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ABSTRACT

In the present study, FeNi, magnetic nanoparticles were synthesized using a co-precipitation method
and characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM)
and vibrating sample magnetometry (VSM). Further, the synthesized nanoparticles were applied to
penicillin G (PG) degradation in a Fenton-like reaction. The effect of different parameters such as
pH (3-11), nanoparticle dose (0.1-1 g/L), PG concentration (10-100 mg/L), reaction time (5-180 min)
and the concentration of peroxide hydrogen (50-200 mg/L) were investigated on PG degradation
by the synthesized nanoparticles. According to the results obtained by the XRD spectra and the
Scherrer equation the average size of the synthesized nanoparticles was 41 nm. The FESEM image
revealed that the synthesized nanoparticles had a high density due to their magnetic nature and
the VSM analysis showed that the nanoparticles had a magnetic saturation of about 68.52 emu/g,
indicating they were a super-paramagnetic material. As for the PG degradation, the removal rate
of PG in 180 min for initial PG concentrations of 10, 20, 30, 50, 70, and 100 mg/L were 100%, 93.3%,
86.9%, 74.34%, and 58.85%, respectively, operating under optimum conditions (i.e. pH = 5, nanopar-
ticle dose 1 g/L and H,0O, concentration 150 mg/L). Also, it was found that PG degradation fitted
the pseudo-first-order kinetics equation (R? > 0.9). In addition, re-usability tests showed that after
4 cycles, only 6% of the nanoparticles were lost during the Fenton-like process. Finally, according to
the results, it can be concluded that FeNi, magnetic nanoparticles in the Fenton-like process have a
good effect on the removal of penicillin G.

Keywords: Penicillin G; Degradation; Magnetic nanoparticles; Kinetics; Fenton-like reaction

1. Introduction natural origin [1,2]. The presence of B-lactam rings in the
chemical structure of antibiotics is one of the factors of their

Currently, many kinds of pharmaceuticals such as
antibiotics are utilized in human and veterinary medicine
for disease control. Antibiotics can be from synthetic or
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classification. Accordingly, antibiotics are divided into two
groups: -lactam and non-f-lactam. The 65 percent of all
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antibiotics used worldwide are p-lactam antibiotics [3-5].
Penicillin G (PG) (benzylpenicillin with a p-lactam ring) is
a broad-spectrum B-lactam antibiotic produced by fungi
belonging to the genus Penicillium and utilized as a medi-
cine for the treatment of bacterial gastro-intestinal and sys-
temic infections. PG has the highest antimicrobial activity
against pathogenic bacteria among all natural antibiotics,
it is very sensitive to heat and is considered as a weak acid
(PK, =2.75) [6,7].

According to different studies, antibiotics reach the
aquatic environment from effluents of various sources such
as those generated by the pharmaceutical industry, domes-
tic, hospital and laboratory activities because conventional
wastewater treatment plants are not able to remove them
[7-11]. The presence of antibiotics in the water bodies has
undesirable effects including toxicity for the living beings,
expansion of resistance in pathogenic bacteria and the
risk of mutagenesis and carcinogenesis in humans and other
creatures. Hence, these compounds should be removed
from the effluents before being discharged into the environ-
ment [12].

In the last decade, among the different available meth-
ods for pollutant removal the advanced oxidation processes
(AOP) have been used comprehensively in the removal
of non-biodegradable compounds such as medicines and
antibiotics [12-15]. AOP_ are processes in which due to the
production of highly reactive radicals, especially hydroxyl
radicals that have an oxidation potential from 2 to 2.8
electron volts oxidize organic chemical compounds non-
selectively in aqueous solution [12,14-18]. Among such pro-
cesses, the Fenton process results from the combination of
hydrogen peroxide (H,0,) and the ferrous ion (Fe*?) in acidic
media. This process does not require any special equipment,
and the iron salts and hydrogen peroxide used are econom-
ical and environmentally friendly. The Fenton process has
shown high efficiency in the degradation of organic pol-
lutants [15,19-21]. However, it presents several drawbacks
such as the production of considerable amounts of sludge,
the use of costly oxidants, a limited pH range, and the need
for a continuous supply of Fe(II) [20,21].

