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Investigation on Adsorption Properties of Egg White Protein Polymers
Using a Model Azo Dye Amaranth
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Abstract: Eco-friendly egg white protein polymers (EWPP) were used as an
adsorbent for removal amaranth dye efficiently. Dye binding conditions (pH, initial
dye concentration temperature and contact time) were optimized, and it was seen that
the pH had a pronounced effect on the adsorption of amaranth on EWPP. The
experimental amaranth binding capacity of EWPP was increased from 38 mg/g to
65.56 mg/g as the contact time increased from 10 min to 50 min. The experimental
study correlated with the Freundlich isotherm and well defined by the pseudo-second-
order kinetics. AG®, AH®, and AS° values were calculated as -2.19 kJ/mol, -23.24
kJ/mol, and -69.3 kJ/K.mol at 25 °C, respectively. The adsorption of amaranth dye on
egg white-based polymer was demonstrated to be exothermic. The characterization of
EWPP was done by using a scanning electron microscope (SEM) analysis.
Keywords: Amaranth, dye adsorption, egg white protein polymer, isotherms, kinetics,

Introduction

One of the major problems of the modern world is water pollution. Wastewaters from agricultural,
urban and, industrial activities causes significant pollution of streams and rivers (Long, 2020). There are
many pollutant sources like surfactants (Siyal et al., 2020), dyes (Sohni ef al., 2019), and heavy metal
ions (Soliman & Moustafa, 2020). Dyes in wastewaters are one of the important pollution problems for
the environment. They have long been used in many industries like food industries, leather, dyeing paper
and pulp, plastics, textiles, and cosmetics (Chiou & Li, 2002; Zhou et al., 2014). Decolorizing hazardous
dyes is difficult due to their complex structure. Dyes are resistant to natural degradation by light and
microorganisms. Penetration of sunlight into the water is prevented, and they inhibit the photosynthetic
activity of aquatic plants (Wong et al. 2018). Many of them have aromatic and azo groups, and they
have negative effects on health (Mittal ef al., 2010; Ge et al., 2012). Scientists focus on finding a solution
for the removal of pollutants effectively. There are many dye removal techniques such as
electrochemical methods, filtration, biodegradation, coagulation, and adsorption (Wang et al., 2020).
Adsorption technique has applications for environmental pollution control because it is economic,
efficient, and faster than other techniques (Long et al., 2021).

Dyes can be classified as acidic and basic dyes according to their functional groups. Amaranth is a
water-soluble acidic mono azo dye, and it has a dark red color (C0Hi1N2Naz010S3). It is used as a
colorant in the food industry and cosmetics. Although it is non-mutagenic at low concentrations (Liu et
al. 2020b), it may cause some problems on health such as birth defects, respiratory problems, allergy,
and tumors in humans when used at high concentrations and prolong time (Abdellaoui et al. 2017; Lin
and Wu 2017; Ndifor-Angwafor et al. 2017; Liao and Wang 2018). Its solubility and stability in water
are very high, and the removal of amaranth dye from wastewaters is difficult by common methods. The
removal of amaranth is important for protecting the health of living organisms. There are some papers
about the adsorption of amaranth such as using layered double hydroxides (Abdellaoui ef al., 2017),
tamarind pod shells (Ahalya et al. 2014), water hyacinth (Guerrero-Coronilla ef al., 2014), nanoparticles
composed Cu,O microspheres (Liao & Wang 2018), poly(NIPAm/LMSH) nanocomposite hydrogels
(Bai et al., 2016), and Fe;04/MgO nanoparticles (Salem et al. 2016), functionalized graphene oxide
aerogels (Xu et al., 2020) and 3D hierarchical layered double hydroxide/carbon spheres (Lyu et al.,
2020). Egg white protein has a nutritional value and has an expanded application area in food industries.
Also, it can be used for different uses such as enzyme immobilization support (Wahba 2020), preparation
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of the flame retardant cellulosic fabrics (Liu et al. 2020a), and preparation of composite films (Huang
et al., 2020).

In this study, efficient removal of amaranth was done using EWPP as an adsorbent. The preparation
of the adsorbent is easy and economic. The influences of pH, initial amaranth concentration,
temperature, and contact time on dye binding were investigated. The thermodynamics, isotherm, and
kinetics studies were studied to understand amaranth binding on EWPP. SEM analysis was performed
for morphologic characterization.

