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ABSTRACT
In the present study, chicken feathers (CFs), obtained from animal waste, were used as bio-adsorbent
for the removal of hazardous Cr(VI) ions from aqueous solutions. Fourier transform infrared spectros-
copy (FTIR), scanning electron microscopy (SEM), energy-dispersive x-ray spectroscopy (EDX), x-ray dif-
fraction (XRD), adsorption of N2 at �196 �C, thermogravimetric analysis (TGA), and point of zero
charge (pHpzc) determination were used to characterize the adsorbent. The N2 adsorption results
revealed high surface area and microporous structure for the adsorbent. The experimental results in
batch adsorption show that optimum conditions are: pH 2.5, equilibrium contact time 180minutes,
concentration of CFs 11g L�1, and initial Cr(VI) concentration 25mg L�1. The experimental data on
Cr(VI) adsorption were fitted using the Langmuir and Freundlich equations at different temperatures.
The Langmuir adsorption model showed the best fit. The maximum monolayer capacity (qmax) of CFs
was found to be 333.33mg/g. The kinetic results of Cr(VI) ion were fitted to four kinetic models:
pseudo-first-order, pseudo-second-order, intra-particle diffusion, and Elovich . The pseudo-second-
order chemisorption model had a higher coefficient. The thermodynamics data showed that the
adsorption process of Cr(VI) on CFs was endothermic and spontaneous. The desorption efficiency and
reusability of CFs were determined for three adsorption–desorption cycles, which proved to be very
effective for the removal of Cr(VI) ions from aqueous solutions.

GRAPHICAL ABSTRACT

Abbreviations: CFs: chicken feathers; FTIR: Fourier transform infrared ; SEM: scanning electron
microscopy; EDX: energy-dispersive x-ray spectroscopy; XRD: x-ray diffraction; BET:
Brunauer–Emmett–Teller; TGA: thermogravimetric analysis; DTG: differential thermogravimetry;
pHpzc: point of zero charge

ARTICLE HISTORY
Received 10 March 2020
Accepted 12 October 2020

KEYWORDS
Chromium(VI); chicken
feathers; adsorption
isotherm; kinetics;
thermodynamics

CONTACT Ajaya Kumar Singh ajayaksingh_au@yahoo.co.in Department of Chemistry, Govt. V. Y. T. PG. Autonomous College, Durg-491001, Chhattisgarh, India.
Supplemental data for this article is available online at https://doi.org/10.1080/01932691.2020.1842760.

� 2020 Taylor & Francis Group, LLC

JOURNAL OF DISPERSION SCIENCE AND TECHNOLOGY
https://doi.org/10.1080/01932691.2020.1842760

http://crossmark.crossref.org/dialog/?doi=10.1080/01932691.2020.1842760&domain=pdf&date_stamp=2020-11-10
http://orcid.org/0000-0001-8180-7292
http://orcid.org/0000-0001-9913-4671
https://doi.org/10.1080/01932691.2020.1842760
https://doi.org/10.1080/01932691.2020.1842760
http://www.tandfonline.com


1. Introduction

The rapid industrialization in the last few decades has been a
major cause for environmental pollution. Several organic and
inorganic pollutants are present in the atmosphere. Heavy metal
ions are one of the most toxic and carcinogenic contaminants.
Moreover, they are non-biodegradable and present in air, water,
and soil.[1,2] Various heavy metal ions are released into water
streams, which affect the quality of water supply. Some are poi-
sonous and accumulate in the tissues of living organisms.

Chromium is noxious due to its non-biodegradable nature
and it is present in the list of top 20 contaminants and hazard-
ous materials in the last 15 years.[3,4] It can be found in the
environment mainly in the Cr(III) and Cr(VI) valence states.
Toxicity of trivalent chromium is negligible, but the hexavalent
form of chromium is 500 times more toxic and carcinogenic
than trivalent chromium.[5] The increased use of chromium in
industrial applications, such as electroplating, metallurgy, tan-
ning, textile dyeing, and preservation of food, poses serious
threats to ecosystems. Cr(VI) exists in different anionic forms
such as hydro chromate (HCrO4