Hence, to overcome these limitations, Fenton-like pro-
cesses which consist in replacing the Fe(Il) by other cata-
lysts a nano-catalyst has been suggested [22]. Fenton-like
processes resolve the problems related to the product of
ferric iron and sludge, as well as in contrast to the homo-
geneous Fenton process, Fenton-like process can be applied
in a wide range of pH. Accordingly, several materials have
been recently applied as catalysts such as FeNi, MnO,,
clay and zeolite coated with nanoparticles [22,23]. FeNi,
nanoparticles have been considered by several researchers
to remove organic matter due to their simplicity in syn-
thesis and operation, effectiveness towards organic under
a wide range of operational conditions, and easy recovery
from aqueous solutions using a magnetic field [23-25]. In the
several studies conducted by Nasseh et al. [23], Bokare et al.
[26], Zelmanov et al. [27], Khodadadi et al. [25] and Yang et
al. [28] were utilized Fenton-like process in the removal of
organic compounds.

The aim of this study was the synthesis of FeNi, nanopar-
ticles to be applied in the degradation of the antibiotic peni-
cillin G in a Fenton-like process.

2. Materials and methods
2.1. Chemicals

The penicillin G used in the present study was manufac-
tured by Sigma-Aldrich (Germany) and its chemical char-
acteristics are given in Table 1. Polyethylene glycol (PEG)
(1.0 g MW 6000), iron chloride (FeCl,-4H,0O), nickel chloride
(NiCl,-6H,0), hydrazinium hydrate (N,H,-H,O with a purity
of 80%), hydrogen peroxide (H,O,) and ethanol (C,H,OH),
were used to synthesize the FeNi, nanoparticles and were
purchased from Merck (Germany).

2.2. Synthesis of FeNi, nanoparticles

To synthesize FeNi, nanoparticles, first, 1 g of PEG was
dissolved in 180 mL of deionized water in a 500 mL volu-
metric flask. Then, 0.713 g of NiCL-6H,O and 0.1988 g of
FeCl,-4H,O were dissolved in 10 mL of distilled water sepa-
rately and both solutions were added to the 500 mL volumet-
ric flask containing the PEG solution. The solution pH was
adjusted between 12 < pH <13 using 1 M NaOH. Then, 9.1 mL
of hydrazinium hydrate (N,H-HO, 80% concentration)
was added to the suspension. The reaction was subjected
to intense mixing conditions for 24 h and during this time
the pH was regularly controlled. After co-precipitation, the
FeNi, black nanoparticles were separated using a magnet
N42 and washed several times by distilled water to reach a
neutral pH. The separated nanoparticles were then vacuum
dried at 80°C for 8 h [29].

2.3. Characterization of the synthesized nanoparticles

Field emission scanning electron microscopy (FESEM)
and transmission electron microscopy (TEM) SIGMA VP-500
(ZEISS, Germany) was used to study the shape, diameter and
surface detail of the synthesized nanoparticles. The magnetic
properties of the synthesized nanoparticles were deter-
mined using a vibrating sample magnetometry (VSM) 7400
model. X-ray diffraction (XRD) spectrum (Pert Pro model X
Panalytical, Netherland) was used to identify and charac-
terize the crystalline size and structure of the synthesized
nanoparticles.

2.4. Penicillin G (PG) degradation in a Fenton-like process

A stock solution of PG (1000 mg/L) in deionized water
was prepared in a 1 L volumetric flask. All experiments
were performed on 200 mL samples in a batch system at
room temperature (24°C + 2°C). To mix the samples, a mag-
netic stirrer was used at 350 rpm and the pH was adjusted
with HCI and NaOH 1 N using a pH meter (Calimatic Co.,
Germany). Different variables affecting PG degradation
were studied including pH (3, 5, 7, 9, and 11), nanoparticle
dose (0.1, 0.2, 0.3, 0.5, 0.8, and 1 g/L), initial PG concentration
(10, 20, 30, 50, 70, and 100 mg/L), reaction time (5, 10, 15, 30,
60, 90, and 180 min) and hydrogen peroxide concentration
(50, 100, 150, and 200 mg/L).

The samples were collected at selected time intervals
and the remaining PG concentrations were measured by a
UV-vis spectrophotometer at a wavelength of 290 nm [30].
In samples containing hydrogen peroxide, 0.2 mL of Na,S,0,
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solution 0.2 N was added immediately after sampling, to
minimize the interference effect of H,O, on the results [23].

