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ABSTRACT

This study aimed to determine the effectiveness of Reactive Black 5 (RB5) and Basic Red 46 (BR46)
sorption on hen feathers (HF), being a post-slaughter waste from the poultry industry. The scope of
the study included, i.a. FTIR spectra analysis of hen feathers, pH effect on dye sorption effective-
ness, dye sorption kinetics (pseudo-first order model, pseudo-second order model, intramolecular
diffusion model), and maximal sorption capacity of the sorbent (Langmuir 1 and 2 models, and
Freundlich model). The effectiveness of RB5 sorption onto HF was the highest at pH 2 and that of
BR46 — at pH 5. The time needed to reach RB5 and BR46 sorption equilibrium onto HF ranged from
180 to 210 min. The kinetics of dye sorption onto HF was best described by the pseudo-first order
model, which indicates the typically physical nature of the sorption process. The constants deter-
mined from the intramolecular diffusion model demonstrated that RB5 and BR46 sorption onto
HF proceeded in two main phases, differing in sorption intensity. The maximal sorption capacity
of HF reached 5.19 mg/g for RB5 and 4.06 mg/g for BR46. The identical values of K, K, and K,
constants determined from the Langmuir 1 and Langmuir 2 models suggest that only one type of
the sorption center played the key role in the sorption process.
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1. Introduction

Insufficiently treated wastewater discharged to surface
waters poses a severe threat to the aquatic environment.
Especially hazardous in this respect are spent waters from
plants of the textile, tanning, or paper industries. Their
high nuisance stems from the presence of dyes, which
cause risk to the environment even in minor concentra-
tions. Dyes present in natural waters block the access of
sun-rays to aquatic plants, thus inhibiting the photosyn-
thesis process [1]. They also impair oxygen diffusion in
water, which may lead to the appearance of anaerobic
zones. Finally, dyes and products of their degradation
can be toxic to organisms inhabiting water reservoirs [2].

* Corresponding author.

To recapitulate, the color wastewater that pervaded the
natural environment can cause the ecosystem to break
down. The necessity of environmental protection urges the
search for efficient methods for wastewater decolorization.

Color wastewater treatment with traditional biolog-
ical methods is quite challenging due to the low biode-
gradability of dyes because of the aromatic rings in their
structure [3]. For this reason, physicochemical methods
are recommended instead. They include, for example,
coagulation, membrane techniques (including ultrafil-
tration and reversed osmosis), advanced chemical oxy-
genation (including ozonation or Fenton’s reaction) [4]
or photocatalytic degradation [5,6]. However, most of
these processes are costly or generate intermediate toxic
products. For this reason, high interest has recently been
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spurred by the decolorization methods based on dye
sorption as an environmentally-friendly process, the cost
and effectiveness of which are predicated by sorbent type.

Sorbents based on activated carbons are commonly used
for industrial wastewater decolorization. They are produced
upon the carbonization and activation of organic materials,
such as, peat or wood. These sorbents” hallmark feature is
their very large surface reaching even up to 2,000-2,500 m?/g
[7]. Their advantages also include excellent sorption prop-
erties regarding most commercial dyes and the possibil-
ity of their regeneration after use. In contrast, a significant
drawback of activated carbons is their relatively high price,
which necessitates the search for their cheaper replacers.

Today, high hopes are fostered in using waste mate-
rials from the agri-food industry for sorbent production.
Industrial wastes, both these of plant and animal origin, are
usually widely available in each country and, therefore, cheap.

The possibility of using waste plant biomass as a sor-
bent is mainly due to its polysaccharides (cellulose and
hemicellulose) and lignin. These components ensure good
sorption properties of plant materials in respect of cationic
dyes. The production process of biosorbents from plant
biomass is usually not complicated and often limited to its
purification, drying, and disintegration. The plant-derived
sorbents investigated thus far include, i.a., nutshells (e.g.,
coconuts [8], walnuts [9], or peanuts [10]), cereal grain hulls
(e.g., rice [11], oats [12], or wheat [13]), corn cobs [14], fruit
skins (e.g., bananas or citrus fruits [15]) or vegetable peels
(e.g., cucumbers or potatoes [16]). A drawback of most
biosorbents based on plant-derived waste material is their
generally acidic character, responsible for the low sorption
effectiveness of anionic dyes (acidic and reactive ones).

