pH value of
3, the adsorbent dosage of 4 g L! and initial concentration of 40 mg
L. Analysis of adsorption isotherms also confirmed the greater fit
of the experimental data with the Freundlich equation, so that the
correction factor of the Freundlich equation was greater than the
Langmuir equation, due to the heterogeneous distribution of active
sites for adsorption on the ZSM-5/Fe nanosorbent surface. Therefore,
it can be concluded that ZSM-5/Fe is a high efficiency nanosorbent
for nitrate removal from water resources.

1. Introduction

Nitrate is known to be one of the most serious threats
to human health in the world, which enters the human
body through the penetration into groundwater and
surface water resources following the excessive use
of chemical fertilizers and uncontrolled discharge
without nitrification of municipal and industrial
wastewater in the environment [1-3]. This ion is

*Corresponding Author: Mohsen Zeeb
Email: zeeb.mohsen@gmail.com
https://doi.org/10.24200/amecj.v4.104.154

relatively non-toxic in nature, but its reduction to
nitrite by microorganisms can pose serious health
risks to humans, including blue baby syndrome,
also known as infant methemoglobinemia [4-7].
Accordingly, the EPA has recommended that the
maximum permissible concentration of nitrate is
10 mg L' in drinking water [8]. Hence, various
methods have been previously employed to
remove nitrate from aqueous solutions, such
as adsorption, ion exchange, reverse osmosis,
chemical and biological methods. In recent years,
adsorption methods have attracted much attention
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in the removal of mineral ions, including fluoride,
nitrate, bromate and perchlorate from water and
wastewater. Conventional chemical adsorbents
today include those based on carbon, clay,
zeolite, chitosan, bilayer compounds (hydroxide/
hydrotalcite), agricultural and industrial wastes,
and miscellaneous group [9- 19]. Many researchers
at present are focusing on zeolites as natural
adsorbents of environmental pollutants through
ion exchange or adsorption or both due to large
specific surface area, unique channel structure,
high-temperature hydrothermal stability and high
modifiability to enhance adsorption efficiency
[20-25]. Kamarehie et al. fabricated a natural
nanosorbent using granular activated carbon
from grape wood coated with iron nanoparticles
to remove nitrate from aqueous solutions.
The adsorption was then investigated by the
Freundlich isotherm model. Their results showed
that more than 99% of nitrate was removed from
the solution with this nanosorbent [26]. Mazarji
et al removed nitrate from the aqueous solution
using modified granular activated carbon. They
modified a commercial granular activated carbon
with sodium hydroxide to increase nitrate removal
efficiency, followed by examining parameters such
as adsorbent dosage, solution pH, contact time
and initial nitrate concentration and temperature
in the nitrate adsorption process. They concluded
that the use of two-step treatment could be a
promising method in improving the efficiency of
activated carbon to remove nitrate from water [27].
Hafeshjani et al. used sugarcane residues to remove
nitrate from aqueous solutions, and investigated
the physicochemical properties of the adsorbent
such as morphology, element composition, ion
exchange capacity and specific surface area.
They measured parameters such as pH, adsorbent
dosage, contact time, initial nitrate concentration
and temperature using different adsorption kinetic
models such as Freundlich, Langmuir and others.
Their results indicated that the maximum nitrate
removal efficiency was achieved at pH value of
4.64, contact time of 60 minutes, adsorbent dosage
of 2 g L' and the best models were Langmuir

isotherm model and  Pseudo-second-order
kinetic model [28]. Meftah et al modified natural
nanozeolite with 3-aminopropyl triethoxysilane
and investigated the optimal conditions for nitrate
adsorption capacity of modified zeolite in aqueous
solutions. Their results revealed that the best nitrate
removal capacity (80.12 %) was obtained at the
lowest pH value of 3 and nitrate concentration of
50 mg L' and adsorbent dosage of 4 g L' [29].
Alimohammadi et al optimized the nitrate removal
efficiency using magnetic multi-walled carbon
nanotubes by response surface methodology
(RSM). They measured two parameters of pH
and D/C ratio with quadratic models using RSM,
and reported the maximum nitrate removal
efficiency (%97.15) at pH = 4 and D/C = 40 mg per
mg L. It is worth mentioning that they used the
Freundlich adsorption isotherm to interpret the
adsorption dosage [30]. Azari et al. fabricated a
zeolite modified with hydrochloric acid to remove
nitrate from aqueous solutions, and investigated
the effects of pH, strings speed, contact time, and
optimum adsorbent dosage for this nanosorbent
under isotherm equations. Their results revealed
that the optimum conditions for pH, contact time
and adsorbent dosage for maximum nitrate removal
with this nanosorbent were 5, 180 minand 16 g L',
respectively, confirming higher removal efficiency
compared to simple unmodified zeolite due to
the presence of larger sites [31]. Sepehri et al.
presented a natural zeolite-supported zero-valent
iron nanoparticles (ze-Nzvi adsorbent) using the
sodium borohydride reduction method with the aim
of removing nitrate from aqueous solution. Then,
they measured the parameters of contact time,
adsorbent dosage, initial nitrate concentration,
initial pH, the results of which showed that the
nitrate removal efficiency was decreased with
increasing the initial solution pH and the adsorbent
dosage but elevated with increasing the initial
nitrate concentration [32]. Fataei et al investigated
the effects of iron and sand nanoparticles on nitrate
removal efficiency on a laboratory scale. In this
research, they tested the effect of pH, sand and iron
particles parameters on nitrate removal efficiency.
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The mixture of iron and sand particles elevated
efficiency and specific area. The results showed
that the efficiency of iron nanoparticles was 65% in
the first 20 min and 45% in the next times when the
pH of the reactions increased. Therefore, the results
confirmed that the initial solution pH was important
in the maximum nitrate removal efficiency [33].
Bhatnagar et al. introduced nanoalumina to remove
nitrate from aqueous solution. In their study,
they examined the parameters of contact time,
pH, nitrate concentration with a pseudo-second-
order kinetic model. The highest nitrate removal
efficiency was achieved at a concentration of 4 mg
g, a temperature of 23-27°C and a pH value of
4.4. Langmuir isotherm model was performed to
analyze the nitrate adsorption. The results of this
study verified the nano-alumina as a useful and
effective adsorbent for the nitrate removal from
aqueous solutions [34].

Given that metals such as Al, Sn, Zn, Fe and Ni are
effective agents for remediation of contaminated
groundwater, hence the present study tested iron
metal due to its availability, inexpensiveness, non-
toxicity, high efficiency and rapid reaction in the
decomposition of contaminants to functionalize
ZSM-5 nanozeolite with the aim of determining
the optimal conditions and effective factors in
nitrate removal, including pH, contact time and
adsorbent dosage using RSM as well as evaluating
the adsorption isotherms.

2. Experimental

2.1. Material

The ZSM-5 nanocatalyst powder (from the Zeolites
family) was purchased from Sigma Aldrich with a
crystal size of 0.5 pm and a pore size of 5.5A°. Ferric
chloride (FeCl,), sodium hydrocside (NaOH),
Potassium nitrate(KNO,), Hydrocloric acid (HCI)
and %98 sulfuric acid (H,SO,) were also obtained
from Merck Germany.

2.2. Materials characterization

X-ray diffraction (XRD, STADI-P, the USA) and
energy-dispersive X-ray spectroscopy (EDX,
MIRA III SAMX, Czech Republic) was used to
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investigate ferrous (Fe) metal in the nanocatalyst
structure functionalized with these metal. Brunauer-
Emmett-Teller (BET) surface area analysis (Belsorb
apparatus, Japan) was used to determine the SSA of
nanocatalyst particles. The concentration of nitrate
was determined by spectrophotometer UV-Vis
(Hach model Dr2800) was used.

2.3. Preparation of ZSM-5/Fe Nanozeolite

To Preparation the functionalized ZSM-5
nanocatalyst, first 2.5 g of ZSM-5 nanozeolite
powder was placed in the furnace at a temperature
of 500°C for 4 hours and calcined. Then, 0.5 g of
ferric chloride (FeCl,) powder was dissolved in
distilled water twice for one hour, added to the
calcined ZSM-5 nanozeolite powder and mixed
for another 30 minutes, and filtered with a filter
paper. The resulting powder was rinsed three times
with distilled water and placed in an oven at a
temperature of 80°C for 2 hours. Next, the powder
was separated from the filter paper and re-calcined
at a temperature of 500°C for 4 hours. The method
of preparation above nanocatalyst is schematically
illustrated in Fig.1.

2.4. Preparation of solutions

To prepare a standard concentrated potassium
nitrate solution, 7 g of anhydrous KNO, was dried at
100°C for an hour. After cooling, 1.805 g of KNO,
was dissolved in a volumetric flask and diluted to
250 mL, thus preparing a standard solution of 1000
mg L' or 1.0 mg mL"'. HCL and NaOH solutions
were prepared to set the pH values. Then, nitrate
solutions with concentrations of 20, 40, 60, 80,
100 and 120 mg per liter were prepared from the
standard solution of potassium nitrate 1000 mg L.

2.5. Procedure

In this research, the experimental design table was
first provided using the effective variables of pH,
contact time and stirring speed in the intervals
defined to RSM and the central composite design
(CCD) by Design Expert.7 software. Then, the
value of each parameter was provided according
to the experimental design table and finally the
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Fig.1. Schematic of ZSM-5/Fe nanosorbent fabrication method

absorbance values or nitrate concentrations were
measured by UV-Vis spectrophotometry. The
results were analyzed by experimental design
software, and the optimal values of pH, contact
time and stirring speed were determined. In the
next step, the isotherms of nitrate adsorption under
optimized conditions were investigated using the
degree of fit of experimental data with Langmuir
and Freundlich models for mathematical modeling
of the nitrate adsorption process.

2.6. Langmuir adsorption model
The mathematical model of this isotherm is shown
in Equation land 2 .

J|||||||([(||||.:I

q.9,,,bc/1+bC, (Eq. 1)

1/q,_1/q,, be+1/q (Eq. 2)

Where, q__
q, for the amount of substance absorbed per unit

and b stand for experimental constants,

mass of adsorbent (mg g') and C_for the equilibrium
adsorbate concentration in solution (mg L).

2.7. Freundlich adsorption model

Equation 3 shows the mathematical model of the
Freundlich isotherm. Where, qe and Ce are similar
to the Langmuir isotherm, and n and K stand for
Freundlich constants. The linear equation of the
Freundlich isotherm is as equation 4.

Fig. 2. Energy-dispersive X-ray spectroscopy (EDX) analysis of the ZSM-5 and ZSM-5/Fe
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Fig. 3. Investigation of nickel doping by X-ray diffraction (XRD) analysis

q=KC " (Eq. 3)

logq = logK+1/n logC, (Eq. 4)

3. Results and Discussion

3.1. Investigation of electrode surface
modification by EDX and XRD analysis
According to Figure 2 the presence of iron particles
in the nanosorbent structure is quite evident. The

0.009

ZSM-5

0.006

p/Volpo-p)

0.003

0 0.25
pips

Fig.4.

PVelpop)

XRD spectrum for the ZSM-5/Fe nanozeolite
confirms the presence of iron particles doped with
silicate particles(Fig.3).

3.2. BET characterization

By comparing the BET parameter (Fig.4 and Table
1), in each of the four BET analysis curves of the
nanozeolite, the highest SSA was related to the
catalyst functionalized with Fe metal (ZSM-5/Fe,
which was determined to be 408.41 m? g!).

0.009

ZSM-5/Fe

0.006 -

0.003 -

0 0.25
Plpa

0.5

BET curves of prepared nanosorbent
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Table 1. The specific surface area of prepared nanozeolite

Row Nanocatalysts BET Unit
1 7ZSM-5 374.66 m? g!
2 ZSM-5/Fe 408.41 m’ g

3.3. Optimization and experimental design

In this research, the experimental design
using RSM in combination with CCD method
was performed to investigate the effects of
influential variables of pH (in the range of
2-8) (A), contact time (30-180 minutes) (B)
and adsorbent dosage (1-5 g L!) (C) on nitrate
removal efficiency. Due to the extensive use of
research on (A), (B) and (C) parameters for the
nitrate removal process, these parameters were
selected as effective factors in optimizing nitrate
removal [35-40] [41s,42s, This referenceshowed
in supporting nformation page, SIP]. The RSM
method is a mathematical and statistical method
used for the analysis and empirical modeling of
problems where a given answer is influenced
by several variables and the RSM can be
calculated to determine the optimal conditions.
One advantage of this method is to reduce the
number of empirical tests performed to obtain
statistically valid results. In addition, the RSM
method can also analyze the interactions between
variables. Therefore, the use of this method in
optimization can report more comprehensive and
accurate data by performing the least number of
experiments [43s-44s, SIP]. Table 2 shows the
range of independent variables and design levels
of the experiments examined in this study. The

results of the complete design of the test and the
exact responses of the tests listed in Table 3.
According to the results of the data analysis in
Table 4, a quadratic function model can fit well
to the empirical results. The fit of this model was
evaluated by Analysis of Variance (ANOVA),
normal probability plot and residual analysis.
The quadratic function for nitrate removal
efficiency is expressed as follows:

% Removal Nitrate=151.29-(11.26x A)+4.76x B)-(3.64
x CPH(11.90 x DYH(5A1 x A x By+3.69% A x C)-(0.062 x A
xD)+(3.16x B x C)+5.76x B x D)- (2.77 xC x D)+0.52 x
AY)H0.89 x BH(3.23 x C2)- (1.75 x D?)