The following equation was used to calculate the effi-
ciency of the adsorption process:

R(%)= [I)Glﬂ)épcf]x 100 1)

0

where R, PG, and PG, are the PG removal in percentage,
the initial PG concentration (mg/L) and the residual PG
concentration (mg/L), respectively.

2.5. Kinetics study

Generally, the rate of heterogeneous catalytic reactions is
described by the pseudo-first-order model using Langmuir—
Hinshelwood (L-H) kinetic model.

_de _ k KC )
dt "\ 1+KC

In the above equation 6, k, C and K are the reaction
rate (mg/L min), the reaction rate constant, the pollutant
concentration (mg/L), the uptake coefficient of pollutants,
respectively.

For many diluted solutions with K << 1, the equation
L-H (Eq. (2)) is simplified to a pseudo-first-order kinetic law.

de
— =K
dt obs

h{g] =Kt )

®)

0

In this equation, K ,_is the pseudo-first-order reaction
constant (1/min), ¢ is the reaction time (min), C is the residual
concentration (mg/L), and C, is the initial concentration of
the pollutant (mg/L) [31-33].

3. Results and discussion
3.1. Characterization of the synthesized nanoparticles

FESEM, TEM, XRD, and VSM morphological analyses
were performed to study the FeNi, magnetic nanoparticles.

In Fig. 1a the FESEM image of a FeNi, nanoparticle is
shown. Based on the obtained micrograph from synthesized
nanoparticle, it could be inferred that the average size of the
FeNi, nanoparticles was 43.02 nm. Also, it could be observed
that tended to agglomerate due to their magnetic nature.
Consequently, the synthesized nanoparticles are condensed.

In the TEM image (Fig. 1b) the irregular structure of
the FeNi, nanoparticles can be seen. In addition, adhesion
between the particles is due to the high magnetic properties
of particles.

To gather the required information about the crystal-
lographic structures and approximate crystalline size of
nanoparticles, XRD patterns in the range of 5°-80° were
obtained. Thus, the XRD pattern of a FeNi, nanoparticle is
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Fig. 1. FESEM (a) and TEM (b) image of FeNi, nanoparticle.

shown in Fig. 2a. The crystalline structure at 20 =75.81, 51.16,
and 44.27 represents the structure of FeNi,. The crystalline
size of the FeNi, nanoparticles were measured by applying
the Scherrer equation:

D- 0.981
Bcos6

)

where D, 3, 0 and A are the particle diameter, the peak width
at half-height, the diffraction angle at the peak and the wave-
length of the X-ray device (A = 0.1540) [21].

According to the Scherrer equation, the crystalline size of
the synthesized nanoparticles were about 13 nm.

The magnetic properties of the FeNi, nanoparticles were
studied by VSM at room temperature and the obtained
results are presented in Fig. 2b.

In Fig. 2b one can observe that the nanoparticle has a
magnetic saturation of 68.52 emu/g. Accordingly, it can be
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Fig. 2. XRD (a) and VSM (b) spectra of FeNi, nanoparticle.

concluded that the synthesized nanoparticles are super-para-
magnetic and well dispersed in water. Therefore, these
nanoparticles can be quickly and easily collected by the
application of an external magnetic field and then with a
slight shake can be dispersed again in water.

3.2. Adsorption of penicillin G (PG) by FeNi, nanoparticles

Before conducting the adsorption and Fenton-like exper-
iments, the isoelectric point (pH,,.) of the synthesized
nanoparticles was determined to result to be 6.64 (Fig. 3a).

The adsorption experiments were conducted in batch at
room temperature (24°C * 2°C) for 60 min. Affecting vari-
ables including pH (3, 5, 7, 9, and 11), 0.20 g/L nanoparti-
cle dose, and initial PG concentrations of 30 mg/L were
investigated on PG adsorption on. The results showed that
the pH plays an important role in the adsorption process
for a PG concentration of 30 mg/L and an adsorbent dose of
0.20 g/L. Thus, under the above-mentioned conditions at pH
3,5,7,9, and 11, the removal percentage of PG was 22.86,
31.48, 18.96, 14.76, and 9.72 respectively. These results can be
explained taking in to account the surface charge of FeNi,
nanoparticles (6.64) and the pK_ of PG (Table 1). Thus, at a
solution pH below the pH,,., the surface of the adsorbent
is positively charged and attract anions from the solution.
When the solution pH is higher than the pH,,., the surface
of the adsorbent is negatively charged and attracts cations
from the solution. In the present study, a lower pH is favor-
able for PG removal by FeNi, nanoparticles because at low
pH the number of positively charged sites increases favoring
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Fig. 3. Plot of pH,,. determination of FeNi, nanoparticle (a) and
effect of pH on PG adsorption (b) (absorbent dose = 0.2 g/L,