The animal biomass-based sorbents offer an alternative
to those based on plant biomass. Waste products from pro-
cessing sea crustaceans, including exoskeletons of shrimps,
crabs, or lobsters, are extremely popular in this respect.
They are rich in chitin, that is, a polysaccharide precursor
of chitosan [17]. Both chitin and chitosan are highly capa-
ble of anionic dye binding. Hydrogel forms of chitosan
may exhibit even several times higher sorption capacity
than commercial sorbents based on activated carbons [18].
However, a drawback of the “high-chitin” materials is the
depletion of their market resources due to their purchase by
pharmaceutical companies to produce dietary supplements.

Other waste materials of animal origin used for sor-
bent production include high-calcium materials, such as,
eggshells [19] and animal bones [20]. However, they are
usually digested at low pH (pH < 3), which eliminates their
usability for the treatment of acidic wastewater from the
textile industry.

An example of a widely-available animal-derived mate-
rial that remains stable in a wide range of pH values is poul-
try feathers. They are the post-slaughter waste material from
poultry pre-treatment. Considering the vast popularity of
poultry meat as a crucial component in man’s diet, feathers
recovered become a widely-available and cheap material,
with their annual global production estimated to exceed
4 million tonnes [21]. The main building material of feathers
is keratin, which accounts for over 90% of their entire struc-
ture [22]. Despite their protein structure, feathers represent
a stable material, relatively resistant to the action of both

physical and biological factors. Owing to their acidic func-
tional groups (e.g., carboxyl groups) and alkaline functional
groups (e.g., amine groups), they are potentially suitable
sorbents of both anionic and cationic dyes.

This study aimed to examine the potential feasibility
of hen feathers as a sorbent to remove dyes from aqueous
solutions. The following dyes, popular in the textile indus-
try, were used as sorbates: Reactive Black 5 (anionic, reactive)
and Basic Red 46 (cationic), which, according to the authors’
knowledge, have not yet been tested on feather-based
sorbents.

2. Materials and methods
2.1. Hen feathers

Feathers of hen broilers of Cobb 500 breed were used
as a sorbent in the study. They were provided by a poul-
try slaughterhouse located in the Warmia and Mazury
Province (northern Poland). The hen feathers were com-
posed of keratin (92.9%-96.4%), lipids (0.9%-1.1%), and
other components (saccharides, ashes) (2.5%—6.2%) [22,23].
The sorbent prepared for the research had a surface area of
31, 5-33, 6 m%/g.

2.2. Dyes

The sorption properties of hen feathers were tested using
dyes popular in the textile industry: Reactive Black 5 (RB5)
and Basic Red 46 (BR46), purchased from a dye producing
plant “BORUTA S.A.” (Zgierz, Poland). The characteristics
of dyes tested are presented in Table 1.

2.3. Laboratory equipment

The following laboratory equipments were used in the
study:

e HI 110 pH meter, HANNA Instruments, Poland - (solu-
tion pH correction),

¢ Multi-Channel Stirrer MS-53M, JEIO TECH, Korea - (dye
sorption analyses),

® Multi-station MS-53M Magnetic Stirrer, GMI, USA - (dye
sorption analyses),

e UV-3100 PC spectrophotometer, VWR spectrophotome-
ters, Canada — (determination of dye concentration in the
solution),

e FT/IR-4700LE FT-IR Spectrometer with single reflection
ATR attachment- JASCO INTERNATIONAL, Japan -
(preparation of sorbent FTIR spectra),

e BET surface analyzer - AUTOSORB-1 - QuantaChrome
Corporation, USA — (measurement of the surface area
of sorbents).