In the Table 4, the ANOVA analysis showed the
importance of each parameter in response to nitrate
removal by P and F values. The smaller the P value,
the higher its impact factor and its contribution to
the response variable. The P values less than 0.05
indicate that the model expressions are significant.
The P values more than 0.1 indicate that the model
terms are insignificant. Accordingly, the seven
terms of (AC), (BD), and (C?) are significant
parameters of the model and have the greatest
effect on nitrate removal efficiency. The P values
of the other terms were greater than 0.05, which
means that their effect on the response model was
not statistically significant.

Figure 5 shows the residual curve in terms of the

Table 2. Factors and levels for CCD study.

Level pH Tempture Time
o- 22.4874 -4.31981 -13.7046
-1 3 5 1
+1 8 50 72
o+ 472.487 59.3198 86.7046
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Table 3. Experimental range and values of different variables studied.

Mostafa Hassani et al

Std  Run Block pH Time nitrate absorbent %Removal
(min) (mgL") (grL')  Nitrate(mgL™)
5 1 Block 1 7 60 40 4 48.76
7 2 Block 1 3 150 100 4 81.23
11 3 Block 1 5 105 70 3 53.22
8 4 Block 1 3 60 40 2 71.66
12 5 Block 1 5 105 70 3 54.6
1 6 Block 1 7 150 100 2 47.13
10 7 Block 1 5 105 70 3 50.62
3 8 Block 1 7 60 100 4 38.62
9 9 Block 1 5 105 70 3 5591
6 10 Block 1 3 60 100 2 57.84
2 11 Block 1 7 150 40 2 33.56
4 12 Block 1 3 150 40 4 93.51
14 13 Block 2 8 105 70 3 28.64
17 14 Block 2 5 105 20 3 63.28
20 15 Block 2 5 105 70 5 61.17
22 16 Block 2 5 105 70 3 53.76
21 17 Block 2 5 105 70 3 50.44
15 18 Block 2 5 30 70 3 40.62
18 19 Block 2 5 105 120 3 47.19
13 20 Block 2 2 105 70 3 66.51
19 21 Block 2 5 105 70 1 21.13
16 22 Block 2 5 180 70 3 56.62

Table 4. Experimental design and actual results of nitrate removal efficiency.

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Block 374.47 1 37447 e e
Model 5147.23 14 367.66 20.32 0.0007

significant
A-pH 717.07 1 717.07 39.64 0.0007
B-Time 128.00 1 128.00 7.08 0.0375
C-gr nitrate 181.09 1 181.09 10.01 0.0195
D-gr absorbent 801.60 1 801.60 4431 0.0006
AB 97.08 1 97.08 5.37 0.0597
AC 109.00 1 109.00 6.03 0.0495
AD 0.013 1 0.013 7.024E-004 0.9797
BC 79.70 1 79.70 4.41 0.0806
BD 110.03 1 110.03 6.08 0.0487
CD 61.44 1 61.44 3.40 0.1149
A2 4.23 1 4.23 0.23 0.6457
B2 12.30 1 12.30 0.68 0.4411
c2 160.98 1 160.98 8.90 0.0245
D2 47.05 1 47.05 2.60 0.1579
Residual 108.53 6 18.09
Lack of Fit 87.66 2 43.83 8.40 0.0370
significant

Pure Error 20.87 4 5.22
Cor Total 5630.23 21

55
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predicted response for response of nitrate removal
efficiency. This Figure shows that all empirical data
are uniformly distributed around the mean response
variable. This indicates that the proposed model is
sufficient and there has been no deviation from the
hypotheses made. As can be seen in Table 5, the

difference between the adjusted R?and the predicted
R? is less than 0.2 and the precision of the model is
19.613 (which is greater than 4), indicating the used
model is accurate.

Figure 6 shows a comparison between the actual

Residuals vs. Predicted
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Fig.5.The residual value curve in terms of the predicted response

Table 5. Model equation statistical parameters for ANOVA model
for nitrate removal efficiency.

Type of variables Results
Std. Dev. 4.25
R-Squared 0.9793
Mean 53.46
Adj R-Square 0.9312
CV.% 7.96
Pred R-Squared -4.0544
PRESS 26564.71
Adeq Precision 19.613
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response values obtained from the empirical
results and the predicted response values obtained
from the quadratic function model equation. It is
observed that the model describes the empirical
results and data fairly accurately, meaning that it
has been successful in comparing the correlations
between the three variables. In addition, there is
a sufficient correlation with the linear regression
coinciding with the R value of about 0.9793. In
addition, Figure 7 shows the three-dimensional
interaction curves of contact time, pH, adsorbent

Mostafa Hassani et al 57

dosage and initial nitrate concentration for nitrate
removal efficiency. The highest nitrate removal
efficiency was reported at the contact time of 150
min, pH value of 3, adsorbent dosage of 4 g L
and initial concentration of 40 mg L'. Analysis of
the diagrams in Figure 7 revealed higher nitrate
removal efficiency at lower pH values and longer
contact times.

3.4. Absorption isotherms and measurements

Predicted vs. Actual

75.75 —

57.50 —

Predicted

39.25 —

21.13 39.23

57.32 75.42 93.51

Actual

Fig. 6. Comparison between predicted and actual empirical values

of nitrate removal efficiency
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The nitrate adsorption efficiency was measured
by dissolving 4 g of adsorbent in 250 mL of
nitrate solution at the initial concentrations of
20-120 mg at the contact time of 150 min at
laboratory temperature and the stirring speed of
50 rpm. Finally, the equilibrium concentration
of nitrate in solutions was determined by the
UV-Vis spectrophotometry at 220 and 275 nm.
The equilibrium nitrate adsorption capacity was
calculated by the equation 5. Where, q_ is the
equilibrium adsorption capacity (mg g'), C, is
the equilibrium concentration of nitrate ion (mg
L), V is the solution volume (L) and M is the
adsorbent dosage (g).
q.=(C,-C,)V/M (Eq.5)
3.4.1.Nitrate adsorption isotherm

Nitrate adsorption on ZSM-5/Fe adsorbent was
determined at laboratory temperature in terms
of equilibrium concentration, as shown by the
corresponding adsorption diagrams in Figures
8 and 9. Langmuir and Freundlich adsorption
models were employed to evaluate the adsorption
describe the
relationship between the amount of ion adsorption

isotherm data. These models
desired on the adsorbent surface and its equilibrium
concentration in the liquid phase. The Langmuir
and Freundlich isotherms indicate mono-layer and
multi-layer adsorption on surfaces, respectively.
The Langmuir isotherm reveals active sites with
a limited number, while the Freundlich equation
represents heterogeneous surfaces [45s, SIP]. By
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procedure, first the experimental data were fitted
with Langmuir and Freundlich equations and then
the constant parameters of the isotherm equations
were calculated. The Langmuir and Freundlich
models are explained by Equations 6 and 7,
respectively.

q.=(qm KLC )/(1+KLC,) (Eq. 6)

q.=K_FCe”(1/N) (Eq. 7)
Where, q_ stands for the maximum adsorption
capacity (mg g'), C, for the equilibrium
concentration of nitrate ion (mg L"), KL for the
constant of Langmuir isotherm (L mg™"'), and KF
(mg g') and N are the constants of Freundlich
isotherm.

According to the results, the correction factor for
the Freundlich equation is larger than that for the
Langmuir equation, indicating experimental data
well-described with the Freundlich equation.
This fact is probably due to the heterogeneous
distribution of adsorption active sites on the
adsorbent surface, because the Freundlich model
assumes the adsorbent surface heterogeneity.
The values of parameter N in Freundlich model
are less than unit, which indicates an increase in
bond energy with surface density and shows the
optimal nitrate absorption conditions [46s-47s,
SIP]. The effective parameters of isotherm
models obtained from regression analysis of
experimental data are reported in Table 6.

4. Conclusions

Table 6. Parameters of Langmuir and Freundlich adsorption isotherms

for nitrate adsorption on ZSM-5/Fe adsorbent

R2 KL (L mg™)

qm (mg g-1)

R2 N KF(mg g")

0.9881 0.290 8.072

0.9959 0.642 1.83
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According to the results of the experimental
design table, the pH value, contact time and initial
nitrate concentration optimized for maximum
nitrate removal (%93.51) were reported as 3,
150 minutes and 40 mg L', respectively. In the
results of the adsorption isotherms, the correction
factor for the Freundlich equation is larger than
that for the Langmuir equation, which shows
that the experimental data are well described
by the Freundlich equation, probably due to the
heterogeneous distribution of active adsorption sites
on the adsorbent surface because the Freundlich
model assumes the adsorbent surface heterogeneity.
The values of parameter N of the Freundlich model
are less than unit, indicating the increase of bond
energy with surface density and also the optimal
conditions of nitrate adsorption. Therefore, it can
be concluded that ZSM-5/Fe is a high efficiency
nanosorbent for nitrate removal from aqueous
solutions. The nitrate concentration in water samples
was determined by UV-Vis spectrophotometry
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in the caustic solution and the concentration of ammonium chloride
used for the precipitation were inversely related. It was found that a
high recovery (over 90%) can be achieved with ammonium chloride
and vanadium with concentrations over 4% (w/v) or 1000 mg L' (in
the lye solution). It has also been observed that working in the pH
range of 5 to 7 results in over 90% recovery. The influence of the
parameters mentioned on the recovery of impurities was examined and
the optimal values determined. Ultimately, the maximum vanadium
recovery (97.29%) was achieved at the optimal point obtained from
the reaction surface methodology.

1. Introduction physicochemical properties. The primary sources

Vanadium is of industrial and strategic importance
due to its particular use. The main application
of this element is in the steel industry. The
highest production of vanadium in the world is
in the form of vanadium pentoxide. Vanadium
and its compounds are widely employed in the
metallurgical, petrochemical, defense, electronics
and paint and coating industries due to their
excellent mechanical, catalytic, magnetic and other
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of vanadium compounds are ore feedstocks,
concentrates, metallurgical slags, and petroleum
residues [1,2]. Different methods have been applied
for vanadium precipitation depending on leach
solution (acidic, alkaline, or aqueous solutions).
The followings are the studies and methods used
to precipitate vanadium from these three leach
solutions. Vanadium can be recovered from a leach
solution by adjusting the pH with sulfuric acid
or hydrochloric acid and adding an ammonium
salt at temperatures between 22 and 28 °C [3].
Sodium hexavanadate Na,V O, (red cake) can be
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precipitated by adding sulfuric acid with a pH of
2-3, and the precipitate is dissolved in an aqueous
sodium carbonate solution. The red cake is cleaned
and some impurities such as iron, aluminum, and
silicon are separated from the solution by pH
adjustment and precipitation. Then, ammonium
chloride is added to the ammonium metavanadate
precipitate. The calcination step is carried out, and
vanadium pentoxide (V,0,) is finally obtained
with a purity of 99.8% [4]. There is a relationship
between the temperature of ammonium addition
and the Precipitation Rate (PR), with the PR
being 99.5% from 30 to 65°C while the PR
decreases at temperatures below 35°C because the
solubility of ammonium sulfate is not the same
at different temperatures and dissolves faster at
high temperatures. The presence of pollutants
also affects the precipitation process. The sodium
concentration influences the precipitation process,
as sodium ions replace NH," ions. High sodium
contents prevent the replacement of Na® by NH,".
Therefore the amount should be controlled and
below 25 g L' The silicon concentration should
be below 1.5 g L. A high aluminum concentration
prevents the formation of ammonium polyvanadate
crystals, so the concentration should be below
0.1 g L' [5]. In another study, the technology for
extracting vanadium from coal was investigated.
Scholars were able to precipitate ammonium
metavanadate by leaching (with water) and adding
acid (sulfuric acid or hydrochloric acid) to form
polyvanadate. The precipitate was dissolved with
sodium hydroxide, and ammonium salt was added.
Then, calcination process was performed at 550 °C.
Finally, vanadium pentoxide was obtained [6, 7].
Based on research by Wang et al., they worked
on an alkaline sodium hydroxide leach solution
containing 84.45 gL' vanadium pentoxide.