PG concentration = 30 mg/L, and contact time of 60 min).

the adsorption of the negatively charged PG ions. PG has a
negative charge at pH values higher than pH = 3 due to its
pKa. Therefore, according to the results obtained (Fig. 3b),
the highest percentage of PG adsorbed on FeNi, nanoparti-
cles occurred at pH = 3-5 due to the increase in electrostatic
force between the adsorbent and adsorbate [20].

Increasing nanoparticle dose, the adsorption rate
increased, because there are more adsorption sites available.
Increasing the initial concentration of PG, the adsorption
capacity was reduced due to the adsorption sites become
occupied [23,25]. Another reason for this phenomenon is
the saturation of the adsorbent surface at high concentrations
of PG [23].

3.3. Penicillin G degradation in a Fenton-like process
3.3.1. Effect of pH

For adsorption and degradation of organic pollutants in
aqueous solutions, pH plays an important role in the sol-
ubility of PG antibiotics as well as its superficial charge.
Therefore, we studied the effect of pH on the degradation
of PG using FeNi, nanoparticles as catalysts in a Fenton-like
process. The obtained results are shown in Fig. 4. As shown,
by increasing pH value the efficiency of PG degradation
reduced, so that the removal percentage of PG at pH of 3, 5,
7,9, and 11 was, 54.67%, 70.48%, 47.85%, 42.98%, and 36.5%
respectively operating at 20 mg/L initial PG concentration,
150 mg/L of hydrogen peroxide, 0.2 g/L nanoparticle dose
and a reaction time of 60 min. The obtained results suggest
that in a Fenton-like process, the degradation effectiveness
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Table 1
Structure and physical and chemical properties penicillin G

Structure H
N S
5
O/\ OH

Formula C H,N,0O,S

Molecular weight 356.37 g/mol

Another name Benzylpenicillin

Boiling point 209-212

pKa 2.74

Density 1.41 g/cm?®

Solidity in water 100 mg/mL

Storage temperature 2°C-8°C

Elimination half-life 30 min

Protein binding 60%

100
80

°
= 60

g

E
g 4

20

0 1 2 3 4 5 6 7 8 9 10 11 12

Fig. 4. Effect of pH on PG degradation of in Fenton-like pro-
cess (catalyst dose = 0.2 g/L, PG concentration = 30 mg/L, H,0O,
concentration = 150 mg/L, and reaction time of 60 min).

by the synthesized nanoparticles was higher at acidic pH
than at neutral and alkaline pH values [34]. The ionized
iron in the samples may be combined with OH- groups and
precipitate as iron hydroxide [6]. Also, due to the reduc-
tion of hydroxyl radical activity in alkaline media, FeNi,
catalytic capacity reduces. Therefore, at alkaline pH, PG
removal is mainly due to adsorption on the nanoparticles,
and the proton deficiency causes the stopping of Fenton-
like reaction. Moreover, at pH lower than the pH,,., the
FeNi, surface charge is positive, under these conditions, H*
increases at the surface of the catalyst and thus the catalyst
level becomes more hydrated [30]. The results of the studies
performed by Norzaee et al. [35] and Wang et al. [36] are
consistent with the results of the present study.

