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Keratin nanoparticles adsorption of Zn(Il) on KNPs and MKNPs followed pseudo second order kinetic model. It was

Magnetic keratin found that the experimental data were best fitted to Sips or Redlich-Peterson isotherm
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when KNP was used as biosorbent. Unlike KNP, MKNP conformed better to Langmuir model.
The maximum adsorption capacity of MKNP at two doses of 3.0 and 5.0 g/L was calculated
to be 30 and 18 mg/g, respectively. As the dosage of MKNP raised from 3.0 to 5.0 g/L, the
value of K, increased from 0.045 L/mg to 0.154 L/mg, confirming more biosorbent tendency
to adsorb metal ions.

1. Introduction costs and high efficiency, especially at low metal
concentration [8]. Various natural low cost materials are
used in the biosorption process such as chitin/chitosan
[9,10], alginate [11,12], dead biomass [13], seaweed[14],
etc. Recently, researchers used chicken feather for heavy
metal removal as a new biosorbent [15-17]. Chicken feather
is a byproduct of poultry industry and rich source of protein
(keratin). The existence of various functional groups in the
keratin structure makes it applicable as a biosorbent.
Besides, synthesis of nano-sized biosorbent exhibit the
advantage of high surface area, low diffusion resistance and
more active sites. However, the drawback which coexist
with the nano-sized biosorbent is their separation problem
from the medium due to their high surface energy [18]. To
overcome this problem, magnetic nanoadsorbents are
designed. Various magnetic biomaterials were synthesized
and used for heavy metal removal including L-arginine [19],
chitosan [20-22], agricultural biomass [23], cellulose [24]
and etc. In our previous work, we have synthesized MKNPs
as a new magnetic biosorbent [25]. The main purpose of this

Heavy metals are widely used in various industrial
applications. Among the heavy metals, zinc is one of the
most used ones which is applied in various industries
including electroplating, battery manufacturing, dying,
fertilizer and pesticide, herbicides, algicides and etc. [1].
Although zinc is essential element for human, it become
toxic as exceeds its tolerance level [2-4]. Hence, discharging
zinc into the environment have detrimental effect on
human health as well as the ecosystem. So, it is of great
importance to remove it from the industrial effluents even
at low concentration. Based on the regulation introduced by
the environmental protection agency, the acceptable
concentration of Zn(ll) in the water should not exceed
5mg/L [1]. Conventional methods for heavy metal removal
includes chemical precipitation, ion-exchange, adsorption,
electrolysis, filtration, reverse osmosis, etc. [4-7]. Among
them, adsorption using biosorbent is an innovative
promising technology due to its simplicity, low operational

*Corresponding author.
Email address: manteghi@modares.ac.ir
DOI: 10.22104/AET.2021.4406.1235


http://aet.irost.ir/

38 S. Z. Mousavi et al / Advances in Environmental Technology 1 (2020) 37-45

research is to study and compare and the adsorption
efficiency, isotherm and kinetics of Zn(ll) removal using
Keratin before and after its immobilization.

2. Materials and methods
2.1. KNP synthesis

KNP was synthesized based on our previous work [26].
Briefly, keratin dispersion was prepared by adding Tris
(hydroxymethyl) aminomethane and optimizing its ratio to
the keratin weight. Then, the mixture was stirred at 400 rpm
for 16 h under room temperature to make the particles
smaller. It was then sonicated (300 W, 10 min) with a probe
ultrasonic device (UP400-A, the Ultrasonic Technology
Development Company) to break the microparticles into
nanoparticles. The synthesized KNPs could be used in form
of dispersion in a liquid medium or solid powder.