Ammonium metavanadate was precipitated by
adjusting the pH with hydrochloric acid in the range
of 8to 8.5. Ammonium chloride was added at 40 - 45
°C. Then, vanadium pentoxide was obtained with a
purity of 99.12% by calcination at 550 °C for one
hour [8]. Iron and nickel do not enter the solution
in alkaline leaching with sodium hydroxide, but
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aluminum and silicon enter the solution with
vanadium. During acid leaching, sulfuric acid,
iron, nickel, aluminum, and silicon enter the
solution with vanadium. In leaching with sodium
carbonate, only aluminum is introduced, and other
metals do not get into the solution with vanadium.
In the alkaline leaching process, sodium hydroxide
was precipitated by adjusting the pH to 8 with
sulfuric acid in the absence of ammonium chloride,
aluminum, and silicon, while vanadium was in the
solution. The addition of 1-2 M ammonium chloride
solution and adjustment of the pH to 5 was resulted
in the formation of a vanadium precipitate [9]. The
technology of vanadium extraction from coal was
also developed in another study. The focus was
on cleaning the alkaline leach solution to remove
silicon and aluminum. This purification took place
in two stages. In the first stage, most of the sulfuric
acid impurities were removed by adjusting the
pH in the range of 8 to 9. In the second stage, the
remaining silicon, aluminum, and other impurities
such as phosphorus were removed by chemical
precipitation. The chemical precipitation was
obtained by adding 8 g L' magnesium nitrate and
10 ml L' ammonia at 60°C for 1 hour in a shaker
with a speed of 500 rpm. The vanadium recovery in
this process was 94.25% [10]. In another study, the
focus was on vanadium recovery from consumer
catalysts. Acid leaching and precipitation were
performed by adjusting the pH to 6 — 7 with 1
M sodium carbonate solution. It was found that
precipitation at pH levels above 7 should be avoided
as this will lead to the precipitation of nickel and
other metals [11]. The precipitation of vanadium
can be achieved by adding ammonium chloride
and an alkali such as sodium hydroxide to an acidic
leach solution to adjust the pH. The solubility
of sodium metavanadate increases with the pH
value of the alkaline solution and temperature.
Vanadium pentoxide was obtained with a purity of
99% [12]. In the recovery of vanadium from the
acidic leach solution of charcoal, scholars could
obtain vanadium pentoxide with a purity of 99%.
Ammonium chloride was added to a solution at a
pH of about 2, and the precipitate of ammonium
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vanadate was taken out. The precipitate was roasted
at 520 °C for 2 hours, and vanadium pentoxide was
obtained with a purity of 99% [13]. The recovery
of molybdenum and vanadium from consumable
catalysts was investigated. Ammonium chloride
is widely used for vanadium precipitation in the
industry because of its economic cost. An excessive
amount of ammonium chloride is required because
excess ammonium chloride causes vanadium
precipitation and ammonium solubility. As a result,
the solubility of ammonium vanadate in the solution
decreases as the ammonium chloride concentration
increases. More than 99% of vanadium precipitates
if the concentration of vanadium pentoxide in
the solution is 25 g L, and the concentration of
ammonium chloride is more than 40 g L. It was
found that the concentrations of vanadium pentoxide
in the leach solution and ammonium chloride are
heavily involved in the vanadium precipitation
process and are interdependent. It is also stated that
the precipitation reaction takes place at pH range
of 8 to 9 [14,15]. Based on studies carried out and
considering that the Saghand ore is of the titanium
magnetite type and the amount of vanadium in the
ore is about 5000 mg L', the suitable method for
vanadium recovery from this ore type is salt roasting
with sodium carbonate and leaching with hot water.
The leach solution used in our study has been
prepared under the same conditions, ie salt roasting
and leaching with hot water, and the precipitation
process has been performed in the alkaline solution
obtained by leaching with hot water. The reason for
choosing the precipitation method is its low cost
and simplicity of the process. Therefore, such a
process is of great importance for large-scale use
due to industrial needs and constraints. A thorough
review of similar studies revealed that complete and
accurate information about the optimal conditions
for vanadium precipitation is not available. In this
study, preliminary experiments were performed
to determine the optimal precipitation conditions.
The important parameters including ammonium
chloride concentration, pH, precipitation time and
vanadium concentration in the leach solution were
investigated and their optimal values were specified

2. Experimental

2.1. Materials and analytical instruments

All materials and reagents including FeCl, (99%),
NaVO, (98.5%), AINO,),.9H,0 (95%), Ca(NO,),
(100%), Mg(NO,),.6HO (99%), NaMoO,2H0
(99.5%), K,PO,3H,0 (99%), SiO, (99%), NH,CI
(99.5%), HCI (37%), H,SO, (98%) and (NH,)2CO,
(99.9%) were provided by Merck (Germany) in
analytical grade. All solutions were made with
deionized water. Concentration of the ions in the
solutions was determined using inductively coupled
plasma (ICP) (Varian liberty 150 XL). Induction-
coupled plasma spectroscopy is a method of
emission spectroscopy in which the atomization
takes place with the aid of plasma that is generated
by an inert gas, mainly argon. This method is used
for elemental analysis (mainly cations) of most
elements.

2.2. Precipitation process

First of all, the Saghand ore was roasted with
50% by weight sodium carbonate at 900 °C for
two hours. Then, leaching was carried out with
hot water at 90 °C for three hours with a liquid
to solid ratio of 1 to 3. Impurities in the leach
solution were identified by ICP analysis (Table
1). According to the exact amount of impurities,
a simulation solution was prepared. The Saghand
ore leach solution is in an alkaline media (pH about
10) and the simulation solution was made under
the same condition. The salts listed in Table 2. and
Table 3. Were used to prepare the alkaline leach
solution. Vanadium precipitation from alkaline
leach solutions can be carried out in two methods.
In first method, by adjusting the pH value (pH =
2), the red precipitate of ammonium polyvanadate
is formed together with some impurities. The red
precipitate is dissolved in dilute sodium carbonate
solution and impurities are removed by setting
the pH value. Then ammonium chloride is added
and the ammonium metavanadate precipitate is
formed. In second method. Ammonium chloride is
added directly to the alkaline leach solution and the
pH value is set in the range of 5 to 7 to form the
white salt called ammonium metavanadate. If the
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Table 1. Chemical composition of the vanadium-associated impurities in the leaching solution

Composition Al Ca Fe Mg Mo P Ti Na Si
r(fl‘;ncf_?“a“on’ 10.583 36 0455 181 32283 056 0036 138333 72916

Table 2. The precipitates of sodium vanadate salts

oo i o
| 1.028 17.50 0.660
) 1.368 80.83 1 486
3 1.544 90.65 1134
4 1.876 97.64 0451
5 2.045 94 .43 0515
6 4.566 73.47 2619
7 5.023 46.98 2619
3 5.540 95.17 5579
9 5.850 90.11 2714
10 6.024 95.53 2013
T 6.040 94.52 1371
12 6.734 98.84 0.224

Table 3. Influence of the concentrations of vanadium in sodium vanadate salts in the presence
of NH,Cl and pH value of 5

Ammonium chloride concentration (% w/v)

10 2.5
Vanadium
concentration, mg 100 200 500 800 500 800 1000 2000 3000
Lt

Vanadium recovery 91125

%) 95396 95833 97948 66.433 94.406 98.125 99.125 99.288
0
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amount of impurities in the leach solution is low,
the second is recommended and there is no need for
a separate step to remove impurities. Therefore, we
employed the second method because the amount
of impurities in the alkaline leach solution used
in our study is low. In this study, the concentrated
ammonium chloride was added to an alkaline leach
solution. The pH was adjusted in the range of 5 — 7
with 0.5 M HCI. A white precipitate was formed,
which corresponds to the ammonium metavandate.
The resulting precipitate was then washed with
2.5% ammonium chloride solution (w/v). Finally,
the resulting precipitate dried at room temperature.

3. Results and discussion

3.1. Effect of pH

Preliminary tests were carried out to determine the
optimal pH range for the vanadium precipitation
on sodium vanadate salt. Sodium metavanadate
(NaVO,) with a purity of 98.5% and NH,CI with
a purity of 99.8% were used in these experiments.
Besides, 0.5 M HCI (with a purity of 32% and a
density of 1.16 kg L") was used to adjust the pH. In
this case, 2.085 gof NaVO, was dissolved in 252 mL
of distilled water. Then, 28 mL of 25% ammonium
chloride (w/v) was added so that its amount in
water was 2.5% (w/v). Finally, the pH was adjusted
with 0.5 M HCI. Based on the experiments’ results
(Table 2), the highest vanadium recovery occurred
at PH values close to 2 to and close to 7. Vanadium
has polyvanadate and metanvanadate structures
at pH 2 and 7, respectively. For the rest of the
experiments, the pH value was considered to be 7
for high vanadium recovery and minimum recovery
of sodium.

3.2. Effect of ammonium chlovide and vanadium
concentrations

In order to investigate the influence of ammonium
chloride concentration in sodium vanadate solution
on the vanadium recovery, a solution containing
sodium vanadate with different concentrations
in the range of 100 to 3000 mg L' was tested by
adding ammonium chloride salt at a pH of about
5.5. The corresponding results are shown in Table 3.

We find from the results in Table 3. that a vanadium
recovery of 98% with a vanadium concentration
of 1000 mg L' can be achieved in the presence
of 2.5% ammonium chloride. At low vanadium
concentrations, 10% ammonium chloride (which is
avery high concentration) is required for a vanadium
recovery of more than 95%. Similar experiments
were carried out in simulation solution to examine
the effect of ammonium chloride concentration.
Finally, the concentration range of ammonium
chloride was determined. The experiments were
carried out under pH = 5.5, a precipitation time of 2
hours, and a 1000 mg L' vanadium concentration.
Figure 1a shows how an increase in the ammonium
chloride recovery
of vanadium. With regard to the vanadium
concentration (1000 mg L), it is observed that an

concentration affects the

ammonium chloride with concentration of about
12% (w/v) must be used to achieve a recovery of
over 90%, which is economically and industrially
unprofitable. These tests show that the amount of
ammonium chloride used depends on the vanadium
concentration in the leach solution. The experiments
were carried out under pH=6.35, a precipitation
time of 16 hours, and a vanadium concentration of
2100 mg L. In Figure 1b, the effect of increasing
the ammonium chloride concentration on the
vanadium recovery can be observed. Ammonium
chloride was added in the range of 6 to 14 %
(w/v) to the solution containing 2100 mg L' of
vanadium. The recovery rate of vanadium was over
95%. Increasing the concentration of ammonium
chloride leads to increased vanadium recovery.
Since Saghand ores contain about 5400 mg L
of vanadium, a range between 2 to 8% for the
concentration of ammonium chloride and a range
between 1400 and 2700 mg L' for vanadium
concentration were considered for the remaining
tests.

3.3. Effect of precipitation time

The result of time evaluation is shown in Figure
2a. These tests were carried out under pH = 6.35,
10% (w/v) ammonium chloride, different times,
and vanadium concentration of 2100 mg L.
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The results showed that the increase in time did
not significantly affect vanadium recovery. The
difference in recovery rates related to precipitation
data is less than 1% with a maximum and minimum
time of 30 and 2 hours, respectively. So, itis better to
choose the shortest time for precipitation to achieve
the maximum recovery of vanadium. According to
empirical observations, by increasing precipitation
time, the amount of impurities in vanadium rises
significantly. To prove this claim, the effect of time
on the recovery of impurities, including aluminum,

Mahshid Gharagozlou et al 69
molybdenum, sodium, and silicon was investigated.
Over time, as shown in Figure 2b, this can lead
to an increase in the amount of contaminants on
ammonium metavanadate precipitate. In the case
of elements such as silicon and aluminum, the
passage of time, in contrast to molybdenum and
sodium, significantly influenced the increase in ion
precipitation. Our goal is to minimize the pollution
caused by ammonium metavanadate precipitation.
As described above, two hours was considered
optimal for the precipitation process.
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3.4. The simultaneous effect of important
parameters using design expert software

3.4.1.Design of experiments

The DOE (Design of Experiment) method is one of
the new statistical methods that can be used to identify
important variables that affect the product’s quality.
By Using DOE techniques, we can first identify
the variables that will have the greatest impact on
the output. Second, the effective input variables are
determined to bring the response values closer to their
nominal value, reduce their variability, and minimize
the influence of uncontrollable factors on the response
variable. One technique that is widely used to optimize
the input variables is response surface methodology
(RSM). Central composite designs, abbrev i ated
as CCD or Box-Wilson, are common methods for
response surface design. The CCD method is used to
design experiments. In the CCD method, each factor
has five different levels (including three points within
limits specified for each factor and two points outside

the limits specified for each factor). CCD design is
usually done in five stages, including -a, -1, 0, +1, + a.
About the mentioned stages, -1 and +1 are the upper
and lower levels, and -o and + o are the new limits
of the factors. Zero is also at the heart of the design.
In this experiment, the CCD experiment design was
performed using the design-expert software to obtain
the relationship between the three process variables.
For the three variables pH (X1=A), weight-volume
percentage of the ammonium chloride concentration
(X2 =B), and vanadium concentration in the leaching
solution (X3 = C), 20 experiments were carried out
to determine the interaction of the parameters. Each
time the parameter is designed and e x ecuted by
the software by determining the optimal point. The
specifications of each Central Compo s ite Design
(CCD) test and their results are shown in Table 4.
The experiment design was carried out with three
factors in mind. The order and the range of the factors
are given in Table 4. And the precipitation time was
considered to be 2 hours.