3.3.2. Effect of catalyst concentration

In Fig. 4 the rate of PG catalytic degradation in a het-
erogeneous FeNi,/H,O, (Fenton-like) system at different
concentrations of the nano-catalyst is shown. The experi-
ments were performed at pH =5, 150 mg/L H,O, concentra-
tion, 30 mg/L PG concentration and various doses of FeNi,
nanoparticles (0.1-1 g/L). As shown in Fig. 5, increasing the

Removal %

0 20 40 60 80 100 120 140 160 180

Time (min)

Fig. 5. Effect of catalyst dose on PG degradation in Fenton-
like process (pH = 5, PG concentration = 30 mg/L and H,O,
concentration = 150 mg/L).

dose of nanoparticles in the process led to an increase in the
removal percentage of PG, so that the removal efficiency at
0.1 and 1 g/L of FeNi, nanoparticles was 53.39% and 95.91%
respectively. While in the presence of 150 mg/L H,O, alone
the removal percentage of PG was much lower (i.e. 24.39%
after 180 min). The reason for the significant increase in the
removal percentage of PG using FeNi, nanoparticles in the
presence of H,O, can be explained by the fact that the active
catalyst sites increase for the decomposition of hydrogen
peroxide with increasing catalyst dosa, which increases
the hydroxyl free radical [28,37].

3.3.3. Effect of PG concentration

In this section, the effect of the initial concentration of
PG in the range from 10 to 100 mg/L on PG removal was
investigated keeping the other variables constant (pH =5,
catalyst dose 1 mg/L and hydrogen peroxide concentra-
tion 150 mg/L,). As shown in Fig. 6, the removal percent-
age decreased by increasing PG concentration, so that the
removal percentage at the initial concentration of 10 and
100 mg/L was 100% and 53.45% after 180 min, respectively.
This reduction in PG removal could be because of the cat-
alyst, contact time, the concentration of hydrogen peroxide
and pH are the same, so at all concentrations, hydroxyl
radical produced to remove penicillin G is the same.
Therefore, it is logical that the removal of the antibiotics at
lower concentrations is higher than the higher concentra-
tions. On the other hand, on the surface of the synthesized
nano-catalyst at higher concentrations, penicillin G mole-
cules are more adsorbed and, consequently, in the reaction
with hydroxyl radicals, the increase in penicillin G adsorp-
tion will have an inhibitory effect [38,39].

3.3.4. Effect of H,O, concentration

We studied the effect of hydrogen peroxide concentra-
tion (in the range of 50-200 mg/L) as an oxidizing agent on
the Fenton-like process (FeNi,/H,O,) on PG removal keeping
the other variables constant (catalyst dose 1 g/L, pH =5, PG
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Fig. 6. Effect of initial concentration on PG degradation in
Fenton-like process (pH =5, catalyst dose =0.1 g/L.and H,O, con-
centration = 150 mg/L).

concentration 30 mg/L). The obtained results are shown in
Fig. 7. It should be noted that the selection of hydrogen per-
oxide concentration should be proportional to the type and
concentration of pollutants to maintain its efficiency because
an excessive amount of it leads to loss of hydroxyl free radical
[1]. Many studies have shown that the addition of hydrogen
peroxide to the Fenton-like catalytic processes led in most
cases to an increase in the oxidation rates (Egs. (6) and (7)).

H,0, +e  —OH +OH' 6)

H,0,+0; - OH +OH" +0O, (7)

One of the main reasons for increasing the efficiency of
PG oxidation by increasing the concentration of hydrogen
peroxide is the production of more free radicals. The concen-
tration of hydrogen peroxide is a key factor in the degrada-
tion of organic materials in AQP, including Fenton, which,
if determined optimally for the process, can save costs and
prevent the phenomenon of scavenger [39].

3.3.5. Kinetics study

In order to investigate the kinetics of PG degradation in a
Fenton-like process using FeNi, synthesized nano-catalysts,
the experiments were performed under optimum (catalyst
dose 1 g/L, pH = 5 and hydrogen peroxide concentration of
200 mg/L at different reaction times). The obtained results are
presented in Fig. 8 and Table 2 and showed that the pseu-
do-first-order model was suitable for describing the rate of
this reaction. In addition, the results showed that by increas-
ing the concentration of PG, the reaction rate reduces. This
can be due to the increase in the concentration of intermedi-
ate products, active hydroxyl radicals in the reaction [23,25].

