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Abstract

Fe30s nanoparticles and their binary mixtures ([CeMIM]-FesOs) with 1-Octyl-3-methylimidazolium bromide were
prepared and characterized as ionic liquid for using in the adsorption of phenylalanine, tryptophan, and tyrosine. The
characteristics of [CsMIM]-FesO4 nanoparticles were investigated via using TEM, XRD and FTIR techniques. The pH of
the point of zero charge (pHpz) of both FesOs and [CsMIM]-FesO4 were obtained based on the experimental curves
corresponding to the immersion technique. Experimental results were obtained under optimum operational conditions of:
nanoparticle amount of 0.015 g and a contact times of 5, 10, 15 minutes for tryptophan (Trp), tyrosine (Tyr) and
phenylalanine (Phe), respectively, when initial concentration of each amino acid was 5.0x10™* mol L™!. The isotherm
evaluations revealed that the Freundlich model attained better fits to the equilibrium data than the Dubinin-Radushkevich
model. The maximum obtained adsorption capacities of Tyr, Trp and Phe were 12.74, 3.55 and 35.62 mg amino acid per
gram of adsorbent, respectively. The applicability of pseudo-first order and pseudo-second order kinetic models was
estimated on the basis of comparative analysis of the corresponding rate parameters, equilibrium adsorption capacity and
correlation coefficients. Furthermore, the adsorption processes were found endothermic. Both phenylalanine and tyrosine
were desorbed from [CsMIM]-FesO4 nanoparticles by using NaOH aqueous solution with concentrations of 1.0 and 2.0
mol L1, respectively. Tryptophan was completely desorbed in the presence of a mixture of 1.0 mol L™! NaCl and 1.0 mol
L' NaOH. The nanoparticles thus were recycled.
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1. INTRODUCTION constitute the building blocks of proteins. They
Amino acids make a significant class of are widely used in food industry as nutritional
bioorganic compounds mainly because they supplements and as quality-improving agents for
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proteins [1,2]. Additionally, amino acids are used
as building blocks for production of agrochemical
and pharmaceutical compounds and also can be
applied in synthesize of oligopeptides or other
larger size biomolecules. They have also found
applications in such areas as the biodegradable
plastics industry [3], drug delivery systems [4] or
in stereoselective laboratory synthesis [5]. Amino
acids contain carboxyl and amino functional
groups which are responsible for their adsorption
ability [6].

Amongst the 20 common amino acids which
biochemically build proteins and perform specific
functions in the human body, nine are classified
as essential, due to the inability of the human
body in their synthesize [7]. In the past, the
technology for the production of amino acids was
largely based on recovery from protein
hydrolysates; today fermentation with genetically
engineered bacterial strains constitutes the main
production route [8]. Several steps are, in general,
required in order to recover and purify the amino
acids from fermentation broths. lon exchange is
one of the processes that is commonly used for
separation of amino acids both on analytical and
industrial scales. To improve the efficiency of
recovery, several techniques for separation and
purification of amino acids from wastewaters,
coming from fermentations broths, have been
employed [9-10]. In this regard, partitioning of
amino acids into various phases including ionic
liquids and reverse micelles has also been studied
[11,12].

Many studies have been reported for adsorption
of amino acids on various adsorbing materials
including activated carbon, silica, ion exchangers,
alumina, zeolites, and polymeric resins [13-18].
Adsorptive separations are widely used in
chemical engineering applications for the
purification of fluid streams, recovery of solutes
and bulk separations. The importance of
adsorption processes has been recently stressed in
various reviews [19-21].

These above applications usually require amino
acids to be adsorbed in the form of well-ordered
layers onto a solid surface. Understanding the
mechanism by which amino acids adsorb onto an

inorganic surface is an important concern in
treatment of bioproducts and in various
biotechnological fields, such as the preparation of
biocompatible materials and biosensors [22].
Room temperature ionic liquids (RTILs) as useful
environment frindly green solvents, have recently
attracted special attentions due to thier unique
physical and chemical properties such as
nonvolatile, non-flammable, excellent solvation
qualities and high thermal stability [23]. Since
RTILs cas dissolve many different organic,
organometalic and ionorganic compounds, they
are applied in many fields of analytical chemistry.
lonic  liquid-based  extraction has some
disadvantages such as low rate of mass transfer,
long equlibrium time, difficulty in separate -phase
and entraning loss of IL to aqueous phase [24].
These limitations can be overcome by
modification of solid phase with ionic liquids.
Some studies have been recently focused on the
application of RTILs from extraction or
adsorption of biomolecules, metal ions and
polycyclic aromatic hydrocarbons [25-27].
However, the application of supported ionic
liquid phase for the adsorption of amino acids has
not been reported.