2.2. MKNP preparation

Co-precipitation method was used for MKNP synthesis[25].
Briefly, ferric chloride (0.540 g) and ferrous chloride (0.199
g) with a molar ratio of 2:1 were dissolved in an aqueous
KNP dispersion (0.5 g/L, 100 mL). The mixture was stirred
under an argon atmosphere in a three-necked flask. Then,
the ammonium hydroxide solution (7 mL) was added to the
system instantaneously and the magnetic nanocomposite
precipitated. MKNPs were separated using a magnet and
washed several times with deionized water. The magnetic
biosorbent was stored in the atmosphere of argon before
use. MNKPs, KNPs and MNPs were characterized with TEM
(LEO 906, 80 kV). For TEM imaging, KNPs were negatively
stained. Then, all three nanoparticle samples were
sonicated for 3 min. Then, a drop of the sample was placed
on a carbon copper grid, dried at room temperature, and
observed under TEM.

2.3. Batch adsorption experiments

The stock solution (1000 mg/L) of Zn(ll) was prepared by
zinc chloride salt. The optimum biosorbent dosage was
determined by adding different doses of biosorbent (0.1-7.0
g/L) to the heavy metal solution of 100 mg/L. The samples
were shaken for 30 min to reach the equilibrium. MKNPs
could be separated by applying external magnetic field after
Zn(ll) adsorption. Because KNPs precipitate after metal
adsorption they were conveniently separated by
centrifugation at 1000xg for 5 min. For further adsorption
experiments, the obtained optimum biosorbent dosage,
based on the maximum heavy metal removal, was used. The
influence of solution pH on MKNP efficiency was
investigated in the range of 4.0-6.0 (adjusted with HCI or
NaOH solution). To avoid Zn(ll) precipitation due to the
formation of zinc hydroxide, the experiments were
performed at pH values lower than 6.0. Hence, metal
precipitation does not interfere with biosorbent function.
When using KNP as the biosorbent, the value of pH
restricted in the range of 5-6 to prevent KNP precipitation.

All the experiments were done at an ambient temperature
of 25°C. The residual metal concentration was measured
using aflame atomic absorption spectrophotometer
(Shimadzu AA-670).

2.4. Adsorption kinetics

The heavy metal concentration was measured at different
time intervals to study the adsorption kinetics. The
experiments were done at the heavy metal initial
concentration of 100 mg/L and pH value of 6.0. The pseudo-
first [27] and pseudo-second order [28] rate equations were
applied to model the kinetics of Zn(ll) adsorption. These
models are represented in Equations (1-2):

In(ge — q) =Inge — kit (1)

t 1 N 1 )

ac ka2 ge
where ge and gt (mg/g) are the adsorption capacities at

equilibrium and time t; ki (min?) and k2 (g mg? min?) are
pseudo-first order and pseudo-second order rate constants.

(2)

2.5. Adsorption isotherm

The heavy metal stock solution was diluted in the range of
40-400 mg/L to study the adsorption isotherm at an
ambient temperature of 25 °C and pH value of 6.0. The
equations (3) and (4) could be applied to calculate the
adsorption capacity at the equilibrium and the removal
efficiency of heavy metal, respectively [29].
Bl ‘)
m

CO_Ce

R(%) = x 100 (4)

0
where C, and C, (mg/L) are the initial and equilibrium

concentrations of the heavy metal, V (L) is the volume of the
solution, and m (g) is the mass of the biosorbent. The
interaction of the heavy metal with the biosorbent could be
characterized with the adsorption isotherm models. The
two parameter adsorption isotherm models of Langmuir
and Freundlich, as well as the three parameter models of
Sips and Redlich-Peterson, were employed to study the
metal uptake as a function of its equilibrium concentration
using CurveExpert software [30].

2.5.1. Langmuir adsorption isotherm

Langmuir adsorption model is represented by the following
equation [31]:
g, = 7 LdmCe (5)
+ K.Ce
where ge is the amount of metal adsorbed per unit mass of
biosorbent (mg/g), Ce refers to the residual metal at the
equilibrium (mg/L), KL is Langmuir constant or the energy of
adsorption (L/g), and gm denotes the maximum adsorption
capacity of the biosorbent (mg/g). Separation factor (Rv) is
a dimensionless parameter which is used to predict the
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favorability of the adsorption process. It can be expressed
as:
1

T 1+KLC
where Co denotes the initial metal concentration (mg/L).
The value of Rv indicates whether the adsorption is
unfavorable (Ri>1), linear (Ri=1), favorable (0O<Ri<1) or
irreversible (R.=0).