2.4. Preparation of sorbents

Hen feathers of 1.0-2.0 cm in length were selected
for the study. They were rinsed with hot distilled water
(temperature of 75°C-80°C) on a laboratory screen and after-
ward dried in a laboratory drier at a temperature of 105°C.
Thus prepared hen feathers (HF) were stored in air-tight
plastic containers at a room temperature (22°C).
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Table 1
Characteristics of Reactive Black 5 and Basic Red 46

Dye type Reactive Black 5 (RB5)

Basic Red 46 (BR46)

S0,CH,CH,0S0;Na

Structural formula

CHs LHs
/i A\
M. CH,CgHs

N*’>_N

; ~N ]
C{m;m CHj; Br
0,CH,CH,080;Na
Molecular formula C,,H,,N.Na,O, S, C,H, BrN,
Molecular weight 991.8 g/mol 401.3 g/mol
Dye class Double azo dye Single azo dye
Dye type Anionic (reactive) Cationic
Absorption maximum (A__) 600 nm 530 nm
Uses Dyeing cotton, wool, and polyamide fibers Dyeing leather, paper, wool, and acrylic fibers
Hazards Irritating the respiratory tract, causing Caustic, toxic, hazardous to the aquatic

allergic reactions

environment

2.5. Analyses of pH effect on dye sorption effectiveness

Dye solutions with the concentration of 50 mg/L and pH
values in the subsequent solutions reaching: 2.0/3.0/4.0/5.0/
6.0/7.0/8.0/9.0/10.0/11.0 were prepared in measuring flasks
(100 mL). Their pH was corrected with appropriate doses
of 0.1/1.0 M HCI or NaOH. The HF were weighed in por-
tions of 0.5 g d.m. using a precise scale to a series of con-
ical flasks (250 mL). Then, the earlier prepared dye solu-
tions (100 mL) were added to the flasks, which were placed
on a laboratory shaker (150 rpm, 30 mm vibration ampli-
tude). After 120 min, samples (10 mL) were collected with
an automatic pipette from each flask. The concentration
of dye left in the solution was determined with the spec-
trophotometric method using a UV-VIS SP3100 spectro-
photometer (at the wavelengths of 600 nm for RB5 and
530 nm for BR46). Determinations were performed using
10 mm quartz measuring cuvettes. The pH value of the
solutions after the sorption process was measured as well.

2.6. Analyses of dye sorption kinetics

Solutions with dye concentrations of 10/50/100 mg/L
and optimal pH value (established as in point 2.5) were
prepared in measuring flasks (1,000 mL). Then, 5 g d.m.
of HF were weighed using a precise scale to a series of
beakers (1,000 mL). The earlier prepared dye solutions
(1,000 mL) were added to these beakers, which were next
transferred onto a multi-station magnetic stirrer (150 rpm).
In the set time intervals (i.e., after 0, 10, 20, 30, 45, 60, 90,
120, 150, 180, 210, 240, and 300 min), 5 mL samples were
collected from the solutions with an automatic pipette. The
concentration of dyes in the collected samples was deter-
mined with the spectrophotometric method (described in
Section 2.5).

2.7. Analyses of the maximal sorption capacity

Solutions with dye concentrations of 5, 10, 20, 30,
40, 50, 60, 70, 80, 100 mg/L and optimal pH value (estab-
lished as in point 2.5) were prepared in measuring flasks
(100 mL). Then, 0.5 g d.m. of HF were weighed using a
precise scale to a series of beakers (250 mL). The earlier
prepared dye solutions (100 mL) were added to these bea-
kers, which were next placed on a shaker (150 rpm, 30 mm
vibration amplitude). Once the time needed to reach
sorption equilibrium (established in point 2.6) had been
reached. Samples (10 mL) were collected from each flask
to the earlier prepared test tubes for the spectrophotomet-
ric determination of the concentration of dye left in the
solution.

2.8. Computational methods

The amount of dye adsorbed onto HF was determined
using Eq. (1):

QS=(CO—CS)><K 1)
m

where Q. — mass of sorbed dye [mg/g d.m.]; C, — initial
dye concentration [mg/L]; C — concentration of dye left in
the solution after the sorption process [mg/L]; V — solution
volume [L]; m — sorbent mass [g d.m.].