�), chromate (CrO4
2–), or

dichromate (Cr2O7
2–) anions, which depend on the pH of

aqueous solution. Cr(VI) ions are structurally similar to oxy-
anions, viz. phosphates and sulfates and they can actively enter
inside the cell.[6] It causes cancer in the digestive tract, head-
ache, diarrhea, nausea, vomiting, lung tumor, and hemorrhage.
When Cr(VI) ions enter inside the cell, they form stable bonds
with protein and DNA. This can show several mutagenic
effects such as genotoxicity and mutagenicity.[6] The
Environmental Protection Agency (EPA) set the allowed limit
of chromium in drinking water as 0.1mg/L.[7]

Various methods are reported for the removal of Cr(VI)
from wastewater, including chemical precipitation,[8] ion
exchange,[9] membrane separation,[10] and reverse osmo-
sis.[11] However, these procedures involve high cost and
have low feasibility, which hinder their wider application.
Adsorption is one of the preferred methods for Cr(VI)
removal, since they show their high efficiency and low
cost.[12] Activated carbon is very effective for the adsorption
of Cr(VI), but their use is limited due to the inherent costs
of fabrication. Therefore, better alternatives are needed. For
heavy metal removal, bio-adsorption method provides a nat-
ural, eco-friendly, and low-cost alternative method.[13]

In recent years, eyes have been pointed on natural materials
derived from wastes from agricultural and industrial activities as
potential inexpensive alternatives for Cr(VI) removal. In general,
adsorbents derived from agricultural by-products or waste mate-
rials coming from other industries are considered as “low-cost
adsorbents”.[14,15] Many examples of natural adsorbents for
wastewater treatment have been reported to remove Cr(VI),
including mangosteen peel,[16] sugarcane bagasse,[17] sawdust,[18]

litchi peel,[19] apricot shell,[20] and honeydew peels.[21]

Chicken feathers (CFs) are an interesting and abundant ani-
mal waste material. Several million pounds of waste feathers are
obtained and discarded by the poultry processing plants. CFs
contain around 90% of keratin proteins, which can form a-helix
(41%), b-sheet (38%), and disordered structures (21%).[22,23]

Keratin is a biopolymer, which contains hydroxyl, carboxyl, and
amine groups that act as binders of the metal ions so as to

remove them from wastewater.[24–26] In previous studies, barb
parts of CFs were used for the removal of toxic dyes.[27–30]

Several researchers also reported that barb parts of CFs can
also be used for adsorption of heavy metal ions present in
aqueous solutions.[31–33] There have been no reports on the
use of rachis of CFs. Furthermore, studies so far reported only
minor characterizations using Fourier transform infrared
(FTIR) spectroscopy and scanning electron microscopy (SEM)
and detailed characterizations of the adsorbent are yet to be
reported. Thus, despite various studies on biomass character-
ization and application, further investigation of CFs with
detailed characterization of CFs still remains an elusive goal.

In the present study, we used the rachis part of CFs and
found out that this bio-adsorbent is very effective, low cost,
and does not require any modification in the reactions. Rachis
of CFs is expected to have relatively high specific surface area
and good thermal stability than other low-cost adsorbents. In
our previous research work, we have used barb parts of CFs
modified with sodium hydroxide and ethylene diamine and
the specific surface area was found to be 16m2/g, which
removed heavy metal ions.[34] Therefore, in our present work,
we have used rachis part of CFs to exploit their high specific
surface area as compared to barb parts of CFs to remove
Cr(VI) ions in higher amount successfully.

The purpose of this work was to test CFs for the adsorption of
chromium from aqueous solutions. FTIR, SEM, energy-dispersive
x-ray spectroscopy (EDX), x-ray diffraction (XRD), adsorption of
N2 at �196 �C, thermogravimetric analysis (TGA), and point of
zero charge (pHpzc) were used to characterize the material. The
influence of different parameters was investigated, which include:
contact time, pH, amount of adsorbent dosage, and initial Cr(VI)
concentration. The data of Cr(VI) adsorption were analyzed by
means of adsorption isotherms and kinetics models.