R, (6)

2.5.2. Freundlich adsorption isotherm

The Freundlich isotherm is an empirical model which can be
expressed by the following equation [32]:

qe = KFCel/n (7)
where Kr (mg/g) and n are the Freundlich constants related
to the adsorption capacity and intensity, respectively.

2.5.2. Redlich-Peterson adsorption isotherm

The Redlich-Peterson isotherm is an empirical three
parameter model combining the features of both Langmuir
and Freundlich isotherms. This model is applicable in both
homogeneous and heterogeneous systems and can be
represented as [33]:

KRPCe

T = T @
RP%e

where Kgp (L/mg), are and PBre are Redlich-Peterson
constants. When the concentration is high, the value of
aRpCeﬁRP is much bigger than unity (Bre tends to zero) and
the isotherm reduces to the Freundlich model. It also
reduces to Langmuir isotherm in the cases of low metal
concentrations (Bre approaches to 1). The ratio of Ks/as
represents the adsorption monolayer capacity [34,35].

100 nm
I —

2.5.3. Sips adsorption isotherm

The Sips equation includes three parameters and is a
combination of Langmuir and Freundlich isotherms
deducted for the heterogeneous adsorption systems. It can
be expressed as [36]:

KSCeBS
1+ asceBS
where Ks (L/mg), as and Bs are Sips constants. The equation
approaches to Langmuir isotherm at high adsorbate
concentration, and it reduces to the Freundlich isotherm at
low adsorbate concentration. The operation conditions

such as solution pH, temperature and concentration govern
the parameters of Sips equation.

e (9)

2.6. Statistical analysis

All the experiments were carried out in duplicate or
triplicate and the reported data are mean values + standard
deviation (SD). SD was calculated based on the standard
equations and the error bars are shown wherever needed.

3. Results and discussion
3.1. Morphology of NPs

The TEM image of MNPs, KNPs, and MKNPs are shown in
Figure 1. As it can be seen in Figure 1a, MNPs are almost
spherical. As it is indicated in our previous work, MNPs have
a mean size of 12.4+2.2 nm [25]. KNPs also seems to be
spherical (Figure 1b). However, the nanoparticles were
agglomerated after drying. These particles have a mean size
of about 33nm [26]. After synthesis of MKNPs, MNPs were
coated with keratin and they have a core-shell structure
(Figure 1c). These particles have a mean size of 15.0£3.5 nm
[25].

1000 nm
ittt

Fig. 1. TEM image of (a) MNPs, (b) KNPs, after negative staining, and (c) MKNPs; as it can be seen MKNPs have a core-shell structure.
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3.2. Effect of biosorbent dosage

The experiments to investigate the dependence of
biosorbent dosage on Zn(ll) removal were done at
biosorbent dosage in the range of 0.1-7.0 g/L, while other
parameters were kept constant. As it can be seen in Figure
2, at lower KNP doses (0.1-3.0 g/L), Zn(Il) removal increases
with increasing KNP dosage. It can be attributed to the large
number of strong affinity binding sites for Zn(Il) removal.
However, there is a critical dosage (3.0 g/L) that beyond it
KNPs become so close to each other that are aggregated
easily due to their inter-particle interactions. It might lead
to the decrease of the biosorbent adsorption sites as well as
the removal percentage. So, KNP dosage of 3.0 g/L was
selected as the optimum dosage. Using MKNP as a
biosorbent, the removal efficiency increases up to 98% by
increasing the biosorbent dosage (0.1-5.0 g/L). Any further
increase in MKNP dosage (beyond 5.0 g/L) does not have
much effect on Zn(ll) removal due to the saturation of the
adsorption sites. The reason of this trend might be due to
the presence of the low keratin weight percent in MKNP
structure (8.4%) which decreases the probability of
overcrowding and aggregation of the biosorbent particles
[25]. So, MKNP concentration of 5.0 g/L was selected as the
optimum dosage.
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Fig. 2. The effect of biosorbent dosage on Zn(ll) removal using
KNP and MKNP at Zn(ll) concentration of 100 mg/L, and T=25 °C.
The bars represent the standard deviation (n=2).