3.3.6. Study of stability and reusability of the catalyst

Measuring the activity, stability and reuse of solid
catalysts are important parameters. For this reason, the
reusability of the synthesized FeNi, nanoparticles for PG
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Fig. 7. Effect of H,O, concentration on PG degradation in Fenton-
like process (pH = 5, catalyst dose = 0.1 g/L, and initial concen-
tration = 30 mg/L).
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Fig. 8. Kinetic of PG degradation in Fenton-like process.

degradation in a Fenton-like process in 4 consecutive cycles
was tested. The experimental conditions were as follows: PG
concentration of 30 mg/L, catalyst dose of 1 g/L, contact time
180 min and pH = 5. At the end of each cycle, the catalysts
were separated using an N, magnet, and then they were
washed several times with de-ionized water and vacuum
dried at 80°C in an oven. The residual concentration of PG
was measured at the end of each cycle, the results of which
are shown in Fig. 9. According to the obtained results, FeNi,
nanoparticles are acceptable for reuse and recovery, so that
after 4 cycles of PG degradation no significant reduction,
and this reduction was only 6.14%, which could be due to
reduced mass of nanoparticles during cycles. Regarding
the results obtained, FeNi, can be considered as a suitable
catalyst in the developed Fenton-like process to decompose
PG antibiotic.

4. Conclusion

In this study, first, FeNi, nanoparticles synthesized
and their efficiency, alone and in combination with hydro-
gen peroxide (Fenton-like process), was investigated in the
removal of penicillin G. According to morphological anal-
ysis and characterization of the synthesized nanoparticles,
they were a super-paramagnetic nanoparticles. Also, this
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Table 2
Pseudo-first-order kinetics parameters for degradation of penicillin G at various concentrations in FeNi,/H,0, Fenton process
Concentration (mg/L) Equation K, (min™) R? t,,, (min)
10 Y =0.0473x + 1.4756 47.3 x107° 0.9416 14.65
20 Y =0.0174x + 1.2898 17.4 x 107 0.9684 39.82
30 Y =0.0137x + 0.8416 13.7 x 107 0.9818 50.58
50 Y =0.0043x + 0.05432 43 %107 0.9489 161.162
70 Y =0.0034x + 0.4296 3.4x10° 0.9648 203.82
100 Y =0.0027x +0.02977 2.7 x10° 0.9285 256.67
t,,=0.693/K,
100 100 98.01 References
95.79
95 93.86 [11 R. Hirsch, T. Ternes, K. Haberer, K.-L. Kratz, Occurrence of
90 1 antibiotics in the aquatic environment, Sci. Total Environ.,
| 225 (1999) 109-118.
< 85 [2] PE. Stackelberg, E.T. Furlong, M.T. Meyer, S.D. Zaugg,
% 80 A K. Henderson, D.B. Reissman, Persistence of pharmaceutical
2 compounds and other organic wastewater contaminants in
g | a conventional drinking-water-treatment plant, Sci. Total
g Environ., 329 (2004) 99-113.
65 | [3] BJ. Hartman, A. Tomasz, Low-affinity penicillin-binding
60 protein associated with beta-lactam resistance in Staphylococcus
| aureus, ]. Bacteriol., 158 (1984) 513-516.
55 [4] K.-F. Kong, L. Schneper, K. Mathee, Beta-lactam antibiotics:
50 - from antibiosis to resistance and bacteriology, APMIS, 118 (2010)
Cycle 1 Cycle 2 Cycle 3 Cycle 4 1-36.

Fig. 9. Plot of stability and reusability of FeNi, catalyst in PG
degradation using Fenton-like process.

synthesized material has a uniform distribution and a mean
particle size of about 43 nm. The results of the adsorption
process showed that the synthesized nanoparticles were
not only suitable adsorbents for removing penicillin G from
aqueous solution. According to the results of Fenton-like
process, the highest rate of penicillin G degradation in the
Fenton-like process was observed at pH = 5, nanoparticle
dose of 1 g/L, PG concentration of 30 mg/L, H,O, concentra-
tion of 200 mg/L, and contact time 180 min. Operating under
the above-mentioned conditions, the removal percentage of
PG was 98.17%. The reaction kinetics in this study follows
the pseudo-first-order equation (R?> 0.9).

In addition, the results of the catalyst reusability tests
showed that the synthesized nanoparticles had a high poten-
tial for recovery and reuse, such that the catalyst reduction
was about 6.14% after 4 consecutive cycles in removal of
PG. Finally, according to the results, it can be concluded that
FeNi, nanoparticles in the presence of hydrogen peroxide
are an efficient method to remove penicillin G from aque-
ous solutions because they can be easily separated from the
reaction medium due to their super magnetic nature as well
as due to their good sustainability as economic feasibility.
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