2. Experimental

2.1. Preparation of Cr(VI) solution and determination of
analytical concentration

A stock solution of Cr(VI)(1000ppm) was prepared by dissol-
ution of a required amount of potassium dichromate
(K2Cr2O7) in double-distilled water. Standard solutions with
the desired concentration were obtained by dilution of the ori-
ginal stock solution. Concentrations of chromium were
obtained before and after the tests and analyzed by UV-Vis
spectrophotometry using the diphenylcarbazide method, as
described in the literature.[ 34,35] A pink-purple colored com-
plex formed by the reaction of Cr(VI) and 1,5-diphenylcarba-
zide in acidic medium formed a complex of pink-purple color,
whose absorption was measured at 540nm. Adjustment of pH
was made using 0.1M HCl and 0.1M NaOH solutions. All the
chemicals were of analytical grade and purchased from Hi-
Media and Merck Laboratories Pvt. Ltd. (India).

2.2. Preparation of adsorbent and its characterization

Raw CFs were collected from a poultry processing plant of
Durg, Chhattisgarh (India). At first, CFs were washed with
detergent and tap water and then rinsed with distilled water
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several times. CFs were dipped into aqueous ethanol (20%
v/v) for 12 hours, to completely remove organic residues and
again rinsed with double distilled water. The washed CFs
were dried, the barbs were removed and the rachises were
cut into small pieces with scissors. The rachis is the central
shaft of the feather (Figure 1a). The adsorbent was then
stored in a desiccator for further use.

The characterization of the adsorbent is very important to
understand the adsorption process. The functional groups pre-
sent in CFs were determined by FTIR spectroscopy (using a
Thermo Nicolet, Avatar 370) and the spectra were recorded
from 400 to 4000 cm�1, using 32 scans and 4 cm�1 of resolution.
The dried samples were pulverized in mortar and pestle to obtain
fine powder and mixed with 100mg KBr (spectroscopic grade).
The morphology was determined by SEM (JEOL JSM-6390).
EDX spectroscopic (EDS, OXFORD XMX N) analysis was used
to confirm the adsorption of chromium on the surface of CFs.
The XRD pattern was obtained in a XRD equipment
(PANalytical-X’Pert3 powder) with Cu-Ka radiation, in the
5–30� at 2h angles range. N2 adsorption–desorption analysis was
carried out by using a surface area and pore analyzer
(BELSORP-mini II, BEL Japan Inc.) at �196 �C. The dry powder
samples were pretreated for 3 hours at 90–130 �C under N2 gas
to remove any surface adsorbed water or gas using a pretreat-
ment unit (BELPREP flow II, BEL Japan Inc.). The specific sur-
face areas of CFs were calculated using the
Brunauer–Emmett–Teller (BET) method. Pore size distributions
were calculated by the Barrett–Joyner–Halenda (BJH) method.
Thermogravimetric (TG) measurements (PerkinElmer STA 6000
TG/DT model) were carried out in a N2 atmosphere flowing at a
heating rate of 10 �C min�1 using 1.53mg of the sample from 30
to 565 �C. The pHpzc was determined by taking 5mL of KNO3

solutions in different flasks. Initial pH values (pHi) of KNO3 sol-
utions were maintained at the pH range of 2–10 using 0.1M
HCl or 0.1M NaOH. Then 0.1 g of adsorbent was added to each
flask. After shaking for 24hours, the suspension was filtered and
the final pH values of the solutions (pHf) were recorded. The
pHpzc was obtained from the plot of (pHi�pHf) versus pHi.

2.3. Batch adsorption study

These experiments were carried out in 100mL borosil flasks,
varying different parameters, such as contact time
(30–200minutes), pH (2.0–6.0), adsorbent dose (5–13 g/L),

sorbate concentration (5–30mg/L), and temperature
(303–323K). A water bath incubator shaker (Tempstar) and
pH meter (Systronics Digital pH Meter-802) were used. 10mL
of Cr(VI) solution with known concentration and the proper
amount rachis of CFs (Figure 1b) were mixed in each flask.
0.1M HCl and 0.1M NaOH were used for pH adjustment and
then flasks were placed in a water bath incubator shaker. After
adsorption, the solutions were immediately filtered to recover
the adsorbent (Figure 1c) and the filtrate containing the Cr(VI)
solution was analyzed by UV-Vis spectrophotometry
(Systronics UV-Vis spectrophotometer-117) using 1,5-diphenyl-
carbazide at the absorption maximum of 540nm.