The kinetics of dye sorption onto HF was described
using the pseudo-first order model (2), the pseudo-second
order model (3), and the intramolecular diffusion model (4).

A
Sr=kox(.-a) @



132 T. Jozwiak et al. / Desalination and Water Treatment 232 (2021) 129-139

A 2
~r=kx(.-0) ©
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where g, — equilibrium amount of sorbed dye [mg/g], Q -
instantaneous mass of adsorbed dye [mg/g], k, — sorption
rate constant in the pseudo-first order model [1/min]; k,
— sorption rate constant in the pseudo-second order model
[1/min]; k, — sorption rate constant in the intramolecular
diffusion model [mg/g min®’]; ¢ — sorption time [min].

The experimental data obtained from the analyses of
the maximal sorption capacity were described using three
adsorption isotherms: Langmuir 1 isotherm (5), Langmuir 2
isotherm (6), and Freundlich isotherm (7).

— (qmax X KC XC)

= 1K xC) ©)
(blxK]xC) (bzszxC)

q. = + (6)
© (1+K,xC)  (1+K,xC)

g, =KxC" @)

where g, — equilibrium amount of sorbed dye [mg/g], g -
maximal capacity of the monolayer [mg/g], b, — maximal
capacity of type I active sites in the monolayer [mg/g],
b, — maximal capacity of type II active sites in the mono-
layer [mg/g], k,/k, — constants in the double Langmuir equa-
tion [L/mg], K — constant of the sorption equilibrium in the
Freundlich equation, C — concentration of dye left in the
solution after the sorption process [mg/L], n — heterogenicity

parameter (Freundlich model).

3. Results and discussion
3.1. FTIR analysis of hen feathers

The spectrometric spectrum of the hen feathers (HF)
tested was typical of keratinic materials (Fig. 1). It revealed
characteristic bands of peptide bonds (-CONH), known as
Amide A (3,500-3,200 cm™), Amide B (3,100-3,020 cm™),
Amide I (1,700-1,600 cm™), Amide II (1,580-1,510 cm™), and
Amide IIT (1,320-1,200 cm™) [24]. A wide band of Amide A
corresponded to the stretching of the O-H and N-H bonds
(peak at 3,250 cm™). The peak of N-H band (3,060 cm™) was
also present in the band of Amide B [25]. A distinct peak at
1,620 cm™ in the Amide I band pointed to the stretching of
the C=O bond, whereas the peak at 1,510 cm™ in the Amide
II band suggested stretching vibrations of the C-N bond.
The presence of C=O and C-N was also indicated by the
peaks at 1,310 and 1,230 cm™ visible in the spectral band of
Amide III [26]. A series of peaks at 2,960; 2,920; 2,870 and
2,850 cm™ corresponded to the asymmetric and symmetric
stretching vibrations of CH, and CH,, belonging to the lipid
chains, and also protein terminal groups. The vibrations
of the lipid bonds CH, and CH, were also indicated by the
peaks at 1,340 and 1,445 cm™ [27]. The peak at 1,385 cm™
corresponded to the stretching of the C-O bond, whereas a

series of small peaks at 1,125; 1,056 and 1,040 cm™ pointed to
C—C skeletal stretches [27] (Fig. 1).

3.2. Effect of pH on the effectiveness of dye sorption onto HF

The effectiveness of RB5 sorption onto HF was the high-
est at pH 2 and decreased along with pH increase, reaching
the lowest value at pH 11. The greatest decrease in RB5 sorp-
tion effectiveness was observed at pH 2-5 and pH 10-11,
whereas in the initial pH range of 5-9, the effectiveness of
dye sorption was similar (Fig. 2a).