3.3. Effect of initial solution pH

In order to investigate the effect of initial solution pH on
MKNP performance, a number of experiments were done at
pH range of 4.0-6.0 while the other parameters were kept
constant (MKNP dosage of 1.5 g/L and Zn(ll) concentration
of 100 mg/L). The pH values higher than 6.0 were not
examined due to Zn(ll) precipitation that might interfere
with biosorbent function. As it is shown in Figure 3, Zn(ll)
removal is relatively constant in this range, indicating MKNP
can be used in pH range of real applications. This might be
attributed to the deprotonation of amino and carboxylic
groups[37]. Using KNP as biosorbent, all the adsorption

experiments were done at the pH value of about 5. Because
the isoelectric point of keratin (at the pH value of about 4.4)
and Zn(ll) precipitation (at pH values higher than 6.0) were
two restrictive factors.
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Fig. 3. The effect of initial solution pH on adsorption capacity and

removal of Zn(l1) using MKNP. The bars represent the standard
deviation (n=3).

The effect of contact time on the adsorption capacity of KNP
and MKNP was investigated at time intervals of 0.5, 5, 15,
30, 60 and 120 min. As it can be seen in Figure 4, the
equilibrium is achieved after approximately 30 min. The
achieved equilibrium adsorption capacity using KNP is lower
than MKNP. It might be attributed to the existence of lower
weight fraction of keratin per gram of adsorbent, resulting
in decreasing aggregation probability of MKNPs in
comparison to KNP. As it can be observed in Figure 4, At the
beginning of the adsorption process, a rapid adsorption
occurs due to the large concentration gradient between
Zn(ll) and biosorbent surface. Furthermore, about 80% and
90% of Zn(ll) equilibrium adsorption capacities are
accomplished within 30 s when using MKNP and KNP
biosorbents, respectively. It can confirm the absence of
internal diffusion resistance which is due to the nano-sized
biosorbent particles [38].
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Fig. 4. The effect of contact time on the adsorption capacity of KNP
and MKNP at Zn(ll) concentration of 100 mg/L, and T=25 °C. The
error bars represent the standard deviation (n=2).
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3.5. Kinetic studies

The two commonly used adsorption kinetic models,
pseudo-first order and pseudo-second order, were used to
analyze Zn(ll) uptake by KNP and MKNP. Plotting In(ge-g:)
versus t according to Eq(1), the rate constant k: (the slope)
and the equilibrium adsorption capacity ge (the intercept) of
the pseudo-first order kinetic model were calculated. The
parameters are reported in Table 1. The low correlation
coefficient R? suggests that the pseudo-first order kinetic
model is not appropriate relationship to interpret Zn(ll)
adsorption using KNP and MKNP. Furthermore, there is a
considerable difference between the calculated (ge,ca) and
the experimental (geexp) adsorption capacity. Based on
Eq(2), by plotting t/g: versus t, the rate constant k2 and the
equilibrium adsorption capacity ge of the pseudo-first order
kinetic model can be calculated (Figure 5). As it can be
observed in Table 1, the correlation coefficient R? reveals
that this model is best fitted to the experimental data. The
good agreement between ge,car and ge,exp also confirms that
Zn(ll) biosorption using both KNP and MKNP follows
pseudo-second order kinetic model and it follows a
chemisorption process.