Table 4. Design of the experiments

Std. Run Block A: pH B;%Nv}:;fl (IjngViO‘;
11 1 1 6.15 2.98 2100
5 2 1 5.6 4 2500
3 3 1 5.6 7 1700
6 4 1 6.7 4 2500
19 5 1 6.15 5.5 2100
12 6 1 6.15 8.02 2100
17 7 1 6.15 5.5 2100
1 8 1 5.6 1700
7 9 1 5.6 2500
4 10 1 6.7 1700
13 11 1 6.15 5.5 1427.28
18 12 1 6.15 5.5 2100
15 13 1 6.15 55 2100
10 14 1 70.7 5.5 2100
20 15 1 6.15 5.5 2100

16 1 6.7 4 1700
9 17 1 5.23 5.5 2100
16 18 1 6.15 55 2100
14 19 1 6.15 5.5 2772.72
8 20 1 6.7 7 2500
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3.4.2. Analysis of results

As shown in Figure 3a, pH changes have no
significant effect on the increase or decrease
in vanadium recovery. The recovery rate was
almost high in the pH range under study. The
low vanadium recovery was due to the low
concentration of ammonium chloride. The pH
values in the range of 5 to 7, with which the
white precipitate of ammonium metavanadate
is to be captured, can achieve high recovery of
vanadium. So, the selection of all pH values in
this range is acceptable. As shown in Figure 3b,
the effect of pH on increasing vanadium recovery
is not significant in this range. It has a maximum
recovery for vanadium at pH=6.15 with an
ammonium chloride (NH,CIl) concentration of
7% (w/v). The arc curvature in the diagram (2b)
at NH,Cl concentration of 4 to 7% (w/v) and pH
of 5.6 is approximately similar to the curvature
of the arc at NH,Cl concentration of 4 to 7% (w
/ v) and pH value of 5.88. Based on Figure 3C,
at some vanadium concentrations (2100 mg/L),
the recovery is below 60% of vanadium. This
significant difference is due to the insufficient
concentration of the ammonium chloride used (the
minimum concentration used was 2.98% (w/v)). It
can be concluded that the vanadium precipitation
depends on both the concentration of ammonium
chloride and the concentration of vanadium in
the leaching solution. It was also found that the
minimum concentration of ammonium chloride
used, i.e., 2.98% (w/v), is what was considered
for the formation of ammonium metavanadate.
According to Figure 3b, it is evident that the
vanadium recovery continues to grow with
increasing ammonium chloride concentration.
In this connection, the concentrated leaching
solution leads to the high recovery of up to 100%
vanadium. Fig.c also shows that the recovery of
over 80% of vanadium can be achieved with the
ammonium chloride concentration in the range
of 4 to 6% (w/v), which is economically and
industrially justified. As shown in Figure 3d, the
vanadium recovery increased from 57% to 99%
with growing ammonium chloride concentration
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from 2.98% to 8.02% (w/v). It is clear that to
achieve vanadium recovery above 80%, ammonium
chloride concentrations above 4% (w/v) must
be used. From the results of the tests, it can be
concluded that the vanadium and ammonium
chloride concentrations have to be correlated with
the inverse ratio in the leaching solution so that the
vanadium concentration in the leaching solution
is less than 1000 mg L', which means that the
ammonium chloride requires a concentration
about 12% (w /v) to achieve vanadium recovery
of over 90%.

3.5. The effect of important parameters on
recovery of impurities

3.5. 1. Aluminum recovery

Figure 4a shows the effect of pH and ammonium
chloride concentration on aluminum precipitation.
As can be seen, the amount of aluminum
precipitation grew slightly with increasing pH and
ammonium chloride concentration. In order to
reduce impurities in vanadium to a minimum, the
ammonium chloride concentration and pH value
were chosen to be in the range of 4 - 6% (w/v) and
5.5-6.5, respectively. From Figure 4b, it is known
that the higher the vanadium concentration in the
leaching solution, the more aluminum is deposited,
so that the effect of the pH value is negligible
compared to the vanadium concentration in the
leaching solution. Therefore, it is better to use
leach solutions with a higher liquid-to-solid (L/S)
ratio to minimize the amount of contamination in
vanadium. According to Figure 4c, it is clear that
the precipitation of aluminum rises with increasing
concentrations of ammonium chloride and
vanadium in the leaching solution. For example,
in a leach solution with a vanadium concentration
of 1700 mg L' and an ammonium chloride of
4% (w/v), the amount of aluminum precipitation
reached about 40%, while in a leach solution with
a vanadium concentration of 2500 mg L' and
ammonium chloride with a concentration of 7%
(w/v) is about 65%. Since our goal is to minimize
the amount of impurities in vanadium, the first
leaching solution is preferable.
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3.5.2.Molybdenum recovery

It is clear from Figure 4d that the increase in
pH, slightly reduces the amount of molybdenum
precipitation. It is known that with increasing or
decreasing the ammonium chloride concentration,
the amount of molybdenum deposition varies
between 8% and 10%. The minimal molybdenum
precipitation is observed at an ammonium chloride
concentration of 4.5 to 5.5% (w/v) and a pH
of about 5.5 to 6.5. According to Figure 4e, it is
observed that the rising in pH leads to an increase
in the amount of molybdenum precipitation, but
this increase is more pronounced for vanadium
concentrations in leaching solution between 1700
to 2100 mg/L. Since our goal is to minimize the
amount of molybdenum precipitation, a pH in the
range of 5.5 to 6 was chosen. It is understandable
from Fig. 3f that changes in the concentrations
of ammonium chloride and vanadium in the
leaching solution have little effect on molybdenum
precipitation. According to the figure, the least
amount of molybdenum precipitation is observed at
concentrations of 5.5% (w/v) and 1200 mg L' for
ammonium chloride and vanadium, respectively. In

order to minimize the molybdenum precipitation, it
is better to carry out experiments in this medium.

3.5.3.Sodium recovery

Based on Figure Sa, the sodium precipitation goes
up with increasing vanadium concentration in the
leaching solution. The highest amount of sodium
precipitation was at a pH of 6.5 and a vanadium
concentration of 2500 mg L, and the lowest
amount was at a pH range between 5.5 to 6.5 and
a vanadium concentration of about 1700 mg L. In
this case, it is advisable to carry out the tests in the
minimum point range. From Figure 5b, we can find
that that increasing the vanadium concentration in
the leaching solution leads to an expansion in the
amount of sodium precipitate. In fact, the higher the
concentration of the leach solution, the greater the
deposition of other contaminants, including sodium
along with ammonium metavanadate. Figure 5b
also shows that increasing the ammonium chloride
concentration at high vanadium concentrations
reduces sodium precipitation. On the other hand,
sodium formation is minimized at the minimum
concentration of ammonium chloride and vanadium.

()

i 5 g 8

Sodium precipitation (%)
g

EA ]

Sodium precipitation (%)

)
250000 A ¥

V (ppm) 19

170000 400

475 NH,CI (%w/v)

Fig. 5. Influence of pH value, vanadium concentration and ammonium chloride concentration

on the recovery of Sodium (a, b)
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3.5.4.Silicon recovery

The effect of the vanadium concentration and
pH on the silicon precipitation in the leaching
solution is shown in Figure 5c. One can deduce
that the higher the vanadium concentration in
the leaching solution, the higher the amount of
silicon precipitation. The pH parameter had no
significant influence on the formation of the silicon
deposit. The vanadium concentrations below 2000
mg L' and a pH of around 5.5 to 6.15 should be
selected to minimize silicon sedimentation. It can
be seen in Figure 5d that increasing the vanadium
concentration in the leach solution increases the
amount of silicon precipitation. An increase in the
ammonium chloride concentration also has a minor
influence on the amount of silicon deposit. The
minimum amount of impurities can be achieved
at a concentration of 4 to 5% (w/v) ammonium
chloride and a vanadium concentration below 1000
mg L.

3.6. The optimal point with maximum vanadium

recovery

At the optimal point, we have the maximum
recovery of vanadium and minimum precipitation
of contaminants in the leach solution. The specified
optimal point suggested by the software has the
following conditions (Eq.1)

NH,CI conc. = 5.48% (w/v), pH = 5.82, Vanadium
concentration in the leach solution = 1700 mg L"!
(Eq.1)

The important factors during designing the tests are
shown in Table 5. The p-value for the parameters
determines the significance and influence of the
factor. The more the p-value is less than 0.05,
the more effective. The parameter of Lack of fit
specifies the fitting of the data with the model.
The more the p-value for the Lack of fit exceeds
0.05, the better the fit. Also, the amount of (R-Sq =
98.83% or R-Sq (Adj) = 97.10%) should be taken
into account, which is acceptable for the design of
the test.

The equation 2 obtained by the software is as follows:
R.V= (+5709.94005) - (1843.48600 * pH) -(612.88936
* NH,CI) - (1.05601* V) +(208.76649 * pH * NH,CI)
+(0.33175 * pH * V) + (5.05000E-003 * NH,CI * V)+
(149.50072 * pH’) — (2.79322 * NH,CI*) — (16.99333

* pH * NH,CI) — (0.026768 * pH™ * V)

Where: NH,Cl is the concentration of ammonium
chloride, and V is the vanadium concentration in
the leach solution. According to Table 6, vanadium
with a high recovery and high purity (low
contamination) can be obtained at the point where
the software determines to be the optimal point.
Therefore, this point was considered as the optimal
point for the set of these tests.
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Table 5. Results obtained from Design-Expert ANOVA

Source p-value
pH 0.3742
V,0, 0.8193

NH,CI 0.0001 <
pH *V,0, 0.3713
pH * NH,CI 0.7308
NH,CI *V, 0y 0.0006
Lack of fit 0.2031

not significant

Table 6. Results obtained from the experiment at the optimal point

Vanadium ammonium chloride H Vanadium Vanadium
mg L % wiv P recovery % Purity %
1700 5.48 5.82 97.29 88.89

4. Conclusions

The white ammonium metavanadate was formed
with a pH value of 5 to 7. Vanadium had a high
recovery at optimized pH. The effect of time on the
vanadium recovery was examined, and it was found
thatthe vanadium recovery rate does not change with
increasing precipitation time. The time parameter
had only a slight influence on the recovery rate of
impurities in the leach solution. Since our goal is
to maximize the vanadium recovery in the leach
solution and minimize the recovery of impurities,
we consider the shortest precipitation time of 2
hours. The vanadium concentration in the leach
solution plays an effective role in the formation of
precipitates. If the vanadium concentration in the
leach solution is less than 1000 mg L', we have to
use more concentrated ammonium chloride (12%
(w/v)) to achieve a vanadium recovery of over
90%. The higher the vanadium concentration in
the leach solution than 1000 mg L', the lower the
concentration of ammonium chloride (4% (w/v))
must be used to achieve a vanadium recovery

above 90%. The ammonium chloride concentration
plays the most important role in the vanadium
precipitation. A high concentration of ammonium
chloride leads to an increase in the recovery rate of
vanadium. The optimal concentration of ammonium
chloride for vanadium precipitation depends on the
vanadium concentration in the leach solution. At
high vanadium concentrations, a low concentration
of ammonium chloride can lead to a high vanadium
recovery. Concentrated ammonium chloride leads
to a high recovery of vanadium at low vanadium
concentrations.
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ABSTRACT

In this study, the manganese ions were extracted in the blood of rats based
on desferrioxamine (DFO), deferasirox (DFX) and deferiprone (DFP)
as chelators (ligands) by ionic liquid-liquid phase extraction method
(ILLEM) before being determined by F-AAS. Also, the toxic effects of
manganese on blood serum and hematology parameters such as: RBC,
WBC, HGB, PLT and HCT were investigated. Male Wistar rats were
randomly divided into control and toxic groups. Manganese chloride
was administrated orally in low and high doses. Orally (deferasirox and
deferiprone) or intraperitoneally (desferrioxamine) for 2 weeks. Results
showed that exposure to manganese significantly increased both counts
of hematology parameters and concentration of this metal ion in serum
compared to the control group. By procedure, manganese was chelated
with ligands in the blood of rats and then the hydrophobic ionic liquid
(IL, [HMIM][PF6]) was added to blood samples. After shaking and
centrifuging, the upper liquid phase was separated by an auto-sampler
and manganese loaded in a mixture of IL/ligand was settled down in the
bottom of the conical tube. The manganese ions were back-extracted
from IL phase and the remained acid solution was determined with
F-AAS. The linear range, LOD and enrichment factor for 10 mL of blood
rats were obtained 25- 180 ug L', 6.5 pg L' and 19.92, respectively.
By chelation therapy extra manganese ions were removed from human
serum and the normal hematology parameters were achieved.