The present study focuses on characterization of
the adsorption processes of phenylalanine,
tryptophan and tyrosine (Table 1) on the surface
of magnetic nanoparticles of Fe304 modified by
ionic liquid, [C8MIM][Br]. The results might be
useful because adsorption and separation of
biomolecules including amino acids are important
due to their potential applications in many
frontiers of modern materials science including
biocatalysis, biosensing, drug release and
separation of biomolecules [28]. In this regard,
electron microscopy (TEM), X-ray diffraction
(XRD), and Fourier transform infrared (FTIR)
spectroscopy have been utilized for this
characterization. Adsorption isotherms, Kinetic of
adsorption and thermodynamic parameters are
also characterized and reported. To the best of our
knowledge, adsorption of these amino acids on
Fe304 magnetic nanoparticles modified by ionic
liquids has not been reported.

Table 1. Chemical structure of the amino acids and their dissociation constants at 25 °C.

Amino acid Chemical structure  Carboxylic ~~ Ammonium Pka pl@ Volume  Hydrophobicity
acid pKa PhOH (A3) index
Phenylalanine $ 1.83 5.48 189.9 1.0
Tryptophan Q]/\l)CL 2.38 5.89 227.8 0.878
} OH
HN NHz
Tyrosine i 2.2 10.07 5.66 193.6 0.88

O
o™ NH;

apl is the pH of isoelectric point.
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2. EXPERIMENTAL

2.1. Apparatus

A double beam UV-visible  Shimadzu
spectrophotometer Model 1601 equipped with a
1-cm quartz cell was used for recording the
visible spectra and absorbance measurements.
The FTIR spectra were recorded on a Shimadzu
FTIR 8000  spectrometer. The  XRD
measurements were performed on the XRD
Bruker D8 Advance. A transmission electron
microscope (Philips CM 10 TEM) was used for
recording the TEM images. A Metrohm 780 pH
meter was used for monitoring the pH values. A
water Ultrasonicator (Model CD-4800, China)
was used to disperse the nanoparticles in solution
and a super magnet Nd—Fe-B (1.47 T, 10x5x2
cm) was used. All measurements were performed
at ambient temperature.

2.2. Chemicals and reagents

All chemicals and reagents were of analytical
grades. Phenylalanine, tryptophan, and tyrosine,
1-bromooctane, 1-methylimidazolium, sodium
hydroxide, hydrochloric acid (37% w/w), sodium
chloride, FeCls.6H,O (96 %w/w) and
FeS0..7H,0 (99.9 %w/w) were purchased from
Merck. The amino acids solutions with
concentrations in the range of 0.020-1.0 mg mL™
were prepared by successive dilution of their
fresh stock solutions (1.0 mg mL™?) with distilled
water. The pH adjustments were performed with
HCI and NaOH solutions (0.01-1.0 mol L™). The
ionic liquid 1-octyl-3-methylimidazolium
bromide, [CsMIM][Br], was prepared according
to the same procedure reported for 1-butyl-3-
methylimidazolium bromide in the literature; only
1-bromooctane was used instead of 1-
bromobutane [29].

2.3. Fabrication of ionic liquid-modified magnetic
nanoparticles

The nanoparticles of FesO, were synthesized by
mixing ferrous sulfate and ferric chloride in
NaOH solution with constant stirring as
recommended [30]. To obtain maximum yield for
magnetic nanoparticles during co-precipitation
process, the ideal molar ratio of Fe*/Fe3* was
about 0.5. The precipitates were heated at 80 °C
for 30 minutes and were sonicated for 20 minutes,
then washed three times with 50 mL distilled
water each time.

Modification of FezO4 nanoparticles was carried
out using ionic liquid [CsMIM][Br] under
vigorous magnetic stirring for 30 minutes at 50
°C. The modified iron oxide nanoparticles
([CsMIM]-Fes04) were collected by applying a
magnetic field with an intensity of 1.4 T. The
[CsMIM]-Fes04 nanoparticles were washed three

times with 50 mL distilled water each time.
Nanoparticles and distilled water mixture was
dispersed by ultrasonicator for 10 minutes at
room temperature. Then,ithe [CsMIM]-FesO4
nanoparticles were magnetically separated [31].