Table 1. The parameters of adsorption kinetic models for Zn(Il)
adsorption on KNP and MKNP

Model Parameters KNP MKNP
e, exp (mg/g) 16.9 21.6
m 2.7 3.2
Pseudo-first el g/g)
k1x103 (min?) 6.6 6.7
order model
R2 0.64 0.61
mg/| 16.9 21.7
Pseudo-first Ge.cal (Mg ‘g)
ka (g.mgmin?) 0.15 0.17
order model
R2 1.0 1.0
e KNP = MKNP
---- linear regression
8_
e
6_
.m
S 44 >
e
2 g
ol
=
o rr—r—r—rrrrrrrrrrrrrrrrrre
0 50 100
t (min)

Fig. 5. Pseudo second order kinetic fits for Zn(ll) adsorption on KNP
and MKNP.

3.6. Equilibrium isotherm models

The non-linear form of Langmuir, Freundlich, Sips and
Redlich-Peterson were used to analyze the interaction of
Zn(ll) with the biosorbent and the adsorption efficiency. The

results of fitting the experimental data with the Langmuir
and Freundlich isotherms are presented in Table 2. The
correlation coefficients suggest that the deviation of the
experimental data from Freundlich model becomes more as
the biosorbent dosage increases. Furthermore, changing
the biosorbent from KNP to MKNP results in more deviation
from Freundlich model. The Langmuir model assumes the
monolayer adsorption with homogeneous distribution over
the surface containing finite number of identical binding
sites [39]. The calculated Langmuir parameters are
presented in Table 2. As it can be seen, the value of gm
decreases by switching the biosorbent from KNP to MKNP
which can be attributed to the presence of lower weight
percent of keratin in the structure of MKNP rather than
KNP. As it can be seen in Table 2, the value of gm decreases
as the adsorbent dosage increases. It is predicted that this
happens due to the high aggregation tendency of Keratin.
At the lower biosorbent doses, the probability of the
aggregation is lower and the maximum adsorption capacity
is higher. However, at the higher adsorbent doses, the
number of the surface bonding sites increases and the
probability of the aggregation becomes higher. So, the
available sites forZn(ll) removal decreases as well as the
maximum adsorption capacity. The value of K. is higher
when using MKNP, which indicates the higher energy of
adsorption.

Zn(ll) uptake using both KNP and MKNP is favorable process,
since Rt ranged between 0 and 1. Finally, considering the
correlation coefficient, it can be concluded that the
experimental data of Zn(Il) uptake using MKNP are well
fitted to Langmuir model. The results of fitting the
experimental data with the three-parameter models of Sips
and RP are presented in Table 3. Based on the correlation
coefficients, the adsorption process is well defined by both
models. When the exponent Bs is almost 1.0, the Sips
equation reduces to Langmuir equation. Thus, it is expected
that the maximum adsorption capacity of each layer (Ks/as)
be almost the same as the maximum adsorption capacity of
Langmuir [34]. As it can be seen in Table 3, at MKNP dosage
of 5.0 g/L these values are very close to each other. The
deviation of the value of Bs from unity indicates
heterogeneous surface [40,41]. When fitting RP isotherm
with the adsorption data, the exponent Bre should be in the
range of 0-1.0 [42].The value of Brr at MKNP dosage of 5.0
g/L is exactly 1.0, indicating that this model reduces to
Langmuir [35]. The correlation coefficient also confirms it.
Figure 6 shows the best fitted isotherm of each sample.
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Table 2. Freundlich and Langmuir isotherm constants for Zn(lIl) adsorption on KNP and MKNP