1. Introduction

oxidoreductases, transferases, hydrolases, lyases,

Trace elements like manganese are essential for
normal development and body function across the
life span, and are widely distributed in the tissues.
Manganese is required for normal amino acid,
lipid, protein, and carbohydrate metabolisms.
Enzyme families that are Mn-dependent include

*Corresponding Author: S. Jamilaldin Fatemi
Email: fatemijam@uk.ac.ir
https://doi.org/10.24200/amecj.v4.104.160

isomerases, and ligases. A manganese deficiency
causes improper organism function, but toxicity
results if Mn is present in excessive amounts
[1,2]. Concentrations of metal in erythrocytes
may be a good indicator of tissue accumulation
since red blood cells account for about 60-80% of
the metal found in whole blood [3-5]. Manganese
leaving the enterocyte and entering the circulation
bound to transferrin, may bind to transferrin
receptors on erythroid cells. The erythroid cell
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potentially may incorporate manganese into
the porphyrin ring in place of iron, therefore
producing a manganese protoporphyrin instead of
haem [6]. Mn is known to be transported by the
transferrin receptor (TfR) and/or divalent metal
transporter (DMT1) [7]. Both transporters have
been identified in the RBC. Whole blood, serum
and plasma manganese are the readily available
biomarkers of manganese status in humans. The
strength of the observed correlation between
blood manganese concentrations and manganese
exposure concentrations often depends on the
magnitude and duration of exposure. In some
studies, whole blood manganese concentrations
correlate positively with exposure to manganese
[8]. In other cases, blood manganese concentrations
in exposed workers remain in the normal adult
range (4-14 pg L"), and urine and hair manganese
concentrations do not differ between exposed
and non-exposed workers [9]. In severe cases
of Mn poisoning, chelation therapy has been
recommended in order to reduce the body burden
of Mn. Chelation therapy that could be carried
out as a single and/or combined therapy involves
the use of chelating drugs that bind metal for the
treatment of potentially fatal conditions [10,11].
In this investigation, we studied the effect of MnCl,
exposure in low and high doses on blood serum
and hematology parameters in male Wistar rats.
Deferasirox (4-[3,5-bis (2- hydroxyphenyl)-1,2,4-
triazol-1-yl]-benzoic acid, or ICL670) is a tridentate
chelator and was first reported by Heinz et al [12].
Deferiprone (1,2-dimethyl-3-hydroxypyrid-4-
one) is a bidentate chelator that was used in the
detoxification of metals and desferrioxamine (NV'-
{5-[acetyl(hydroxy) amino]pentyl}-N-[5-({4-[(5-
aminopentyl)(hydroxy)amino]-4-oxobutanoyl} -
amino)pentyl]-N-hydroxysuccinamide) is a
hexadentate chelator. Manganese (Mn) used in
human body. Manganese ions enter to human body
from waters/foods (rice, apple, wheat, beans, lettuce)
and cause the different diseases. [13]. The high
values of manganese exist in spinach and tea leaves
in ranges of 10-100 mg kg' [14]. The manganese
values in water has found less than 100 pg L™ at pH
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7 and the oxidized forms archived in low pH [15,16].
Normal values of manganese in blood samples have
found from 1 to14.5 pg L' [17]. The extra dosage of
manganese has toxicity effect and caused to many
diseases such as, memory impairment, dysfunction
on liver, renal and CNS. So, manganese in various
source such as water and blood samples must be
measured by analytical procedures. As toxicity
effect of manganese, it is caused to increase the
neutrophil count cells and decrease the red blood
cells. So, the various analytical techniques such
as, flame atomic absorption spectrometry [18],
cation exchange chromatography—sector field
inductively coupled plasma mass spectrometry [19],
the inductively coupled plasma mass spectrometry-
MS [20] was used for determining of manganese
in biological samples. Also, due to the trace
concentration of manganese, and difficulty matrixes,
the sample treatment used before sample analysis.
Many sample treatments such as, the liquid-liquid
extraction [21], the deep eutectic solvent extraction
[22], the column graphene oxide-based solid phase
extraction [23] were used for manganese extraction
in blood samples.

In this research, manganese ions were extracted
in blood of rats based on DFO, DFX and DFP
chelators by IL-LEM procedure and the manganese
concentration in rat blood samples was determined
by the F-AAS. Also, the toxic effects of manganese
on blood serum and hematology parameters such as:
RBC, WBC, HGB, PLT and HCT were investigated.

2. Experimental

2.1. Rats preparation

The Ethics Committee at Medical Sciences, The
University of Kerman, approved the research
protocol. Male Wistar rats were purchased from
Kerman Neuroscience Research Center, Kerman,
Iran. At the time of use the rats were 7-8 weeks
old, weighing 245+4g (meant SEM.). All animals
were housed in well-cleaned sterilized cages
maintained in a room under controlled conditions
of temperature (23+£2 °C) and illumination (12-h
light; 12-h darkness; darkness: 7 p.m. — 7 a.m.) and
had free access to a standard diet and water.
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2.2. Reagents

The desferrioxamine (DFO, CAS N.: 138-14-
7), deferasirox (DFX, CAS N.: 201530-41-8)
and deferiprone (DFP, CAS N.: 30652-11-0)
as chelating agents (ligands) were purchased
from Sigma Aldrich, Germany. 1-Hexyl-3-
methylimidazolium hexafluorophosphate (IL,
97.0% HPLC grade; CAS N.: 304680-35-1) was
prepared from Sigma Aldrich, Germany. Other
materials were prepared from Merck Chemical
Co. (Darmstadt, Germany). The standard solution
for manganese were prepared by dissolving of
1.0 g of Mn(NO,), in deionized water (DW, 1 Li).
The working standard solutions for calibration
of manganese were daily prepared by diluting
of standard solutions (1000 mg L) with DW
(Millipore, USA). All the glass and tubes were
cleaned by %10 nitric acid (v/v) for two days
and then washed by DW. The standard reference
materials (1640a; SRM) for manganese in water
(40.39 + 0.36 ug L") was used.

2.3. Instrumental

Flame atomic absorption spectrometer with a
double beam accessory (F-AAS, GBC 906, Aus.)
based on air-acetylene (C,H,), the D, and HCL
lampas was used. The limits of detection (LOD)
and linear range was achieved 0.16 mg L' and
0.5-3.6 mg L, respectively by the FAAS. The
HCL light of manganese was optimized by two
screws (Hor. S and Ver. S) and the wavelength of
279.5 nm (slit of 0.2 nm; 5 mA) was selected for

F-AAS. After sample treatment, 1 mL of water
and blood samples were injected to burner of
FAAS by the auto-sampler. The working range
for F-AAS was obtained 0.2-3.8 mg L'. The
validation of results was obtained by the graphite
furnace atomic absorption spectrophotometer
(GF-AAS, GBC, Aus.) for manganese analysis
in blood samples. The pH of the samples was
measured by Omega pH meter (USA). The
shaker (Grant, U.K) and centrifuge (speed 3000-
5000 rpm x g, Germany) was used for extraction/
separation of manganese from blood samples.

2.4. Chelation therapy design

In this study, manganese chloride [MnCl, (LD50:
1715 mg kg')] at two doses of 30 mg kg' body
weight (low dose) and 60 mg kg' body weight
(high dose) was given to the drinking groups for
3 months followed by an early administration of
chelating agent. Study population consisted of 95
rats that were housed in groups of five per cage.
We assigned them randomly to control (5 rats) and
treated groups [high dose (45 rats) and low dose (45
rats)]. After 90 days, chelation therapy was carried
out after Mn application. Treated animals were
classified as follows (Table 1): before chelation
therapy (5 rats), without chelation therapy [vehicle
oral (5 rats) and intraperitoneally (5 rats)], single
therapy (15 rats) and combined therapy (15 rats)
for both low and high doses. Chelators were given
orally (DFX and DFP) and intraperitoneally (DFO)
as single and combined therapies. Doses of DFX,

Table 1. Classification of rat animals for further analysis

Treated groups (90):

Before chelation therapy
Without chelation therapy (Vehicle)

Single therapy

Combined therapy

Vehicle oral

Vehicle intraperitonealy

DFX (30 mg kg! body weight)
DFO (30 mg kg! body weight)

L1 (60 mg kg! body weight)

DFX (15 mg kg body weight)+DFO
(15 mg kg'! body weigh

DFX (15 mg kg! body weight)+L1
(30 mg kg'! body weight)

DFO (15 mg kg! body weight)+L1
(30 mg kg'! body weight)
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DFP and DFO were 30, 60 and 30 mg kg! body
weight, respectively (Table 1). Chelators were
given immediately after Mn application during 2
weeks. After chelation therapy, rats were sacrificed
by exsanguinations from abdominal aorta and their
blood was collected for analysis.

2.5. Sample collection and analysis procedure
The full blood count sample was collected into a
citrate tube (Tek Lab, Catalogue No. K-100LS).
Hematology parameters such as RBC (10%/1), WBC
(10° L"), HGB (g dL™"), PLT (10°* L") and HCT
(%) were measured in whole blood by countering
device (fluorescent flow cytometry technology
(Sysmex KX-21N) in hematology lab.

By the IL-LEM procedure, the DFO, DFX and DFP
chelators mixed with IL and used for speciation and
extraction of Mn ions in rat blood samples (Fig.1).
The chelators dispersed in 10 mL of standard
manganese solution (25- 180 pg L") and rat blood
samples, after chelation and extraction Mn ions, the
hydrophobic ionic liquid ((HMIM] [PF6];100 mg)
was added to samples and diluted with acetone. In
fact, the Mn ions was extracted by coordination

DFO, DFX, DFP  [HMIM][PF6]

Shaker

® ga®ea

0 s e
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bond of nitrogen at optimized pH (98%), but at
higher pH, manganeseions precipitated (Mn(OH),).
The manganese chelated with the DFO, DFX and
DFP chelators and separated from samples by
hydrophobic ionic liquid ((HMIM] [PF6]) in end
of conical tube after centrifuging for 5 min at 3500
rpm. After removing upper blood/serum phase,
manganese ions were back-extracted from the
DFO/IL, DFX/IL and DFP/IL into aqueous phase
with 0.3 mL of HNO, solutions (0.2M). Finally, the
resulting solution was determined by F-AAS after
dilution with DW up to 0.5 mL. The linear range
for manganese was 25- 180 pg L' or 0.025-0.18
mg L' by the IL-LEM procedure.

2.6. Statistical analysis

The statistical package for the sciences (SPSS,
Bristol, England) version 18 was used to process
the data. All comparisons among the groups were
analyzed with a one-way analysis of variance
(ANOVA) followed by LSD test for multiple
comparisons. Data were reported as the mean+SEM.
In all comparisons, p<0.05 was the criterion for
statistical significance.

Separation

Centrifuge

Fig.1. Determination of manganese in the rat blood/serum based on chelators
by the IL-LEM procedure coupled to F-AAS
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Table 2. Bodyweights over 90 days for rats in different groups (all data are expressed as the mean+SEM)

Grou Control Low dose High dose

p drinking of manganese drinking of manganese
Initial body weight (g) 242.21 +8.62 249.80 +2.91 244.61 £4.20
Final body Weight (g) 297.20 + 7.46 299.60 +4.55 286.61 £7.95

3. Results and Discussion

3.1. Symptoms

Over90days, results indicated that difference weight
between initial and final body weight, decreased in
both the high and low doses groups compared to
the control group (Table 2). Furthermore, toxicity
symptoms such as: skin reaction, black spots on
liver and bright lung appeared.