2.4. Adsorption equilibrium of amino acids
Adsorption of amino acids onto [CsMIM]-Fe;04
nanoparticles from aqueous solutions was
investigated batch-wise. The magnetic
nanoparticles (0.015 g) were incubated with 20
mL of the aqueous solutions of amino acids for 1-
16 minutes (equilibrium time) in a beaker agitated
magnetically. After mixing, magnet was removed
and washed with distilled water. Then, the
adsorbed amino acids on the surface of [CsMIM]-
FesO4 nanoparticles was magnetically separated
and the mother solution was analyzed
spectrophotometrically for the residual of
phenylalanine, tryptophan, and tyrosine at 263,
279.5, 275 nm, respectively.
Effects of amino acids concentration, pH of the
aqueous solution, temperature, and ionic strength
on the adsorption capacity of the adsorbent were
studied. To determine the effect of pH on the
adsorption, pH of the solution was changed in the
range of 3.0-11.0. To observe the effects of the
initial concentration of amino acids on their
adsorption, the concentration of each amino acid
was tested from 0.020 to 1.0 mg mL™ To
observe the effects of temperature on the
adsorption, adsorption studies were carried out in
the temperature range of 5 to 35 °C.
To study the adsorption kinetics of an amino acid,
the modified FesO4 (0.015 g) was incubated with
10 ml of the buffer solutions (at a specific pH),
containing 20 mg L of amino acid, and the
suspension was immediately stirred for different
periods of time. Adsorption kinetic data were
obtained by measuring the concentration of amino
acid in the solution at different times after
removing the magnetic nanoparticles.
The equilibrium binding amount of the amino
acid adsorbed onto [CsMIM]-FesO, was
calculated according to the following equation:
V(C,—C
g = M (1)

m

where ge (in mg g?) is the adsorption capacity
(mg) amino acid adsorbed onto gram amount of
[CsMIM]-Fes0.), V is the volume of the amino
acid solution (in liter), Coand Care the initial and
equilibrium amino acid concentrations (in mg
L), respectively, and m is the mass (in gram) of
dry [CsMIM]-Fe304 added.



S. Kamran / Iranian Journal of Analytical Chemistry 3 (2016) 105-115 | 108

3. RESULT AND DISCUSSION

3.1. Characterization of FeszO, and [CsMIM]-
F6304

The peaks positions and relative intensities
observed in XRD patterns of both [CsMIM]-
Fe304 nanoparticles and standard FezO4 are shown
in Fig. 1 for comparison. Five characteristics
peaks for both Fes0, and [CsMIM]-FesOq
corresponding to indices (220), (311), (400),
(511), and (440) are observed. Although the
magnetic nanoparticle surfaces in [CsMIM]-FezO.
was coated with ionic liquid, analysis of XRD
patterns of both Fes0s and [CsMIM]-FesO.
indicated very distinguishable peaks for magnetite
crystal, which means that these particles have
phase stability [32-33].

Intensity

®)

20 40 60 30 100

20
Fig. 1. XRD pattern of FesOs, A; and [CsMIM]-Fes0a,
B.

The FTIR spectra of FesOs ionic liquid and
[CsMIM]-Fes04 are shown in Fig. 2. In the case
of Fe30y4, the broad absorption band at 3440 cm™
shows the presence of surface hydroxyl groups
(O-H stretching). The bands at low wave

numbers (=700 cm™) relate to vibration of Fe—O
bonds in magnetite. The presence of magnetite
nanoparticles can be demonstrated by appearance
of two strong absorption bands around 585 cm™
[34,35]. The Fe—O bond peak of the bulk
magnetite is observed at 570.9 cm™. In the
spectrum of ionic liquid (Fig. 2-B), a longer
hydrocarbon chain in [CsMIM][Br] gives
significantly stronger peaks in the ranges of 2800-
3100 and 1465-1640 cm™. In the FTIR spectrum
of [CsMIM]-Fes04, the significant absorption
band at 2931.6 cm™ is due to the C—H stretching.
The peak which is observed around 1180 cm
corresponding to the in-plane C—H deformation
vibration of imidazolium ring (Fig. 2-B). The
absorption band at 1458.1 cm™ indicates the
presence of C—N stretching. The absorption band
at 1627.8 cm™ is related to the hetro-aromatic
C—H bond stretching.

Transmittance (%)

3425.3

570.9

4000.0 3000.0 2000.0 1500.0 1000.0 500.0

Wavenumber (cm™)

Fig. 2. FTIR spectra of Fes04, A; IL, B; and [CsMIM]-
Fes0q4, C.