These tendencies obtained for RB5 dye are due to a
high content of protein (keratin) in the feathers, rich in
amine and carboxyl functional groups. At pH < 9, most of
the secondary amine groups (-NHR) occur in the proton-
ated form (-NH,R") in the chemical structure of proteins. In
turn, at pH > 4, most of the carboxyl functional groups of
keratin occur in the deprotonated form (-COO"). Each pro-
tonated amine functional group generates a local positive
electric charge, while each deprotonated group generates a
local negative charge on sorbent surface. At pH 2, the num-
ber of protonated amine groups significantly surpasses the
number of deprotonated carboxyl groups, which results
in the total positive charge generated on feather surface.
The positively charged surface of the sorbent attracts elec-
trostatically RB5 anions, which significantly facilitates
their sorption. This explains the high effectiveness of RB5
binding onto HF at low pH values. With pH increase, the
ratio of the number of functional groups generating the
positive charge to that of the groups generating the neg-
ative charge decreases. At pH > 5, practically all carboxyl
groups possessed a negative charge, which resulted in the
neutralization of the electric charge on sorbent surface.
This explains the tangible decrease in the effectiveness of
RB5 sorption onto HF along with pH increase, observed
at pH 2-5 (Fig. 2a). In the pH range of pH 5-9, the num-
ber of protonated and deprotonated functional groups
of keratin remained at a similar level, contributing to the
similar electric charge and, ultimately, similar RB5 sorp-
tion effectiveness. At pH > 9, the number of deproton-
ated carboxyl groups started to surpass the number of
protonated amine groups, resulting in the total negative
charge of the sorbent. The negatively charged surface of
HF repulsed electrostatically the anionic dye RB5, which
resulted in a significant decrease in its sorption effective-
ness. At pH 11, the negative charge on sorbent surface was
large enough to make RB5 binding with HF practically
impossible.

A similar pH effect on RB5 sorption was also observed
in the studies reporting wastewater decolorization onto
sorbents based on chitosan [28], sunflower seed husks
[29], and activated carbon [30].

The effectiveness of BR46 sorption onto HF increased
along with the initial pH increasing, reaching the highest
value at pH 5 (Fig. 2a). The greatest changes in dye sorption
effectiveness were noted at pH 2-5. The intensity of BR46
onto the keratinic sorbent was similar in the pH range of pH
5-6. At pH 6-9, any increase in the pH value resulted in a
noticeable decrease in the effectiveness of dye binding onto
HF. Due to the spontaneous decolorization of the dye solu-
tion at pH > 8 and to the risk of data misinterpretation, the
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Fig. 1. FTIR spectra of HF.
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Fig. 2. (a) Effect of pH on the effectiveness of dye sorption onto HF. (b) Effect of HF on changes in pH values of the solutions
during sorption. (c) Determination of pH,,. of the sorbents tested with the Boehm’s titration method. Temperature 22°C.

results of BR46 sorption onto HF achieved at initial pH 9-11  total positive charge, this sorbent repulses electrostat-
were not presented graphically (Fig. 2a). ically dye cations, which contributes to its low sorption

Unlike RB5, BR46 is alkaline in nature and disso- effectiveness. As mentioned earlier, the positive electric
ciates in aqueous solutions, generating color cations. charge on sorbent surface decreases with pH increase.
At low pH (pH 2), at which the HF surface has a strong At pH > 4, the electric charges generated by amine and
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carboxyl groups of HF begin to neutralize, thus reducing
the effect of electrostatic repulsion between the dye and
sorbent surface, and ultimately promoting effective BR46
binding onto HF. This explains the ramp of dye sorption
effectiveness observed at pH 2-5 in Fig. 2a BR46 possesses
tertiary amine groups responsible for its cationic charac-
ter. At pH > 7, a part of its amine groups become depro-
tonated, contributing to the loss of the positive charge.
This loss may, in turn, be reflected in the poorer dye
interaction with the sorbent, which explains the reduced
effectiveness of BR46 sorption onto HF at pH 7-9.

A similar pH effect on BR46 sorption was reported
in studies addressing dye sorption onto coconut shells
[8], graphene [31], and biomass of Pleurotus mutilus fun-
gus [32]. The authors of the above-mentioned stud-
ies also point to a significant role of the sorbent surface
charge in the sorption process (physical sorption) of BR46
and to the minor effect of chemisorption on the ultimate
result.
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The HF was observed to cause significant changes in
dye solution pH during the sorption process. At the initial
pH 4-9, the pH values of RB5 and BR46 sorption onto HF
fixed in the range of pH 7.0-7.7 (Fig. 2b). The system with
the solution containing hen feathers tended to reach the pH
value approximating their pH,,. (pH,,,,, = 7.65 - Fig. 2¢).