3.2. Hematology parameters

The hematology parameters are shown in Table 3
and 4. Compared to each respective control group, a
significant enhance in HGB count was observed in
both low and high doses groups. The RBC, WBC,
PLT and HCT counts enhanced significantly in the
high dose group (Table 3 and 4, Fig. 2). In order to
investigate the effect of passing time in removing

Mn from the body spontaneously, one group was
treated as without chelation therapy (vehicle).
Since there were no significant differences
between the vehicle and before chelation therapy
groups, results of chelation therapy were compared
to each respective vehicle group. After chelation
therapy, the RBC count significantly reduced by
DFO-+DFX in low dose group and DFO in high
dose group. The HGB count significantly reduced
by DFX, DFP(L1) and DFO+DFX in low dose
group and DFO, DFP (L1), DFX, DFO+DFP
(L1), DFO+DFX and DFX+DFP(L1) in high dose
group. The PLT count by DFO and DFX+DFP(L1),
also HCT count by DFO and DFO+DFP (L1)
significantly reduced in high dose group (Table 3
and 4, Fig. 3). (The level of significance in all tests
was set as p<0.05)

Table 3. Hematology parameters in low-dose groups (all data are expressed as the mean+SEM)

Before Chelation gll:;llanon Chelation gllger:;atmn Chelation g;i;auon
Group Control chelation  Vehicle therapy Py therapy Py therapy Py
thera DFX DEP DFO DFODEP ey hpo  DEXFDEP
24 (L1) (L1) (L1)
RBC
(10° L) 7.24+0.25 7.28+0.11 7.91+£0.39 7.58+£0.33 7.28+0.42 7.75+£0.11 7.88+0.14 6.98+0.57 7.63£0.16
2’(})33%_1) 7.42+40.43 8.60+1.94 9.79+1.94 9.94+0.59 11.10+£1.14 9.80+0.84 9.80+1.64 12.25+1.22 8.04+0.83
Z(ZJIBJ) 11.96+£0.29 13.02+0.75 12.75+0.38 11.54+0.89 11.354+0.03 12.77+0.14 12.15+0.43 10.80+2.18 12.18+0.33
fll_(l)]; L") 501.79+45.53 680.02+47.69 663.20+45.28 782.00+£37.83 828.00+60.44 654.20+69.69 691.40+48.52 579.40+£153.65 658.80+71.39
HCT (%)  39.02+1.21 37.39+0.20 38.62+1.16 37.70+1.55 37.62+1.72 41.00+0.26 38.96+0.67 35.68+2.73 39.42+0.59
Mn
concentration 1.28+0.10 1.95+0.15 1.79+0.22 1.32+0.14 1.08+0.12 1.01+0.15 1.02+0.20 1.34+0.17  1.19+0.07
(mg L")

ANOVA analysis shows p value in all of treatment groups in comparison to vehicl
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Table 4. Hematology parameters in high-dose groups (all data are expressed as the meantSEM).

Before Chelation Chelation Chelation Cti:zl::lon Chelation  Chelation
Group Control chelation  Vehicle therapy therapy therapy DFOI-)Fy therapy therapy
therapy DFX L1(DFP) DFO (DFP) L1 DFX+DFO DFX+L1
RBC
(105 L) 7.24+0.25  8.04+0.12 8.30+0.83 8.08+0.15 7.92+0.70 7.30+0.21 7.87+0.30 7.74+0.18 8.41+0.18
WBC
(10° L) 7.42+0.43  11.22+1.44 10.74£1.13 10.76+£1.40 15.28+2.40 11.56+£1.38 9.42+1.02 11.32+1.08 8.74+1.41
gc(}i]i'l) 11.96+0.29  14.27+0.22 13.80+0.22 12.34+0.39 12.68+0.20 11.50+0.46 12.38+0.29 12.17+0.32 12.84+0.29
ZI;;E L 501.79+145.53 824.00+48.12 806.75+42.74 630.25+56.54 800.40+46.70 623.00+68.40 806.00+67.66 723.66+42.03 594.25+140.02
(}g/C)T 39.02+1.21 40.30+0.58 40.95+0.88 42.85+0.70 40.86+0.59 38.08+1.10 38.95+0.67 39.70+0.63 42.60+0.96
0
Mn

concentration 1.28+0.10  2.03+0.26 1.32+0.14 1.32+0.14 1.42+0.05 1.14+£0.16 1.23+0.14 1.28+0.21 1.18+0.09
(mg L")

ANOVA analysis shows p value in all of treatment groups in comparison to vehicl
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Fig. 2. Hematology parameters and Mn concentrations in control, high and low doses

of Mn administration (Before chelation therapy) , *p<0.05, **p<0.01, ***p<0.001 as compared to control.
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Fig.4. The effect of pH on manganese extraction by IL-LE method

3.3. Mn concentration

Administration of manganese chloride in both of
low and high doses groups caused a significant
increase in concentration of Mn (Table 3 and 4,
Fig. 2). After chelation therapy, all chelatores
significantly decreased the level of Mn in both low
and high doses groups. Although DFO was more
effective chelator (Table 3 and 4, Fig. 3)

3.4. Optimization of extraction parameters

For efficient extraction for manganese in blood
samples, the effect of parameters such as the amount
of ligand, the pH, the lonic liquids, the shaking
and centrifuging time, the sample volume and the
interferences ions were studied and optimized.

3.4.1.pH effect

The effect of pH on extraction of manganese in
water and rat blood samples must be optimized.
The pH effect on the manganese complexation
by the DFO, DFX and DFP chelators. So, the
various pH between 2 - 11 was evaluated for the
Mn extraction in rat blood samples. The pH was

controlled by a buffer solution. The result showed,
the high recovery based on chelators for manganese
value between 25-180 pg L' was obtained at pH
of 7. The recoveries were decreased for Mn at pH
ranges less than 7 and more than 8.0. So, the pH of
7.0-7.5 were selected for extraction of manganese
in waters and rat blood samples by the IL-LEM
procedure (Fig. 4).

3.4.2. Optimization of DFO, DFX and DFP
chelators

The concentration of chelators is main parameters
for manganese extraction which must be optimized
by the IL-LE procedure. For optimizing, 0.1x1076—
0.9x10°mol L' of DFO was used in the rat blood
sample. The results showed that, by increasing
ligand concentration up to 0.6x10°° mol L™, the
recoveries are also increased (Fig.5). So, the
amount of chelating agent (DFO) between 0.6-0.9
umol L' had high recovery and 0.7 umol L' was
found the best amount for Mn extraction. The DFX
and DFP have almost used with the similar range
between 0.6-0.9 pmol L.
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Fig. 5. The effect of ligand on manganese extraction by IL-LE method

3.4.3. Optimization of sample volume and eluent
The sample volume of rat blood samples and the
standard solution was evaluated from 1.0 mL to
25 mL for Mn concentration between 25-180 pug
L. The results showed us the efficient extraction
was obtained for 10 mL of rat blood samples at pH
7-7.5 (Fig. 6). In-addition, the effect of eluent on
manganese extraction based on ligand/IL (DFO,

120
100
80
60

40

Recovery (%)

20

2 4 6 8

DFX and DFP/IL) were evaluated. At low pH, the
covalent bond between the manganese and nitrogen
group was break-down and released the Mn ions
into acid phase. So, the acid solutions (HCI, HNO,,
H,SO,) were used for back-extraction process in
blood and water samples. The results showed, the
efficient extraction was obtained by HNO, (0.2 M,
0.3 mL) (Fig. 7).

m Rat blood ™ water

10 12 15 20 25

Sample volume (mL)

Fig. 6. The effect of sample volume on manganese extraction by IL-LE method
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3.5. Discussion of Manganese toxicity

By procedure, the manganese extracted based
on ligand and IL in rat blood samples before
determined by the F-AAS. Also, the toxicity of
manganese in rat evaluated by chelation therapy
with DFO, DFX and DFP before determined
by the IL-LE procedure at pH=7-7.5. Due to
biologically evaluation, manganese is considered
to be an essential metal important to mitochondrial
oxidative processes for all living mammals, but
may also be toxic at high concentrations [24].
Manganese toxicity seems to be largely due to Mn
induced cellular free radical damage [25]. This
hypothesis is based on the potent redox properties
of Mn. In our current study uptake of manganese
after oral exposure led to elevating RBC, WBC,
HGB, PLT and HCT. Furthermore, we observed
a clear increase in level of Mn in blood serum
as compared to control. According the previous
study, Mn in the blood compartment may tend
to accumulate in the blood cells [26]. RBC count
had a significant positive relationship with whole
blood manganese [6]. Hemoglobin is a protein
containing iron in red blood cells. One red blood
cell contains 280 million molecules of hemoglobin.
Exposure to Mn during the toxicity period, results
increase in both counts of RBC and HGB in whole

blood. Manganese leaving the enterocyte and
entering the circulation bound to transferrin, may
bind to transferrin receptors on erythroid cells.
The erythroid cell potentially may incorporate
manganese into the porphyrin ring in place of iron,
therefore producing a manganese proto-porphyrin
instead of hemoglobin [6]. Subsequently, the
amount of deformed hemoglobin
Hematocrite is the percentage of red blood cells.
Therefore, after toxicity with Mn, its behavior is
similar red blood cells. The platelet is responsible
for blood coagulation. Interestingly, Mn toxicity
increase platelet and the immune system become
more active by increasing white blood cell counts.
A simple measurement of extracellular Mn such
as in serum or plasma may not accurately reflect
Mn concentrations in the blood compartment,
including blood cells, so whole blood must be
analyzed [26]. However, Serum levels of metal
are questioned as valid markers of total-body
of metal. In any event, our results indicate that

increases.

Mn can accumulate in serum. In severe case
of manganese poisoning, chelation therapy has
been recommended in order to reduce the body
burden of manganese. Deferasirox, deferipron
and desferrioxamine are commonly used chelating
agent for treatment of a variety of metal-induced
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toxicities [27, 28],
iron. In our previous studies, it has been shown
these chelators increase toxin elimination and
reducing the body burden of manganese [29,

30]. Also current our study supports the clinical

especially treatment of

effectiveness of these chelators. Results show
that the above chelators are able to return Mn and
hematology parameters to nearly normal level
of control group. On the other hand, they can
determine/separate/extraction of Mn ions in rat
blood samples with high accuracy and precision
by F-AAS. The results showed, the DFO as single
and combined with DFX and L1 is more effective
for extraction of manganese ions. Surprisingly
after chelation therapy by combination of DFX
and DFO count of WBC increased. There is no
satisfactory explanation for this result. However, it
is reasonable to postulate that the immune system
against the drug increases the white blood cell
count.

3.6. Validation of extraction procedure
By the ILLE procedure, the separation and
determination of Mn ions in rat blood samples

were achieved at pH from 7.0 to 7.5. In the real
samples such as, water, rat blood and rat serum, the
result of manganese were validated by spiking to
standard solutions of manganese (10, 20, 40. 60 pg
L") at optimized conditions (Table 5). The results
showed us, the efficient extraction for manganese
was carried out in real samples based on mixture of
DFX, DFO, L1 and [HMIM][PF6] before shaking
and centrifuging process. Finally after extraction
and back-extraction of Mn ions, the remained
solution was determined by F-AAS by dilution of
DW up to 0.5 mL.