The TEM image of FesO4 nanoparticles, Fig. 3,
indicated that the average diameter of Fe3O4
nanoparticles was about ~10 nm and that of
[CsMIM]-Fes04 was ~13 nm. If it is assumed that
the difference of 3 nm in the mean sizes of both
nanoparticles is significant, then it revealed that
ionic liquid caused agglomeration of Fe304
nanoparticles which was expected as ionic liquids
could reduce the surface charges of nanoparticles.
This case is similar to what can be observed for
colloidal particles when an inert electrolyte is
added to their aqueous solutions.

: g g
Fig. 3. The TEM image of FesO4, A; and [CsMIM]-
Fes0s4, B.
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The experimental curves corresponding to the
immersion technique [36] were obtained for both
sorbents and are presented in Fig. 4. Suspensions
of 55 g L' of sorbents were prepared and
individually were brought into contact with 0.10
mol L of NaCl solutions adjusted at different pH
values. The aqueous suspensions were agitated
for 48 hours until the equilibrium pH was
achieved. The pH value at the point of zero
charge (pHpzc) was determined by plotting the
difference of final and initial pHs (ApH) versus
the initial pH. As it is shown in Fig. 4, the pHpc
values of both Fe;04 and [CsMIM]-Fe304 are 6.5
and 8.0, respectively, meaning that the pH of
FesO, has shifted from 6.5 to 8.0 after being
modified with ionic liquid. This observation
confirmed the deposition of ionic liquid onto the
surface of FesOs and it also revealed that
[CsMIM]-FesO4 was positively charged at pH <
8.0. It is noticeable that pHy,c value for FesO, is
corresponding to the reported value in the
literature [37]. The data points obtained in this
figure and the following figures are mostly the
average of two measurements.

3.0
A
A
= 2.0 4 A A
=]
- A A
1.0 R A
A
0.0 T A
0.0 20 40 60 80 100 120
Inmitial pH
6.0
g A
4.0 1
_ A
i A
a4 2.0 A
A A
0.0 T A, T
0.0 5.0 10.0 15.0
Initial pH

Fig. 4. Immersion technique curves of FesOas, A; and
[CsMIM]-Fe30s, B.

3.2. Adsorption of amino acids from aqueous
solutions

3.2.1. Effect of initial pH

The effect of the initial pH of the sample solution
on the adsorption of phenylalanine, tryptophan,
and tyrosine onto [CsMIM]-FesO, surface was
assessed at different pH values ranging from 3.0
to 11.0. The initial concentrations of
phenylalanine, tryptophan, and tyrosine and
adsorbent amount were set at 100 mg L™* and

0.015 g, respectively. Each solution was stirred
for a period of 10 minutes while the experiments
were performed in batch technique. The results
are depicted in Fig. 5. The ge value (in mg g%) in
this figure refers to the amount of amino acid (in
mg) that has been adsorbed onto gram amount of
[CsMIM]-Fes04. Amino acids present both acid
and base characteristics and thus changes in
solution pH are expected to affect the adsorption
mechanism and the extent in which Phe, Trp and
Tyr are adsorbed onto the adsorbent surface.

100 -
75 1
50 1

qe (mgg™

25 1

0 . .
2 6 pH 10

Fig. 5. Effect of pH of the sample solution on
adsorptions of Phe, (m); Trp, (¢); and Tyr, (A).
Experimental conditions: [CsMIM]-FesOs amount of
0.015 g, stirring time of 10 minutes, initial amino acid
concentration of 100 mg L.™!

In the present study, high adsorption capacity of
nanoparticles for adsorption of Phe, Trp and Tyr
was observed, respectively, at about pH 9.0, 6.0,
10.0. Results shown in Fig. 5 demonstrate that
high loading for each amino acid occurs at two of
these pH values after achieving the equilibrium
condition; at pHs 6 and 10 for both Trp and Tyr;
at pH 7.0 and 9.0 for Phe. At pH 3.0, Phe, Trp
and Tyr molecules are predominantly positively
charged (see Table 1 for pl values of Phe, Trp and
Tyr) whereas the adsorbent surface is only
slightly positively charged, so electrostatic
repulsion is weak, and adsorption could occur
strictly by hydrophobic interactions. At pHs, 9.0,
6.0 and 10.0, encompassing the pl, amino acids
are in their zwitterionic forms. So, in pH 6.0, the
electrostatic attraction between carboxylate anion
and the positively-charged  nanoparticles
predominate. In pH 9.0 and 10.0, electrostatic
attraction between protonated amino groups and
the negatively-charged nanoparticles supports the
adsorption process. At pH 8.0, where the
nanoparticle surface is without charge, the
hydrophobic attraction is the driving force for
adsorption of three amino acids. At higher pH, the
anionic form of amino acid predominates and an
electrostatic repulsion is expected to be developed
between both negatively-charged nanoparticles
and anionic form of each amino acid. In addition,
more adsorption of Tyr was observed at pH 10.0
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than 6.0 that could be due to having hydroxly
group on its phenyl ring with a pK value of 10.07.