Biosorbent Dosage Freundlich model Langmuir model
(g/L) Kr n R? Om K.x103 Ru R2
(mg/g) (mg/L)" (mg/g) (L/mg) Co=40  Co =400
(mg/L) (mg/L)
KNP 15 0.5 13 0.92 73 3.0 0.46 0.89 0.73
3.0 0.9 1.6 0.88 38 7.6 0.25 0.77 0.94
MKNP 3.0 14.5 9.6 0.87 30 54.7 0.04 0.31 0.96
5.0 11.6 12.3 0.67 18 153.7 0.02 0.14 0.99
Table 3. Redlich-Peterson and Sips isotherm constants for Zn(Il) adsorption on KNP and MKNP
Biosorbent Dosage Redlich-Peterson model Sips model
(/L) Krp arp Bre R? Ks/as Ks Bs as R?
KNP 15 0.29 0.02 0.78 0.98 70 0.30 0.95 4.31x1073 0.98
3.0 0.31 4.29x103 1.12 0.98 27 0.05 1.56 1.68x103  0.98
MKNP 3.0 2.31x10° 1.69%x108 0.88 0.90 4.37x103 2.94x10° -1.00 0.93
5.0 101.86 6.01 1.00 0.93 17 101.03 1.01 5.89 0.93
e Experimental data — Sips 30
--- Redlich-Peterson —Langmuir (b) KNP, 3.0 g/L o
50 4 1 e
(a) KNP, 1.5 g/L 20 | . -
40 - - 7
//' .
5 " 15 - #
\: 30 | Y /f/ ® 5 ./
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e 20 - ©a < 10 1 /.
rd & ;
10 4 ’y 5 1 ‘
A /
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Ce (mglL) Ce (mglL)
(a) (b)
35 4 22 -
(c) MKNP, 3.0 g/L. (c) MKNP, 5.0 g/L
20
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25 & 16 -
14 1%
R 20 ./ 1]
3 15 g 10
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S 104 c 6/
|
5 4 41
2 4
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Fig. 6. The best fitted adsorption isotherms: (a) Sips and RP for Zn(ll) biosorption on KNP, dosage of 1.5 g/L; (b) Sips for Zn(ll) biosorption
on KNP, dosage of 3.0 g/L; and Langmuir for Zn(ll) biosorption on MKNP at dosage of (c) 3.0 g/L and (d) 5.0 g/L.
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3.7. Comparison of MKNP constituent adsorption

The Removal of Zn(Il) using MKNP constituents was studied
at two different adsorbent doses. The main objective was to
find the most important constituent for heavy metal
removal as well as investigating the effect of magnetic
nanoparticles (MNPs). The results are shown in Figure 7. As
it can be seen in Figure 7, doubling the dosage of MNPs does
not have significant effect on its removal efficiency. Besides,
MNPs have the least removal compared with KNPs and
MKNPs. However, the removal efficiency of KNP and MKNP
increased up to twice by doubling the dosage of KNP and
MKNP. It can confirm that keratin is the most important
constituent for MKNP adsorption capability.

80
31 MNP
ol B3 KNP
mm MKNP
£ 40-
@
20
o_
1.5 3.0

Adsorbent dosage (g/L)

Fig. 7. Comparison of the adsorption efficiency of MKNP and its
constituents (MNP and KNP) at two different sorbent dosage of 1.5
and 3.0 g/L. The bars represent the standard deviation (n=2)

4. Conclusions

In this paper, Zn(ll) uptake using KNPs and MKNPs has been
investigated. Although keratin has considerable ability of
Zn(ll) removal, its nanocomposite with iron oxide has better
performance of heavy metal removal due to lower
aggregation probability as well as easy separation by
applying external magnetic field. The results show that
MKNPs have almost steady adsorption of Zn(ll) in the pH
range of 4-6, indicating its efficiency in real applications.
Based on the kinetic data, both KNPs and MKNPs follow the
pseudo second order kinetic model indicating the
adsorption as a chemisorption process. It was observed that
as the biosorbent changes from KNP to MKNP, the
adsorption isotherm varies from Sips or RP to Langmuir.
Hence, it can be concluded that MKNP has more
homogeneous surface, with uniform energy distribution of
adsorption sites. However, the fitted RP or Sips isotherms
when using KNP reveals that its structure is heterogeneous
and there is an interaction between adsorption layers. So, it
might be concluded that the keratin has better function as
a biosorbent after nanocomposite synthesis. However, this
high performance of MKNP is mostly related to keratin
rather than MNPs and keratin is the most important
constituent for MKNP adsorption capability.
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