Materials and Methods
Amaranth (KRK Gida, Istanbul, Turkey (Figure 1)). Chicken eggs were purchased from a local market.
Glycine, glutaraldehyde, ether, acetic acid, acetone, sodium hydroxide, methanol, and hydrochloric acid
(Sigma Aldrich (USA)).
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Figure 1. Molecular structure of amaranth dye.

Spectrophotometric analysis
Aqueous standard solutions of amaranth dye were prepared in the 5-15 mg/L concentration range. Dye
removal studies were monitored spectrophotometrically at 520 nm.

Preparation of EWPP

EWPP was prepared by slowly adding ice-cold acetone to egg white (80 mg/mL protein) with a
ratio of 1:1 under stirring conditions. The resulting protein-acetone suspension was kept at -20 °C for
30 minutes for complete precipitation and then aggregates were cross-linked using 200 mM
glutaraldehyde for 30 minutes. Free aldehyde groups on the polymer blocked with 0.5 M glycine.
Finally, EWPP was washed with distilled water, ether, methanol, and acetone respectively, and dried at
room temperature before use.

Characterization of EWPP
Morphology characterization of EWPP was done using SEM (Quanta 250 FEG/FEI). Before taking
measurements, EWPP was vacuum dried and coated with a gold thin film.

Adsorption studies

To determine the maximum amaranth dye binding capacity of EWPP, batch adsorption experiments
were performed at different pH, contact time, temperature, and initial dye concentrations values. The
pH of the adsorption medium was set to pH 1.0 to 4.0. The effect of initial dye concentration was
examined in 40-500 mg/L. Temperature effect was studied at various temperature values (25-50°C)
accompanied by mild shaking. The effect of contact time was determined at different dye concentrations
(40-300 mg/L) by changing the time of contact from 1 to 50 min. EWPP-dye solution suspension was
centrifugated at 10000 rpm then the absorbance of unbound dye in the supernatant was determined
spectrophotometrically.

Eq 1 was used to find the amount of dye bound on EWPP:
(Co-Ce)xV
e=——
ge: The amount of amaranth adsorbed (mg/g),

C,: The initial amaranth concentration (mg/L)

Ce : The equilibrium amaranth concentration (mg/L)
V : The volume of solution (L)

m: The amount of EWPP (g)

(1)
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Desorption of the EWPP
The regeneration and reuse of an adsorbent are critic parameters for economic feasibility. Desorption
studies of the dye adsorbed EWPP was performed by 0.1 M NaOH: MeOH (1:1 v/v).

Results and Discussion
Morphologic Analysis of EWPP

The preparation steps of the EWPP and the appearance of the medium contains dye before and
after adsorption is displayed in Fig. 2. SEM is used to characterize the surface morphology and physical
properties (Hussien et al. 2016). EWPP has a rough and porous character providing an increased surface
area. Dye binding capacity of EWPP was highly affected by the polymer’s surface structure and it

exhibited higher adsorption capacity (Fig. 2).
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Figure 2. Preparation steps and SEM micrograph of EWPP

Adsorption Studies

The pH of the dye solution has a critical role on binding. To investigate the effect of pH, the pH
of the solution set to pH 1.0-4.0 by 0.1 M HCIL. Dye adsorption on EWPP highly dependend on the pH
of the medium. The highest dye uptake occurred at pH 2.0. As pH increased from 1.0 to 4.0, dye binding
capacity of EWPP was decreased sharply (Figure 3A). Amaranth is a mono azo dye and has three
sulfonic acid groups. These groups are negatively charged at pH 2.0 and could be interacted with the
positive charges of EWPP. Below pH 4.0, the adsorption of amaranth on EWPP could be favorable
because of significantly high electrostatic forces. The charge of the EWPP had changed when pH was
increased. The electrostatic repulsion occurred at high pH values so the adsorption rate of the dye
decreased. The adsorption capacity was calculated as 8.94 mg/g when 20 mg EWPP was treated with
40 mg/L amaranth dye solution at pH 2.0. Angwafor et al reported that the maximum amaranth dye
binding on lignocellulosic materials had occurred at pH 2.0 (Ndifor-Angwafor et al. 2017). Ahalya et
al. (Ahalya et al. 2014), Ahmad and Kumar (Ahmad and Kumar 2011) also found pH 2.0 for the
maximum adsorption of amaranth dye on tamarind pod shells and alumina reinforced polystyrene,
respectively. Bai et al. reported that amaranth binding on NPX nanocomposite hydrogel was more
effective in pH 2.0 (Bai et al. 2016).