3.2.2. Effect of contact time

The effects of stirring (contact) time on the
performance of [CsMIM]-Fe;04 for adsorbing of
phenylalanine, tryptophan, and tyrosine was
investigated. The [CsMIM]-Fes0s amount of
0.015 g and the working pH for each amino acid
solution (Phe, pH 7.0; Tyr, pH 10.0; and Trp, pH
6.0) were considered for performing this
investigation. The initial amino acid concentration
in each tested solution was 100 mg L. Fig. 6
shows adsorption capacity of the adsorbent for
three amino acids as a function of stirring time,
ranging from 1.0 to 20.0 minutes. These data
indicate that the adsorption process started
immediately upon adding [CsMIM]-Fe;04 to each
amino acid solution. Maximum adsorption for
Phe, Tyr and Trp was observed after 15, 10 and 5
minutes, respectively.

80
& i F—2A

‘? 60 | M
=T]
=Ti]
E 40
S5

20 4

0 T T

0 10 20 30
Contacttime (minute)

Fig. 6. Effect of stirring time on the adsorption of: Phe,
(m); Trp, (#); and Tyr, (A). Experimental conditions:,
[CsMIM]-Fe304 amount of 0.015 g, initial amino acid
concentration of 100 mg L' at optimized pH value
(Phe, pH 7.0; Tyr, pH 10.0; Trp, pH 6.0).

3.2.3. Effect of solution temperature

The effect of temperature on the adsorption of
phenylalanine, tryptophan, and tyrosine by
[CsMIM]-FesO4 was investigated for each amino
acid individually at the their optimized pH and an
initial amino acid concentration of 100 mg L™
with applying the optimized stirring time obtained
for each amino acid (Phe, 15; Tyr, 10; Trp, 5
minutes). Fig. 7A shows the adsorption capacity

of the adsorbent for three amino acids as a
function of temperature, ranging between 278 and
308 K. The results indicate that the solution
temperature strongly affected the adsorption
capacity of nanoparticles for adsorbing of Tyr and
Trp. Adsorption capacity increases, with
increasing temperature, indicates the endothermic
nature of the three adsorption processes.

The plot of In (ge/Ce) versus 1/T is indicated in
the inset of Fig. 7B; Ce is the equilibrium
concentration of adsorbate. From the slope and
intercept, the changes of enthalpy (AH) and
entropy (AS) at 278-308 K could be determined.
Table 2 shows the thermodynamic parameters for
adsorption of phenylalanine, tryptophan, and
tyrosine onto [CsMIM]-FesO4 nanoparticles. The
free energy of the adsorption processes for three
amino acids, at the more temperatures, was
negative indicating the spontaneity nature of the
adsorption processes.

2
- A
=L 70
2
¥ o /.//l——q
30 T T T
270 280 290 300 310
Temprature (K)
6.0
B
J 40 F————a
£ 50 —s—s 3
> Y o
0.0 — r——e
0.0031 0.0033 0.0035 0.0037
IT(K™)

Fig. 7. (A) Effect of temperature on adsorption of: Phe,
(m); Trp, (#); and Tyr, (A). (B), the plots of In(ge/Ce)
against 1/T for Phe, (m); Trp, (¢); and Tyr, (A).
Experimental conditions:, [CsMIM]-FesO4 amount of
0.015 g, initial amino acid concentration of 100 mg L
at optimized pH value (Phe, pH 7.0; Tyr, pH 10.0; Trp,
pH 6.0), stirring time of (Phe, 15; Tyr, 10; Trp, 5
minutes).

Table 2. Thermodynamic parameters of amino acids-adsorption process onto [CsMIM]-Fe3O4 nanoparticles. The error
bars correspond to average deviations.