The successive stages of investigations into dye sorp-
tion onto HF (sorption kinetics, maximal sorption capac-
ity) were carried out at sorption pH optimal for each dye
(i.e., pH 2 for RB5 and pH 5 for BR46).

3.3. Kinetics of dye sorption onto HF

The time needed to reach RB5 and BR46 sorption
equilibrium onto HF ranged from 180 to 210 min (Fig. 3).
The intensity of dye sorption was found to be the high-
est in the initial phases of the sorption process. Already
after 30 min of sorption, the amount of RB5 bound with
HF ranged from 54.0% to 61.9% of g, value (amount of dye

5
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Fig. 3. Kinetics of sorption of (a) RB5; (b) BR46 onto HF. The pseudo-first order model and the pseudo-second order model.

Temperature 22°C.

Table 2

Kinetic parameters of RB5 and BR46 sorption onto HF determined from the pseudo-first order model and pseudo-second order model

Dye Dye conc. Equilibrium Exp. data Pseudo-first order model Pseudo-second order model
time qe,exp kl qu,cal RZ k2 qt’,cal RZ
[mg/L] [min] [mg/g] [I/min] ~ [mg/g] - [g/mg min] — [mg/g] -
10 210 0.814 0.0255 0.793 0.9980 0.0383 0.949 0.9967
RB5 50 210 3.019 0.0273 3.044 0.9995 0.0078 3.632 0.9895
100 180 3.773 0.0324 3.777 0.9984 0.0070 4.460 0.9940
10 180 0.652 0.0195 0.655 0.9974 0.0247 0.811 0.9947
BR46 50 180 2.260 0.0211 2.299 0.9978 0.0086 2.840 0.9879
100 180 2.900 0.0226 2916 0.9993 0.0083 3.473 0.9910
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bound with the sorbent after equilibrium time). The quan-
tity of BR46 bound after the same time was similar and
ranged from 47.6% to 55.7% of g,

The higher dye sorption effectiveness at the beginning
of the sorption process is a typical phenomenon. The higher
dye concentration at beginning of the reaction and the
higher number of free active sites contributed to the higher
likelihood of sorbate molecules colliding with sorption cen-
ters and, ultimately, to the higher sorption rate [33]. The
concentration of sorbate and the number of free active sites
decreased over the sorption process, leading to the corre-
sponding decrease in the sorption rate with time (Fig. 3).

A similar RB5 sorption equilibrium time was also
obtained in the studies into the treatment of aqueous solu-
tions onto sunflower seed husks (210 min) [34], wheat straw
(195 min) [35], and commercial activated carbons [36]. In
the case of BR46, a similar sorption equilibrium time was
also achieved in the studies reporting dye sorption onto
pumpkin seed husks (180 min) [37] and skins of citrus fruits
(180-240 min) [38]. The relative short equilibrium time of

(a)|*
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RB5 and BR46 sorption onto HF (<12 h) suggests a relatively
compact sorbent structure impairing dye penetration to the
deeper layers of the sorbent. Presumably, RB5 and BR46
sorption onto HF was mainly due the adsorption process.
The experimental data obtained in the study were
described with the pseudo-first order and pseudo-second
order models (Table 2, Fig. 3). The values of the coefficient
of determination (R?) computed using these models indi-
cate that the pseudo-first order model showed the best fit
to the data obtained for both dyes, irrespective of their ini-
tial concentrations. This shows that RB5 and BR46 binding
onto HF was mainly attributed to the physical adsorption
[39]. In the case of the sorption process of both RB5 and
BR46, the g, values determined from the pseudo-first order
model increased along with the increasing initial dye con-
centration. This may point to the low affinity of dye to HF
sorption centers. The increase in the values of sorption rate
constants (k,) along with higher initial dye concentration may
be explained by the greater likelihood of sorbate molecule
collisions with HF active sites at higher dye concentrations.