4. Conclusions

In summary, the speciation and determination of
Mn ions in rat blood samples were achieved by the
ILLE procedure at pH from 7.0 to 7.5. The three
chelators, DFX, DFO and L1 used as chelation
therapy in rats, then the [HMIM][PF6] added to
blood of rats. After shaking, extraction, centrifuging
and back-extraction, the Mn values were determined
by F-AAS. The linear range and LOD was obtained
25- 180 pg L' and 6.5 ug L, respectively. Also,

Table 5. Validation of ILLEM for determination of manganese ions in water, whole blood, serum

and plasma of rat based on ligand/IL by spiking of real samples (ug L'; n=8)

*Final concentration Mn

Samples Added *Found Mn Dilution factor 20 Recovery (%)
Whole blood of rat ~ --—--- Y6.54 + 1.11 530.80+25.51 -
20 45.83 £2.05 916.60 = 40.42 96.5
40 68.12+2.88 1362.40 £ 53.72 103.9
Serum ofrat - 13.68 £ 0.62 273.60+ 1276 -
10 23.14 £ 1.12 462.80£21.73 94.6
20 33.52+1.69 670.40 +29.82 99.2
Plasmarat = - 7.68 +£0.33 153.60+6.54 -
5 12.55+0.56 251.00 £ 11.75 97.4
10 17.97 £0.78 359.40 £+ 16.43 102.9
Water - 2388+1.12 - e
20 4364198 - 98.8
40 62.41+295 - 96.3

*x + 15 A at 95% confidence (n=38)

1 mL of Whole blood, Serum and plasma diluted with DW up to 20(1:20)
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the results of the current study clearly demonstrated
that chronic Mn exposure not only resulted in a
marked increase of Mn concentrations in blood
serum, but also caused significant enhances count
of RBC, WBC, HGB, PLT and HCT in whole
blood. Chelation therapy was effective in returning
hematology parameters and Mn ions to nearly
normal level. As well as three chelators are more
efficient as combined therapy than single therapy
in removing manganese from tissues. Therefore,
after basic preclinical research this could be
recommended for human administration.
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ABSTRACT

In this research, meta-(4-bromobenzyloxy) benzaldehyde
thiosemicarbazone (MBBOTSC) as a novel ligand was synthesized
from the reaction between meta-(4-bromobenzyloxy) benzaldehyde
and thiosemicarbazide under basic condition in water and ethanol
as solvents. Ligand has the ability to chelate ions and therefore,
it was used to form a complex and extract ions. So, the cadmium
ions in water and wastewater samples were separated based on
MBBOTSC by ultrasound assisted-dispersive-ionic liquid-liquid
microextractionmethod (USA-D-ILLME) before determination
by AT-F-AAS.The MBBOTSC ligand was added to the mixture of
the ionic liquid/acetone(IL/AC, [OMIM][PF,]) and then injected
by syringe to 50 mL of water samples at pH 6-7.The sample was
put into the ultrasonic accessory for 5 minutes, after complexation
(Ligand-Cd; RS...Cd....RS), the water sample was centrifuged for
3 min for phase separation.Due to complexation and back-extraction
of Cd in liquid phase,the amount of Cd ions in the water samples
was determined by AT-F-AAS after dilution eluent (0.5 M, HNO,)
with DW up to 1 mL.In optimized conditions, the Linear ranges
and LOD for 50 mL of water samples were obtained 1-36pug L'and
0.3pug L, respectively (Mean RSD= 1.26%). The validation results
were successfully achieved by spiking real samples and using
electrothermalatomic absorption spectrometry (ET-AAS).

1. Introduction

of electron pairs on sulfur and nitrogen, these

Thiosemicarbazones (TSCs) are an important
class of organic compounds containing N and S
elements that have various uses and properties [1].
These compounds as Schiff base ligands have been
widely used to form complexes and to separate
metals [2]. Furthermore, due to the presence

*Corresponding Author: YaghoubPourshojaei
Email: pourshojaei@yahoo.com
https://doi.org/10.24200/amecj.v3.104.161

compounds are used over a large area (Fig. 1).
TSCs form a prominent class of pharmaceuticals
and biologically active compounds by virtue of
their antimicrobial, antiviral, anti-bovine viral
diarrhea, antiproliferative and antifungal activities
[3-7]. Also, the formation of metal complexes plays
a very important role in the treatment of cancer,
especially since there are reports of the destructive
role of reactive oxygen species in increasing
the antiproliferative activity of chelators against
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tumour cells [8]. Synthesis of TSC is performed
in different ways: a) it is a two-step pathway in
which hydrazine reacts with isothiocyanate and
the product with aldehyde or ketone, which leads
to TSCs [9], b) it is the opposite of pathway a, ie
hydrazine first reacts with aldehydes or ketones
and then the resulting compound reacts with
isothiocyanate [10], c) it is a 4-step process, in
which hydrazine first reacts with carbon disulfide
and the resulting intermediate reacts with methyl
iodide to form methylhydrazine thiocarbamate,
eventually nucleophilic substitution with amines
and a condensation reaction with an aldehyde or
ketone produces TSC [11]. In continuation of our
research on the synthesis of various compounds
[12-15] and recent report introducing penicillamine
as a metal chelator [16], herein, MBBOTSC as
ligand containing sulfur and nitrogen has proposed
as cadmium chelator.

The toxicity of cadmium (Cd) in water is very
important because of the long half-life in the
human body. The high toxicity of cadmium caused
to damage human organs such as kidneys, liver,
lungs and cancer [21,22]. Cadmium is easily
transferred from water to plants/humans and has

S
HO HN)kNH2
|
_N
1

An anticancer active thiosemicarbazone [17]

N O '
S HN—/< :
3

Mn(ll) thiosemicarbazide complexe a8
electrochemical oxygenreductive catalyst [19]

=
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also contamination in the environment [23]. The
environmental protection agency (EPA) and Agency
for Toxic Substances and Disease Registry reported
that cadmium values in the waters are usually less
than 5 pg L'[24]. For healthy people, the mean
cadmium concentration in human serum samples
is less than 0.2 ug L'[25]. So, the determination of
cadmium in water samples is an important concern
for controlling toxicity [26,27]. The sensitive
techniques such as the electrothermal atomic
absorption spectrometry (ET-AAS) [28], the atom
trap assist to flame atomic absorption spectrometry
and flame atomic absorption spectrometry (AT-F-
AAS, F-AAS) [29], inductively coupled plasma—
atomic emission spectrometry (ICP-AES) using
thiosemicarbazide derivative on alumina [30], and
inductively coupled plasma—mass spectrometry
(ICP-MS) [31], was used for the determination
of cadmium in water and wastewater samples.
However, as a low concentration of cadmium and
high interferences in wastewater samples, sample
preparation before analysis is required. Solid-phase
extraction (SPE) and liquid-liquid micro extraction
(LLME) are preferred to other techniques for ultra-
trace cadmium determination and separation in
water samples [ 32,33].

Pd thiosemicarbazone Complex,
as Catalysts for Cross-Coupling Reactions [18]

(@)
\O NH
H
N N=F
>//NH
S
_ N02

Isatin thiosemicarbazone as
anti-corrosive agent for the alloy [20

Fig. 1. Several TSC drivatives with different application
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Herein a TSC as ligand containing sulfur and
nitrogen was synthesized in two steps; a) synthesis
of a primary aldehyde; meta-(4-bromobenzyloxy)
benzaldehyde, b) of final ligand
meta-(4-bromobenzyloxy) benzaldehyde
thiosemicarbazone (Scheme 1). Then the structure

synthesis

of the final ligand was identified by spectroscopic
methods such as NNR and IR as well as TLC and
melting point.

In this study, the ligand structure was identified
by spectroscopic methods such as 'HNMR,
BCNMR, and FTIR as well as melting point.
Thin layer chromatography (TLC) was used to
check the progress of the reaction (ethyl acetate
and n-hexane were used as the mobile phase).
Finally, the mixture of MBBOTSC ligand, IL
and acetone was used for cadmium extraction
based on the USA-D-ILLME procedure at pH 6-7
before determined by the AT-F-AAS. The results
were validated by spiking of water samples and
compared to the ET-AAS.

2. Experimental

2.1. Instrumental Analysis
The atom trap flame atomic absorption
spectrometry (AT-F-AAS) was used for cadmium
determination in water and wastewater samples.
The signal absorption improved by the atom trap
accessory was added to the burner AAS which was
caused to increase the sensitivity of absorption for
cobalt analysis. The limits of detection (LOD) for
AT-FAAS and FAAS were achieved 0.05 and 0.2
mg L', respectively. The information of cobalt was
entered to software Avanta (wavelength of 228.8
nm, 3.0 mA and silt of 0.5 nm). The auto-sampler
was used for all samples. The linear range for AT-
FAAS was 0.05-1.8 mg L™! for cobalt analysis. The
validation of results was checked by electrothermal
atomic absorption spectrophotometer (GBC, Aus)
in water samples (0.2-6.0 ug L™"). The pH of the
water samples was tuned by the buffer solutions of
Merck, Germany before measured by the digital
pH meter (Metrohm, Swiss). The phosphate buffers

have adjusted the pH for 6-7.

2.2. Reagents and Materials

All reagents/starting materials and solvents used in
this study were purchased from commercial suppliers
(Merck AG, Aldrich or Acros Organics). The melting
point was measured on an electrothermal 1A9100
melting point apparatus fixed at 1°C per minute and
are uncorrected. The reagents of phosphate buffers
(CAS N: 7558-79-4) were prepared from Sigma
Aldrich, Germany. The ionic liquid of 1-methyl-3-
octylimidazolium hexafluorophosphate ([OMIM]
[PF.], CAS N: 304680-36-2) was prepared from
Sigma Aldrich, Germany. The calibration standards
containing 1, 5, 10, 20, 25, 35 ug mL"! Cd standard
solutions were prepared by dissolving 1.0 g of
cadmium nitrate (Cd(NO,),) in 1 L of deionized
water solution (DW in 2% HNO,). The standard
of Cd solutions was daily made by stock solutions
(1g L', 1000 mg L") which was diluted by DW up
to one litre (Millipore, USA). Other reagents such
as HCl, HNO, and acetone were purchased from
Merck, Germany.

2.3. Charactrization

IR spectra were recorded using Nicolet FT-IR
Magna 550 spectrographs (KBr disks). The NMR
spectra were recorded on Bruker 300 spectrometers
in DMSO-d, as solvent. 'H NMR data are reported
in the following order: Chemical shifts (8) in part
per million (ppm) downfield from TMS as internal
standard; approximate coupling constant values
(/) in Hertz (HZ); spin multiplicities (s, singlet;
d, doublet; t, triplet. Thin-layer chromatography
(TLC) was performed on pre-coated Silica Gel
F254 plates in ethyl acetate: n-hexane as the mobile
phase, for checking the reactions.

2.4. Synthesis of meta-(4-bromobenzyloxy)
benzaldehyde

The meta-(4-bromobenzyloxy) benzaldehyde was
prepared by reaction of 3-hydroxybenzaldehyde
with 4- bromobenzylchloride in the presence of
K,CO, as catalyst. The physical and chemical
properties of it, was compared with literature and
its structure was confirmed [34]
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2.5. Synthesis of MBBOTSC

Ina50 ml round bottom flask equipped with amagnet,
dissolved 0.1 g of NaOH in 5 cc of distilled water, at
first 1 mmol (0.291 mg) of meta-(4-bromobenzyloxy)
benzaldehyde and then gradually 1 mmol (0.091
g) of thiosemicarbazide was added to the resulting
solution. And the mixture was gently stirred for one
day. Then 5 cc of ethanol was added and refluxed for
one hour. The reaction progress was controlled by
TLC EtOAc/n-hexane (1:3) as eluent. The obtained
sediments were filtered using filter paper and dried in
a vacuum. Then the precipitate was recrystilized in
boiling ethanol. At the end, crystalline product was
filtrated to obtain crystalline pure product (Scheme
1). The structure, yield, melting point of synthesized
compound is given in the Table 1. Also, the FT-IR,
'H NMR and "*C NMR spectra of the synthesized
ligand are shown in Figures 3 to 5, respectively.

2.6. Procedure of metal extraction
By the USA-D-ILLME procedure, the cadmium
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was complexed with the MBBOTSC ligand in
water and wastewater samples. Also, the Co ions
was determined by AT-F--AAS. The MBBOTSC
ligand (0.1 g) added to mixture of [OMIM][PF, ] and
acetone (0.2 g: 500 uL.) and was injected into 50 mL
of Cd included 1-36 pg L. After shaking of samples
(5.0 min), the cobalt ions were extracted with sulfur
and nitrogen groups of MBBOTSC ligand [R-
N: (S:) ...... Cd(Il)«—(:S)N:-R] at pH 6. After the
complexation, the Cd-MBBOTSC was separated
with IL [OMIM][PF,] at the bottom of a PVC
conical tube by centrifuging for 3 min and speed
of 4000 rpm. The water samples were set aside by
auto-sampler (50 mL) and the Cd ios in IL phase
back-extracted by 0.5 mL of HNO, (0.5M). After
diluted acide phase with DW up to 1.0 mL, the Cd
values was determined by AT-FAAS. The procedure
was shown in Figure 2. The enrichment factor (EF)
based on the slope of calibration curve of Cd in the
proposed procedure (USA-D-ILLME) and standard
method was calculated (m /m, =tga, EF= 49.64).

Y

meta-(4-bromobenzyloxy) Penzaldehyde thiosemicarbazone

Scheme 1. A) Synthesis of meta-(4-bromobenzyloxy) benzaldehyde 6 B) meta-(4-bromobenzyloxy) benzaldehyde
thiosemicarbazone 8, Reagents and conditions: (a) K,CO,, DMF, 100 °C; (b) NaOH, H,0O, EtOH, reflux.