Amino ASo" AHo" (kJ mol™) AGo"

acid (I mol*K™) (kJ mol™) 278 K 288 K 298 K 308 K

Tyr 68.89+0.5 9.99+0.1 -9.16£0.2 —9.5040.1 —9.85+0.1 -11.22+0.2
Trp 25.59+0.8 6.63+0.2 -4.81+0.1 —7.36%0.2 -9.9240.1 —12.48+0.3
Phe 29.96+1 3.54+0.1 —4.7+0.2 —5.09+0.2 —5.3910.1 —5.6910.1
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The positive value of AH indicates that adsorption
of phenylalanin, tryptophan and tyrosine onto
[CsMIM]-FesO4 is endothermic, i.e. higher
adsorption can be obtained at higher
temperatures. The AH includes two fractions,
dehydration enthalpy, AHg (endothermic); and
adsorption affinity enthalpy, AH. (exothermic);
however, the endothermic effect of AH must be
attributed to dehydration processes, i.e. AHg
predominates over AH, so that the net enthalpy is
positive in sign vice versa. Similarly, the entropy
of adsorption is positive due to loss of water of
the hydrated amino acids. Therefore, dehydration
entropy, ASq4, predominates over adsorption
affinity entropy, AS, and consequently the
entropy of adsorption is positive for phenylalanin,
tryptophan and tyrosine [38]. Since the free
energy for hydrophobic interactions is lower than
20 kJ mol™* (Table 2), the hydrophobic interaction
for adsorption process in the studied temperature
range is expected. The change in free energy
for physisorption is between 20 and 0.0 kJ
mol™, but for chemisorption is in the range of
80 to 400 kJ mol™. The values of AG obtained
within the range of 20 and 0.0 kJ mol™,
indicating that  physisorption could be the
dominating mechanism [39].

3.2.4. Adsorption isotherm modeling

Several isotherm models for evaluating the
equilibrium  adsorption, has discussed in
literatures [40]. For evaluating the equilibrium
adsorption, Freundlich and Dubinin-
Radushkevich isotherm models were used. The
Freundlich equation [41] is expressed in its linear
form as follows:

1
logq, =logKp + r—llogCe (2)

where Kr and n are the constants from the
Freundlich equation representing the capacity of
the adsorbent for the adsorbate and the reaction
order, respectively. The reciprocal reaction order,
1/n, is a function of the strength of adsorption.
The Dubinin-Radushkevish isotherm model [42]
is represented as:

qe = qp €Xp (—BD [RTLn (1 + Cl)]z> 3

e

where Bp is related to the free energy of sorption
per mole of the sorbate as it migrates to the
surface of the adsorbent from infinite distance in
the solution and qp is the Dubinin-Radushkevich
isotherm constant related to the degree of sorbate
sorption by the sorbent surface. The linear form
of equation (4) is given as:

1
Inq, = Inqp — 2BpRTIn (1 + C_) (€))

The plots of In ge against RT In (1+1/C¢), yields
straight lines and indicates an apparent energy (E)
of adsorption from the Dubinin-Radushkevich
isotherm, which is calculated using equation (5)
E=1/(2Bp) * (5)

Two different isotherm models, Freundlich and
Dubinin-Radushkevich  models, applied for
isotherm adsorption analysis. Models fitted to
equilibrium adsorption data of three amino acids
were evaluated based on the values of the
correlation coefficients (R?) of their linear
regression plots. The experimental data fitted with
both models indicated that the adsorptions of
three  amino acids on  [CsMIM]-Fes0,
nanoparticles are better described by Freundlich
model. This in turn suggests that adsorption of
amino acid occurs as heterogeneous onto the
adsorbent surface. The resulting plots for
Freundlich and Dubinin-Radushkevich model are
shown in Fig. 8A and 8B. Table 3 summarizes the
model constants and the correlation coefficient.
Table 3 shows that the maximum adsorption
capacity of nanoparticle for adsorption of Phe,
Trp and Tyr are 0.22, 0.02 and 0.07 mmol amino
acid per gram [CsMIM]-Fe304, respectively.

8
A
A
<0 s
=
'
2
2 4 6 8
InC,
9
B
. 7 Ao N
£
5 N
3
0 002 004 006  0.08
In(141/C.)

Fig. 8. (A), Freundlich isotherm plots; (B), Dubinin-
Radushkevich for adsorption of: Phe, (m); Trp, (¢); and
Tyr, (A) onto [CsMIM]-FesOs nanoparticles.
Experimental conditions:, [CsMIM]-FesO4 amount of
0.015 g, at optimized pH value (Phe, pH 7.0; Tyr, pH
10.0; Trp, pH 6.0), stirring time of (Phe, 15; Tyr, 10;
Trp, 5 minutes).
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Table 3. Adsorption isotherm parameters for adsorption of Tyr, Trp and Phe onto [CsMIM]-FesOa4.