(b)|4

A 10 mg BR46/L
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3 phase 1
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14 16

Time [min®5]

Fig. 4. Intramolecular diffusion model of sorption of: (a) RB5; (b) BR46 onto HF. Temperature 22°C.

Table 3

Rate constants of RB5 and BR46 diffusion determined from a simplified intramolecular diffusion model

Dye Dye conc. Phase I Phase II
[mg/L] k, Duration R? k, Duration R?
10 0.0878 ~60 0.9992 0.0136 ~150 0.9661
RB5 50 0.2994 ~90 0.9986 0.0319 ~120 0.9389
100 0.3773 ~90 0.9979 0.0633 ~90 0.9752
10 0.0566 ~60 0.9978 0.0302 ~120 0.9736
BR46 50 0.2082 ~90 0.9971 0.0399 ~90 0.9772
100 0.2864 ~90 0.9988 0.0403 ~90 0.8272
Units: k,,, k,,, k,, = [mg/g min®], duration [min], R* [-]
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The constants determined from the intramolecular dif-
fusion model demonstrated that RB5 and BR46 sorption
onto HF proceeded in two main phases differing in sorp-
tion intensity (Fig. 4; Table 3). In phase I, the dye diffused
from the solution onto the sorbent surface and occupied the
most accessible sorption centers. In phase II, dye molecules
occupied the remaining sorption centers on HF surface and
penetrated to the active sites located in deeper sorbent lay-
ers. Due to the initially higher number of free active sites
and the higher number of sorbate molecules in the solu-
tion, phase I was characterized by a higher dye sorption
intensity than phase II.

The phase I of RB5 and BR46 sorption onto HF lasted
from 60 min (at dye concentration of 10 mg/L) to 90 min (at
50 and 100 mg/L). The faster appearance of phase II in the
experimental series with the lowest initial dye concentra-
tion can be explained by faster depletion of dye molecules
available in the solution. The k, and k, constants (indicat-
ing sorption intensity) determined from the model increased
along with the increasing dye concentration, which - as in
the case of sorption rate constants (k,) - can be explained
by the increasing probability of collisions of dye molecules
with sorption centers.

3.4. Maximal sorption capacity of HF

The experimental data obtained from the analyses of
the maximal sorption capacity of HF regarding RB5 and
BR46 dyes were described using the Langmuir 1 isotherm,

Table 4
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Langmuir 2 isotherm, and Freundlich isotherm (Table 4,
Fig. 5). The Langmuir 1 and Langmuir 2 isotherms showed
better fit to the experimental data compared with the
Freundlich isotherm. This suggests that RB5 and BR46
dyes form a monolayer on HF surface and that single sorp-
tion centers can bind only one dye molecule. The K /K /K,
values (i.e., values of the affinity index) determined from
Langmuir 1 and Langmuir 2 models for RB5 and BR46 were
identical. This may point to the key role of only one type
of the sorption center during dye binding. Presumably, the
protonated tertiary amine group of keratin was the key
sorption center for RB5, whereas the deprotonated carboxyl
group of keratin — for BR46.

Despite various chemical natures of the dyes and var-
ious sorption pHs tested, the maximal sorption capacity
of HF was similar in the case of both dyes and reached
5.19 mg/g for RB5 and 4.06 mg/g for BR46. Also the
index of dye affinity to the active center was similar for
both dyes (K = 0.035 for RB5 and Kc = 0.030 for BR46).
The above data point to the versatility of hen feathers as
a sorbent and to the possibility of using it to treat various
types of color wastewater.

Table 5 compares sorption capacities of hen feathers,
other unconventional sorbents, and selected commercial
sorbents.