The experimental dye capacity of EWPP was determined by taking measurements at different
concentrations of amaranth dye solution (40-500 mg/L, pH 2.0). The amount of dye bonded was low
below 40 mg/L and as the initial dye concentration was increased the amount of the dye bound was
increased. Equilibrium was reached when amaranth concentration increased to 250 mg/L and
subsequently remained unchanged (Figure 3B). This may be because of a driving force of the
concentration gradient (Chiou and Li 2002; Sun et al. 2010). The experimental amaranth dye binding
capacity was calculated as 38 mg/g when the contact time was 10 min.
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Figure 3. (A) Effect of pH (Conditions: 20 mg EWPP, 40 mg/L amaranth dye, V: 4 mL, adsorption time: 30
min, temperature: 25 °C). (B) Effect of initial amaranth dye concentration (Conditions: 20 mg EWPP, V: 4 mL,
pH 2.0, temperature:25 °C, adsorption time: 10 min). (C) Effect of temperature (Conditions: 20 mg EWPP, 250
mg/L amaranth dye, V: 4 mL, pH 2.0, adsorption time: 10 min) (D) Effect of contact time (Conditions: 20 mg,
EWPP, 40 mg/L-300 mg/L amaranth dye, V: 4 mL, pH 2.0, temperature: 25 °C).

To examine the temperature effect of, 250 mg/L. amaranth dye solution (pH 2.0) was added to
EWPP and shaken gently at various temperature values (25-50 °C) for 10 min. The adsorption amount
of amaranth dye was slightly decreased when the temperature changed from 25 to 50 °C (Figure 3C).
Maximum amaranth adsorption occurred at 25 °C. At high temperatures, the solubility of the amaranth
dye was affected and stronger interactions occurred between dye and water than EWPP. Brownian
movement of amaranth dye in water was increased as the temperature was increased and so the
adsorption amount of amaranth dye was decreased (Aljeboree ef al., 2017). The adsorption of amaranth
is controlled by an exothermic reaction.

Determination of optimum contact time is important step in optimizing the dye binding conditions.
For this purpose, 20 mg of EWPP was added to 40-100-200-300 mg/L amaranth dye solution (pH 2.0)
and measurements were taken between 1-50 min. As seen from Figure 3D, the adsorption kinetics of
amaranth dye was very fast when 40 mg/L amaranth dye was used and reached the equilibrium in 10
min. As the concentration of amaranth was changed from 40 to 300 mg/L, the dye binding capacity of
EWPP was also changed from 38 mg/g to 65.56 mg/g. The time required for the adsorption to come to
equilibrium changed from 10 min to 50 min. Bai et al. also observed similar results for adsorption
amaranth on NPX nanocomposite hydrogels (Bai et al., 2016).
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Thermodynamic parameters

The thermodynamic parameters were determined using Eq. 3 and 4:

Inkc=2_22 3)
R RT

AG = —RTIn Kc 4)

where Kc= (Ca/Ce) is the adsorption equilibrium constant, Ca is the amount of amaranth bound on
EWPP at equilibrium (mg/L); Ce is the equilibrium concentration of the amaranth in the solution (mg/L).
T (K) is the absolute temperature, R is the gas constant. AH® and AS® values were found from the slope
and intercept of the graphic of In K¢ versus 1/T. The related parameters were calculated and given in
Table 1. The negative AG® values indicated the adsorption is thermodynamically feasible and
spontaneous in the studied temperature values. The negative AH’ shows the adsorption of the dye is
exothermic. A negative AS” value shows the decrease in randomness on the adsorption.