Dubinin — Radushkevich model

Freundlich model

Amino Qo Bo R? E Ke n R?
acid (mgg™ (mol?kJ™?) kJ mol™* (mg g (gL
Tyr 540.2 0.0065 0.830 11.87 12.74 1.40 0.921
Trp 272.0 0.0052 0.720 18.43 3.55 1.14 0.940
Phe 1639.2 0.0061 0.884 13.08 35.62 1.35 0.982
Table 4. Comparisons of the proposed adsorbent and other adsorbent for the adsorption of Phe, Trp and Tyr.
Adsorbent Amino Kr n Equlibrium Reference
acid (mmolg™) time
carboxymethyl-p-cyclodextrin L-Phe 0.027 1.130 Lessthan24h Gosh et al.
bonded Fe304/SiO2 core—shell (2011)
nanoparticles L-Trp 0.151 3.557 Lessthan24h
L-Tyr 0.018 1.009 Lessthan 24 h
L-Phe 0.220 1.350 15 min
[CsMIM]-FesO4 nanoparticles L-Trp 0.02 1.140 10 min This work
L-Tyr 0.07 1.400 5 min

These results reveal that higher adsorption of
three amino acids are possible with [CsMIM]-
FesO. nanoparticles. Adsorption of amino acids
on the surface of [CsMIM]-Fe3O4 nanoparticles is
concluded to be attributed to the surface
electrostatic and  hydrophobic  interactions
between amino acids and [CsMIM]-FesO4
nanoparticles. It should be mentioned that the
amino acid adsorption process is affected by the
chemical properties of the tested amino acids and
adsorbent. The difference in adsorption capacity
of nanoparticle for adsorption of Phe, Trp and Tyr
may be attributed to their chemical structures and
physical properties, particularly the difference in
the size and hydrophobicity of amino acids
molecules (Table 1). Maximum adsorption
capacity of [CsMIM]-FesO. nanoparticles was
observed for Phe which have the smallest size and
the most hydrophobicity index among the three
amino acids. However, size of Trp molecule is
bigger than that of Tyr, but their hydrophobicity
is same. Therefore adsorption capacity of
[CsMIM]-FesO4 nanoparticles for Tyr is more
than Trp [43]. The maximum adsorption capacity
of nanoparticle for Phe, Trp and Tyr was occurred
due to their higher negative charges that
effectively interact with the positive charges of
[CsMIM]-FesO4 nanoparticles. It is noticeable
that the lower adsorption capacity for Trp could
be explained due to large size of Trp and a weak
hydrophobic interactions between Trp and
[CsMIM]-Fes04 nanoparticles.

Table 4 presents a comparison between the
proposed adsorbent and another adsorbent
reported in literature for adsorption of L-Phe, L-
Trp and L-Tyr. As it is shown in this table, the
adsorption capacity (obtained based on the
Freundlich model) of the fabricated adsorbent is
higher for L-Phe (0.220 versus 0.027 mmole per
gram) and L-Tyr ( 0.07 versus 0.018 mmole per

gram). However, the uptake of L-Trp by the
developed adsorbent is worse. The short
equilibrium time (< 15 minutes versus 24 hours)
for the adsorption of amino acids by the
developed adsorbent is significantly higher than
the other adsorbent which could be considered as
one of the highlighted advantages of our
presented adsorbent.

3.2.5. Adsorption kinetic modeling

Several models are available to study the
adsorption  mechanism and describe the
corresponding experimental data. The most

commonly models used are the pseudo-first-order
and pseudo-second-order reaction rate equations
developed by Ho and McKay [44].
Pseudo-first-order equation:

log(ge — q¢) = logqe — kit (6)
Pseudo-second-order equation:
t 1 t
@)

B
a k207 q.
where ki and k. are the adsorption rate constants
of first and second kinetic models, g is adsorption
capacity at time t, ge is adsorption capacity at
equilibrium condition.
In order to investigate the mechanisms of metal
adsorption process, the linearized equations of
pseudo-first-order ~and  pseudo-second-order
kinetic models were applied. Table 5 gives a
summary of the models and the corresponding
constants along with the correlation coefficients
for the linear regression plots of the three tested
amino acids. Higher values of R? were obtained
for pseudo-second order model indicating that the
adsorption rates for Phe, Trp and Tyr can be more
appropriately described using the pseudo-second-
order rate.
Intra-particle diffusion is a transport process
involving movement of species from the bulk of
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Table 5. Adsorption Kinetic constants for tyrosin,tryptophan and phenylalanin onto [CsMIM]-Fe304 nanoparticles.