The sorption capacity of HF is inferior to that of the
sorbents based on activated carbons [41,42,48,49], which
is presumably due to its smaller specific surface. The HF
also shows lower capability to bind the cationic dye BR46

Constants determined from the Langmuir 1 model, Langmuir 2 model and Freundlich model

Langmuir 1 Langmuir 2 Freundlich
Dye Qmax Ku R2 Qmax bl Kl bZ KZ R2 k n R2
[mg/g] [L/mg] - [mg/g]  [mg/g]  [L/mg] [mg/g] [L/mg] - - - -
RB5 5.191 0.0530 0.9919 5.191 3.313 0.0350 1.878 0.0350  0.9919 04389  0.5087  0.9504
BR46 4.061 0.0300 0.9968 4.061 1.945 0.0300 2.116 0.0300 0.9968 03062  0.5213  0.9701
5
(a) ®  experimental data (b) 5 A experimental data
Langmuir 1 model Langmuir 1 model
4 Langmuir 2 model - 4 Langmuir 2 model
Freundlich model P - Freundlich model
f. ‘
Y 2
—_ 3 ,¢ = 3 e —
g » / g, & A
E P ps A
e ] 2 y 4 o 2 A
° F%
1/ 1+
l' A
L A
0 0
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Fig. 5. Isotherms of sorption of (a) RB5 and (b) BR46 onto HF. Temperature 22°C.
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Table 5
Comparison of RB5 and BR46 sorption capabilities of various sorbents

Dye Sorbent Q... [mg/g] Sorption pH Equilibrium time [h] ~ Source
Coconut shells 0.82 2 1.0 [8]
Pumpkin seed husks 0.96 2 3.0 [37]
Sunflower biomass 1.10 2 35 [34]

Reactive Sunflower seed husks 2.89 3 1.5 [29]

Black 5 Fly ashes 4.40 5.6 24 [40]
Hen feathers 5.19 2 35 This work
Active carbon from nut tree wood 19.30 5 6.7 [41]
Powder activated carbon (commercial) 58.80 b.d b.d [42]
Hen feathers 4.06 5 3.5 This work
Wood sawdust 19.24 b.d 2.0 [43]
Bone meal 24.56 6 1.5 [44]
Paulownia tomentosa tree leaves 43.1 8 70 [45]

Basic Red 46 Rape seed husks 49.0 8 10 [46]
Lemon skin 54.0 6 240 [38]
Moroccan crude clay 54.0 6 0.33 [47]
Active carbon from the Cerbera biomass 65.7 7 90 [48]
Granular activated carbon 333.3 8 <1 [49]

than the plant biomass-based sorbents, similar to sawdust
[43], tree leaves [45], or skins of citrus fruits [38], which
probably stems from the lower number of acidic functional
groups available on the surface of feathers. In contrast,
HF exhibit a higher capability to bind RB5 dye than the
lignocellulosic waste materials, such as pumpkin seed
husks [37], sunflower seed husks [29,34], or coconut shells
[8]. This may be attributable to the presence of alkaline
(amine) functional groups in the feather structure that
serve as the main sorption centers for anionic dyes. The
number of active sites with the basic nature is usually low
in the plant biomass, which explains the low RB5 sorption
effectiveness (Table 5).

4. Summary

Hen feathers (HF) can be used as a sorbent to remove
both anionic and cationic dyes. Their maximal sorption
capacity reached 5.19 mg/g for RB5 and 4.06 mg/g for
BR46. The effectiveness of dye sorption onto HF largely
depends on the initial solution pH. The highest sorp-
tion effectiveness of the anionic dye RB5 was achieved
at pH 2, whereas that of the cationic dye BR46 - at pH 5.
The HF was observed to cause significant changes in solu-
tion pH during the sorption process. The system tended
to reach the pH value approximating their pH,,, that is,
pH,,. = 7.65. The physical sorption turned out to be the
main mechanism of dye binding onto HF. The significant
superiority of the physical sorption over chemisorption was
indicated by the better fit of the pseudo-first order model
than of the second-pseudo order model to the experimen-
tal data. Only one type of the sorption center was found
to play the key role in dye sorption onto HF, as shown by
the identical values of K. K,, and K, constants determined
from the Langmuir 1 and Langmuir 2 models. Presumably,

the protonated amine groups of keratin served as the main
active centers for the anionic dye RB5, while the deproton-
ated carboxyl groups for the cationic dye BR46.
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