Table 1. Thermodynamic parameters of amaranth dye adsorbed on EWPP
T(K) AG (kj/mol) AS (kj/mol.K) AH (kj/mol)

298K -2.19 -69.3 -23.24
313K -1.63
323K -0.87

Adsorption isotherms

In many papers, the experimental data was evaluated by adsorption isotherms such as Langmuir,
Freundlich, and Temkin models (Annadurai et al. 2002; Ghaedi et al. 2012; Chen et al. 2019; Godiya et
al. 2019; Shi et al. 2020; Mishra et al. 2021). Eq. 6 is used to define Freundlich model:

log ge=log Kr+ 1/n log Ce (6)

where ge is the amount of the dye bonded, Kr and n are defined as the adsorption capacity and the
adsorption intensity respectively. 1/n and Kr values were found from the slope and intercept of the
graphic drawn between log ge and log Ce.

Langmuir equation is defined as (Equation 7):

Ce 1 Ce

= + ()

qe N Qmax-b Qmax

where Qmax 1 the maximum amaranth binding capacity of EWPP (mg/g), and Langmuir isotherm
constant, b (L/mg) relates to adsorption energy.

Dimensionless R; (separation factor) is used to analyze the adsorption process. R; can be expressed as:
R=1/ (1+bCy) ®)

Where b is the Langmuir constant and Cy is the initial dye concentration (mg/L)

If the R; value is between 0 and 1, this means the adsorption process is favorable, if R;>1, it shows
unfavorable adsorption. If R;=1 or R;=0, it shows the adsorption process linear or irreversible
respectively (El-Naggar et al. 2018). R; value for the adsorption of amaranth onto EWPP was calculated
as 0.0039, showing that the dye binding process was favorable.

Temkin isotherm considers the adsorbent and the adsorbate molecules indirectly interact on adsorption
isotherms (Shi et al. 2020). Eq. (9) is used to define Temkin isotherm:

RT RT
qe = 71n Ar + (;) InC, 9)

B=RT/b and corresponded to adsorption enthalpy, R is the gas constant (8.314x10° kJ/mol.K), b is the
Temkin constant related to the adsorption heat (kJ/mol), and A7 is the maximum binding energy at
equilibrium (L/g).
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Figure 4: Langmuir (A), Freundlich (B), and Temkin (C) isotherm graphs of amaranth adsorption

Table 2. Adsorption isotherm parameters of amaranth dye adsorbed on EWPP
Isotherm Models

Langmuir Freundlich Temkin
R2=0.7208 R>=0.9734 R?*=0.9352
qmax=98.04 mg/g Kr=1.21 ((mg/g)(L/mg)'™) 4=0.0973 L/g
b=0.0063 L/mg n=1.33 b=0.156 kj/mol
R;=0.0039 B=15.872

Adsorption profiles of three adsorption isotherms and related parameters are displayed in Figure 4 and
Table 2. When the R? values were compared, the adsorption behavior amaranth on EWPP is well
described by Freundlich isotherm. The obtained results show that EWPP has a heterogeneous surface
for the binding of amaranth. The exponent 1/n value is the indicator of the adsorption process. If the n
value is higher than 1, it shows the adsorption process is favorable. In this work, the n value was
calculated as 1.33, which means that the adsorption of amaranth on EWPP is favorable. EWPP has
higher amaranth binding capacity than some stated adsorbents (Table 3).

Table 3: The amaranth binding capacities of some adsorbents.

Adsorbents Q (mg/g) References

EWPP 98.04 This study
Fe;04@mZrO,/rGO 76.9 (Jiang et al. 2014)
Fe;04/MgO nanoparticles 38.1 (Salem et al. 2016)

Tamarind pod shells 65.04 (Ahalya et al. 2014)
Untreated pineapple peeling 31.25 (Ndifor-Angwafor ef al. 2017)
MgO microcubes 43.74 (Liet al. 2019)
Sulfobetaine-modified magnetic nanoparticles 57.01 (Qiao et al. 2019)

Spherical ZnO nanoparticles 74.02 (Zafar et al. 2019)
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Kinetics analysis
The adsorption kinetics parameters of EWPP is calculated for 100 mg/L, 200 mg/L and 300 mg/L
amaranth concentrations. Sorbent material’s performance is determined by the pseudo-first-order and

pseudo-second-order kinetics (Equation 9 and 10) (Ho and McKay 1998).