Pseudo-first-order model

Pseudo-second-order model

Intra-particle diffusion

Amino k1 Qe R? ko Qe R? ki C R?
acid (minY) (mgg™) @mg'min™)  (mgg™) (@mg*mint) (mgg™)

Tyr 0.13 10.38 0.987 0.024 714 0.999 2.65 575 0.941
Trp 0.11 49 0.947 0.051 62.5 0.999 1.13 53.9 0.971
Phe 0.24 69.7 0.981 0.0036 66.7 0.991 2.35 425 0.916

the solution to the solid phase. The intra-particle
kinetic model is expressed by
Qr=kit'2+C

where ki is an intra-particle diffusion rate constant
and Q: is amount of adsorbate adsorbed at time t.
Initially, the external surface adsorption, which is
faster, is completed, and then, the intra-particle
diffusion is attained. A plot of the amount of
sorbate adsorbed, gt (mg g ') vs. the square root of
the time, gives the rate constant (slope of the plot)
and the intercept is proportional to the boundary
layer thickness. The correlation coefficient (R?)
value of the model indicates the possibility of
intra-particle diffusion (Table 5) for the amino
acids adsorbed onto magnetic nanoparticles. Since
the plots do not pass through the origin, the
boundary layer diffusion may be involved in rate
limiting step. The first linear portion corresponds
to the gradual adsorption stage where the intra-
particle diffusion is the rate-limiting step. The
second linear portion can be considered as the
final equilibrium stage where intra-particle
diffusion begins to slow down because of the
extremely low amino acid concentration in the
solution and the amino acid molecules occupied
all the active sites of the nanoparticle [45].

3.2.6. Desorption and reusability studies

For potential applications, the regeneration and
reusability of an adsorbent are important factors
to be reported. Possible desorption of
phenylalanine, tryptophan, and tyrosine (20 mg
L 1) was tested by sodium chloride (1.0 and 2.0
mol L), sodium hydroxide (1.0 and 2.0 mol L™)
and mixed of sodium chloride (1.0 mol L™) and
sodium hydroxide solutions (1 mol L™). The
desorption ratio, defined as the ratio of the
amount of amino acid in the desorption medium
to the amount of amino acid initially adsorbed on
[CsMIM]-FesOs nanoparticles, was calculated.
The results showed that the desorption ratios were
about 95%, 93% and 91% for phenylalanine,
tryptophan, and tyrosine, respectively. The study
revealed that the adsorbed phenylalanine and
tyrosine could be completely desorbed in the
presence of 1.0 and 2.0 mol L NaOH,
respectively. The adsorbed tryptophan could be
completely desorbed in the presence of mixture of
NaCl (1.0 mol L) and NaOH (1.0 mol L™%). The

results showed that 91-95% of amino acids could
be desorbed and recovered by 10 mL of
desorbtion solution (1.0 mol L) in 20 minutes,
when amino acid concentration of 5x10~4 mol L™
was already adsorbed on 0.015 g [CsMIM]-Fe304
nanoparticles. Addition of desorbing solution in
three consecutive desorption process completed
the desorption process.

The reusability of the adsorbents in several
successive separation processes was tested and
the result showed that the [CsMIM]-FesO,
nanoparticles can be reused for three times
without significant reduction in its removal
capacity.

4. CONCLUSION

The [CsMIM]-FesOs nanoparticles were quite
efficient as magnetic nano-adsorbents for fast
adsorption of Phe, Trp and Tyr from aqueous
solutions. The time required to achieve the
adsorption equilibrium was 15, 10, 5 minutes for
Phe, Trp and Tyr. The adsorption of the tested
amino acids on the surface of [CsMIM]-Fe304
nanoparticles was concluded to be attributed to
the surface electrostatic and/or hydrophobic
interactions between amino acids and [CsMIM]-
Fes04 nanoparticles. The experimental data
indicated that the adsorptions of Phe, Trp and Tyr
on [CsMIM]-FesO4 nanoparticles are better
described by the Freundlich. The changes of
enthalpy (AH) were determined to be 3.54, 6.63
and 9.99 kJ mol™* for Phe, Trp and Tyr in the
same order. Kinetic data were appropriately fitted
to the pseudo-second order adsorption rates. The
adsorbed phenylalanine and tyrosine could be
completely desorbed in the presence of 1.0, 2.0
mol L NaOH, respectively. The adsorbed
tryptophan could be completely desorbed in the
presence of a mixture of NaCl (1.0 mol L™ and
NaOH (1.0 mol L™). The reusability of [CsMIM]-
Fe304 was found to be for three times.
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