Table 1. Structure, yield and melting point of ligand

Entry

Structure

Yield (%) m.p. (lit)

Br
2 \©\/O

HN- “NH, 87
|
_N

187-189°C
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MBBOTSC ligand <——=>
[OMIM][PFs]
Acetone

Centrifuge

Water

Shaker
Extraction

Separation

Cadmium

Back-extraction

Determination

Fig.2. Determination of cadmium based on MBBOTSC ligand by the USA-D-ILLME procedure

3. Results and Discussion

The aim of the present study was to synthesize
the  meta-(4-bromobenzyloxy)  benzaldehyde
thiosemicarbazone derivative and to confirm its
structure by spectroscopic methods such as FT-
IR, '"H-NMR, and "*C-NMR and use it to separate
and extract the cadmium ions from the water and
wastewater samples before determined by AT-F-
AAS. The meta- (4-bromo benzyloxy) benzaldehyde
reacted with thiosemicarbazide under basic condition
to form the target ligand. Ligand synthesis is based
on a nucleophilic attack of the electron pair of the
free amine of thiosemicarbazide on the carbon of the
carbonyl of aldehyde group, and after removing of a
water molecule from intermediate, an imine bond is
formed and the product is obtained.

3.1. FTIR Analysis

The FT-IR, 'H-NMR, !PBC-NMR spectra of
the synthesized ligand analyzed to confirm its
structure. In the FT-IR spectrum of the ligand,
two stretching vibration frequencies in the regions
of 3393 and 3342 cm belong to the NH, group.
The peak that appearing at the stretching vibration
frequency of 3025 cm™ is related to the aromatic
CH stretching vibrations of this synthesized
ligand. The peak that has appeared at 1530 cm-1 is
related to the stretching vibration frequency of the
C = N. And the peak appearing at the frequency
1262 cm™ is correspond to the stretching vibration
frequency of the C = S functional group. The peak
at 834 cm ! is attributed to the C-Br stretching
vibration (Fig.3).

N N MQ W
M n-lt )
E < - 1’

85

2 28 8 £330 83 B84 20 vra
g 982 49 22332 Y2 880 %s doa
8 8& 8 LwW=EI8 8- 223 32 B
T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Fig. 3. FT-IR spectrum of MBBOTSC ligand
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3.2. 'H-NMR spectrum

In the '"H-NMR spectrum of the ligand, a single
peak appeared in the region of 11.48 ug mL™!, which
corresponds to hydrogen of NH. Two single peaks in
the regions of 8.27 ug mL" and 8.1 pg mL"' belong
to the two protons NH,, and the single peak appear
at the 8.04 ug mL"! indicate the CH alkene group.
The three aromatic protons appeared as a doublet
at the 7.5 pg mL" with coupling constant (J) 6 Hz.
In the area of 7.45 pg mL"', a doublet with coupling
constant (/) 6 Hz appeared, which corresponds to
two aromatic protons, as well as in the area of 7.35
ug mL, doublet with coupling constant (J ) 6 Hz
has appeared related to two aromatic protons. In the
region 7.03 ug mL", a triplet peak has appeared with
coupling constant (J) 6 Hz, which is corresponded
to an aromatic proton. The single peak that appears
in the region of 5.15 nug mL"' belongs to the two
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protons of the OCH, group. The "C-NMR spectrum
of this compound also confirms the desired structure
in that the ligand contains 11 types of carbon, which
can be seen in the *C-NMR spectrum as 11 separate
carbon peaks (Fig.4 and 5).

Representative spectral data
Meta-(4-bromobenzyloxy)
thiosemicarbazone (X): Cream-shaped crystals, m.p.:
187-189°C; FT-IR (KBr) (v, cm): 3393 (N-H), 3342 (N-
H), 3160 (N-H), 3025 (C-H,), 1530 (C=N), 1262 (C=S),
1170 (C-0), and 834 (C-Br). 'H NMR (DMSO-d,, 300 MHz)
S (ppm):11.48 (1H, s,NH), 8.27 (1H, s, NH), 8.1 (1H, s,NH),
8.04 (1H, 5,CH), 7.5 (3H, d, J = 6Hz, CH,), 7.45 (2H, d, J
= 6Hz, CH,), 7.35 (2H, d,J = 6Hz, CH, ), 7.03 (1H, 1, J =
6Hz CH, ), and 5.15 (2H, s, OCH,). "C NMR (DMSO-d,, 75
MHz) 6 (ppm): 178, 158, 142, 136, 136, 131, 130, 121, 117,
112, and 69.
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Fig. 4. "H-NMR spectrum of MBBOTSC ligand
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Fig. 5. BC-NMR spectrum of MBBOTSC ligand

3.3. Mechanism of cobalt extraction

The mechanism of extraction is based on the
interaction of imine nitrogen (=N) and thio (=S)
groups of the MBBOTSC with cadmium ions using
dative/covalent bonding to form stable five ring.
The mechanism of extraction between nitrogen and
thiol of the MBBOTSC with Cd ions was shown
in Figure 6. The mechanism demonstrates that
MBBOTSC ligand can bind to Cd*" by complex
formations that are easily eliminated from the
water samples. The sulfur and nitrogen groups in
MBBOTSC ligands caused to easily extracted the
Cd ions from aqueous solutions

3.4. Optimizing of parameters

3.4.1.The effect of pH

The pH of the sample is the main parameter for
cadmium extraction from water and wastewater
samples which was affected oncomplexation.
So, the effect of pH on extraction efficiency of

cadmium with MBBOTSC ligand was studied
in different pH between 2 to 11 (Fig.7). The
complexation of sulfur and nitrogen groups with
Cd** was depended on the pH of samples. Due to
results, the efficient extraction for Cd ions was
obtained more than 96% at pH 0f6.0-7.0 (Cd—:S-R
or :NH_-R). At higher pH (more than 7.5), the
extraction of cadmium was reduced and Cd ions
was precipited [Cd(OH),]. The mechanism was
depended on the coordination bond between Cd*
and amine /sulfur groups of MBBOTSC ligand
at optimized pH. In acidic pH, the NH, and SH
groups of the MBBOTSC ligand are protonated
(+) and complexation decreased. Also, in basic
pH at more than 7.5, the NH, and SH groups
were deprotonated (-) but the cadmium ions
precipitated. So, the MBBOTSC is favorite ligand
for extraction and determination of cadmium in
water samples by the USA-D-ILLME procedure
at pH 6.5.
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Fig. 7. The effect of pH on cadmium extraction based on MBBOTSC ligand
by the USA-D-ILLME procedure
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3.4.2.The effect of IL

The different hydrophobic ionic liquid such as,
[OMIM] [PF], [BMIM][PF,] and [EMIM][PF,]
was used for collecting and separation ligand/Cd
from water samples (Fig. 8). So, the effect of ILs on
the cadmium extraction was evaluated within the
IL range (0.1-0.5 g) by standard cadmium solution
(1-36 ug L). Due to results, the high recoveries
were achieved by 0.17 g of [OMIM] [PF ] (98.9%).
Therefore, 0.2 g of [OMIM] [PF.] was used as
optimum IL for Cd extraction by MBBOTSC
ligand.

3.4.3.0ptimization of MBBOTSC ligand

The effect of MBBOTSC for cadmium extraction
mustbeevaluated. MBBOTSCisoneoftheimportant
factor for cadmium extraction which should be
optimized by the USA-D-ILLME procedure. First,
0.015x10* — 0.35 x 10* mol L ¢ of MBBOTSC
ligand was examined for cadmium extraction in
the water and standard samples. Due to results, the

— 035x10*molL® of MBBOTSC

recovery of extraction increased for 0.065 x 107
ligand
(Fig. 9). So, 0.07 x 10* mol L' of MBBOTSC
ligand in 50 mL of water sample was selected as
optimum amount of ligand for cadmium extraction.

3.4.4.Effect of back-extraction eluents

The effect of back-extraction eluents for cadmium
extraction in water samples were studied by
MBBOTSC ligand. At acidic pH (pH<4), the
covalent bond between the cadmium ions and
sulfur/nitrogen groups (complexation) was broken
and cadmium ions released into eluents. For this
purpose, the different acid solutions (HCI, HNO,,
H,CO,, H,SO,) were prepared and used for back-
extraction cadmium ions fron ligand/IL in water
and wastewater samples. In-addition, the eluent
concentrations and volumes between 0.1-1.0
mol L' and 0.1-2.0 mL) was studied. The results
showed, the high extraction for cadmium was
achieved by 0.5 mL of nitric acid (0.5 M) (Fig. 10).

120 |\ g[oMIM] [PF6] = [BMIM][PF6] = [EMIM][PF6] = [EMIM][BF4]
100
—
é 80
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g 60
g
4
40 &
L
I
) III |
==
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20 50 80 100

Amount of IL (mg)

150 200 250 300

Fig. 8. The effect of amount of IL on cadmium extraction based on MBBOTSC ligand
by the USA-D-ILLME procedure
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3.4.5.Effect of sample volume

The effect of sample volume for cadmium extraction
in water samples was evaluated between 5 - 100
mL with cadmium concentration (1-36 ug L) by
AT-F-AAS. As result, the high recovery occurred
less than 60 mL of water samples at pH 6.5. So,
50 mL was selected as optimum sample volume
for cadmium extraction based on the MBBOTSC
ligand by the USA-D-ILLME procedure.

3.5. Validation of methodology

The cadmium ions (Cd?*') was separated and
determined in water and standard samples by the
USA-D-ILLME procedure. The cadmium ions
were successfully extracted based on MBBOTSC
ligand in water samples with high recovery.
Moreover, the accuracy of cadmium analysis must
be validated by advanced analytical techniques
and spiking samples. In this study, the results
of USA-D-ILLME procedure was validated by
spiking the standard cadmium solution in water
samples (Table 2). Also, the data analysis of
cadmium in this procedure can be validated by
ET-AAS (Table 3). The results demonstrated

Anal. Methods Environ. Chem. J. 4 (4) (2021) 92-105

the accurate extraction and high recovery for
cadmium ions in water and wastewater samples.
The spiked samples showed satisfactory results
for extraction and separation of cadmium based
on the MBBOTSC ligand in water samples by the
USA-D-ILLME procedure.

4. Conclusions
An analytical
determination of cadmium in water samples was
carried outby synthesis of meta-(4-bromobenzyloxy)
benzaldehyde (MBBOTSC)
as a novel ligand at pH 6.5. The complexation

method for extraction and

thiosemicarbazone

between cadmium and ligand was achieved with
the MBBOTSC ligand and cadmium extracted by
the USA-D-ILLME procedure. By the proposed
procedure, the simple and fast extraction, as well
as the efficient separation for cadmium ions was
obtained at optimized conditions. Results showed
the LOD, the working range and RSD ranges were
obtained at 0.3 pg L', 1-75 pg L' and 1.12%-
2.54%, respectively. Due to results, the separation
cadmium in water samples was simply achieved by
the IL phase before determined by AT-F-AAS.

Table 2. The validation of results for cadmium extraction based on the MBBOTSC ligand in water samples by

spiking standard solution (g L).

Samples Added USA-D-ILLME * Recovery (%)
Drinking Water - 045+002 -
0.5 0.94+0.05 98.1
1.0 1.47 +0.07 102
Well water - 5.14+0.19 -
5.0 9.95+ 0.44 96.2
10 15.25+0.62 101.1
Wastewater - 9.85+0.46
5 14.76 £0.67 98.2
10 19.78 £0.84 99.3
Wastewater - 12.58 £0.57
10 23.01+1.14 104.3
20 3231 +1.52 98.6

* Mean of three determinations + cconfidence interval (P=0.95, n=5)
Wastewater prepared from petrochemical industry in Arak and well water from south ofTehran (Share-Ray)
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Table 3. The validation of methogology for cadmium extraction and determination in water by spiking samples and

comparing to the ET-AAS analyzer

Added ET-AAS* USA-D-ILLME * Recovery (%) Recovery (%)

Samples (ugLh)  (pgL? (ug LY ET-AAS  USA-D-ILLME
Drinking Water - 0.73 £0.03 0.69+0.02 e e

0.5 1.21 £0.05 1.22 +£0.06 96.0 106
Well water - 3.76 £0.16 382+0.18 e e

3.0 6.72+£0.29 6.77+0.32 98.6 98.3
Wastewater - 14.02 £0.71 13.87 £ 0.64

15 28.56 £1.28 29.03 £1.42 96.9 101.1
Wastewater - 16.32+£0.78 16.15+£0.81

20 36.25+1.68 35.58+1.74 99.7 97.2

* Mean of three determinations + cconfidence interval (P=0.95, n=5)
Wastewater prepared from petrochemical industry in Arak and well water from south ofTehran (Share-Ray)
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