kq
lz)g(qe 1— qt) - logge ———t 9)
ot~ iae? tae (10)
where qt (mg/g) is the dye binding capacity on EWPP at any given time t (min). k; (min™') is the pseudo-
first-order rate constant, and k> (g mg" min™") is the pseudo-second-order model rate constant.
The graphics and calculated kinetic parameters of amaranth adsorption on EWPP are shown in Figure 5
and Table 4 respectively. The experimental adsorption capacities were found as 38.56, 55.8, and 65.56
mg/g for 100 mg/L, 200 mg/L, and 300 mg/L dye concentrations after 50 min incubation, respectively.
The calculated equilibrium binding capacities (qe) for the pseudo-first-order kinetic model are 37.14
mg/g, 58.45 mg/g, and 59.25 mg/g for three dye concentrations, respectively. It was significantly lower
than calculated ge values of the pseudo-second-order kinetics. When the R* values are compared for
three concentrations of amaranth dye, the adsorption is correlated with the pseudo-second-order kinetics.

Weber’s intra-particle diffusion model used for determining the rate-limiting step (Weber and
Chakravorti 1974)

qt = Kigt'/? + C
where K,y (mg g min?) is the rate constant of intraparticle diffusion, and C is the intercept which
describes the boundary layer thickness (mg/g). When the plots were drawn according to the intra-particle
diffusion model, the straight lines were obtained but none of them passed through the origin (Fig.5).
This means that other processes affect the adsorption besides intraparticle diffusion (Ghaedi et al. 2012;
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Pandian et al. 2013). Intraparticle rate constant (Ki;) values were increased from 4.95 mg/g.min'? to
8.26 mg/g.min'”, as the initial dye concentration was changed from 100 to 300 mg/L.
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Figure 5. Pseudo-first-order (A), pseudo-second-order (B) kinetics, and intraparticle effect (C) of
amaranth adsorption on EWPP.
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Table 4. Kinetic parameters of amaranth dye adsorbed on EWPP

Dye Concentration 100 mg/L 200 mg/L 300 mg/L
Pseudo first -order kinetics R>=0.9761 R>=0.8378 R2=0.943
qe=37.14 mg/g qe=58.45 mg/g qe=59.25 mg/g
k;=0.049 min™! k;=0.047 min™! k;=0.051 min™!
Pseudo second-order kinetics R*=0.9849 R?=0.912 R>=0.9614
qe=45.87 mg/g qe=74.07 mg/g qe=80 mg/g
k=1.32.103 g/mg.min  k»=5.21.10* g/mg.min  k,=8.24.10* g/mg.min
Intraparticle diffusion effect R>=0.9937 R>=0.9724 R>=0.9759
Ki=4.95 mg/gmin'?  K;~=7.66 mg/g.min'?  K;~8.26 mg/g.min'?
C=1.25 C=-3.6 C=4.6
Reusability of EWPP

The changes in the binding capacity of the EWPP for the amaranth dye after five adsorption-
desorption cycles were seen in Figure 6. In the first adsorption step, the calculated dye binding capacity
was 38 mg/g. Using 0.1 M NaOH: MeOH (1:1), desorption of the dye was done. This solution causes
deprotonation of the positively charged amino groups of EWPP and weakens the electrostatic interaction
between amaranth and EWPP. After five cycles, the dye binding capacity of EWPP was decreased by
about 67%.
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Figure 6. Changes in the adsorption capacity of EWPP after five adsorption cycles

Conclusion

Water is a very important component of living organisms and pollution of water resources puts
their health at risk. There are many resources of pollution and dyes are one of them. Dyes are used in
many areas of industry and their removal from water is difficult. The adsorption technique is one of the
most applied techniques for removing pollutants and finds an application area for dye removal. It is
cheap, economic and also various kinds of adsorbents can be used. In this work, EWPP as an adsorbent
successfully removed the amaranth dye from an aqueous solution. This adsorbent was easily prepared
by precipitating the egg white protein in the presence of cold acetone and then crosslinked with
glutaraldehyde. EWPP is an eco-friendly adsorbent and has many functional groups that may interact
with dye molecules. It can be used for dye removal from wastewaters. Adsorption experiments showed
that pH highly affected the binding of amaranth on EWPP because of the high electrostatic interactions.
An increase in the temperature negatively affected the sorption of the amaranth, and for this reason, 25
°C was chosen as an optimum adsorption temperature. Thermodynamic parameters were calculated, AG
and AH values were negative therefore the dye binding process was spontaneous and exothermic.
Adsorption process was suited Freundlich isotherm, and the adsorption kinetics was fitted to the pseudo-
second-order.
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