The amount (%) of Cr(VI) removal was calculated by the
following equation:

R %ð Þ ¼ C0 � Ce

Ce
� 100 [1]

The amount of Cr(VI) ion adsorbed (qe) in mg/g was cal-
culated by the following equation:

qe ¼ C0 � Ce

m
� V [2]

where C0 and Ce are, respectively, the initial and equilibrium
concentrations of Cr(VI) ions (mg/L) in the aqueous solution,
m is the adsorbent mass (g), and V is the solution volume (L).

2.4. Desorption and regeneration tests

Desorption, regeneration, and reusability experiments were car-
ried out in a similar way to the adsorption tests. 0.110 g of CFs
were used for the adsorption of 25mg/L (ppm) Cr(VI) ion
aqueous solution (10mL) at pH 2.5, then CFs were filtered
and dried in an oven. Then, the metal-loaded CFs were mixed
with 0.5M NaOH (10mL) and the mixture was shaken at
150 rpm in an orbital shaking incubator. This procedure aimed
at determining the CFs reusability and consecutive adsorp-
tion–desorption cycles were repeated three times. The eluted
adsorbent (CFs) was washed with distilled water several times
to remove the desorbing agent. The desorption percentage
(%D) was calculated by the equation:

Regeneration ratio %Dð Þ ¼ Cdes

C0
� 100 [3]

where C0 is the initial concentrations of Cr(VI) ions before

Figure 1. (a) Image of CFs; rachis of CFs (b) before and (c) after adsorption of Cr(VI).
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adsorption and Cdes is the concentration of Cr(VI) after
desorption in the aqueous solution (both in mg/L).[36]

3. Results and discussion

3.1. Characterization of the adsorbents

The physicochemical properties of the adsorbent greatly
influence the rate of the removal of Cr ions from the waste-
water. The characterization results of CFs are given in Table
1. Proximate and ultimate analyses were carried out by heat-
ing a known weight of the sample and considering the
weight loss up to 600 �C. The moisture content at 100 �C
was found to be 1% and ash content at 600 �C was 1.27%.

3.1.1. FTIR analysis
FTIR spectra allowed analyzing the chemical structure and
functional groups of CFs. The FTIR spectra of CFs before
and after Cr(VI) adsorption are shown in Figure 2. The
broad absorption band observed at 3398 cm�1 is attributed
to hydroxyl groups (O-H stretch) on the surface of the
adsorbent.[34] It shows a significant shift from 3398 to
3685 cm�1 (Figure 2a). This reveals that the Cr(VI) ions are
binding with (–OH) groups on the surface of the adsorbent.
The peak at 2963 cm�1 is ascribed to the C–H stretching
vibration. The peak at 1643 cm�1 is assigned to C¼O
stretching vibration of amide I. The amide II band occurs at
sharp bands of 1541 cm�1 and 1446 cm�1, respectively, due
to the N–H bending and C–H stretching vibration. The
peak at 1248 cm�1 can be attributed to the amide III.[34,37,38]

The band at 1075 cm�1 may be caused by the C–O symmet-
ric stretching vibration. These results show that CFs are rich
in metal ion binding functional groups. The FTIR spectrum
of Cr(VI) loaded CFs (Figure 2b) shows shifted peak posi-
tions at 3685, 2928, 1678, 1535, 1453, 1236, and 1078 cm�1,
due to the adsorption of Cr(VI) (Table 2). The reason for
these shifts is that the acidic groups are protonated at pH
2.5; these groups are responsible for the adsorption of
Cr(VI) ions on CFs.[39,40]

3.1.2. SEM analysis
SEM was used to examine the surface morphology of the
CFs. SEM images before and after adsorption of chromium
are presented in Figure 3a,b, respectively, with 5000� mag-
nification. Figure 3a shows a keratin protein fiber obtained
from rachis, which is very thin and hairy. The diameter of
the keratin fiber is in the range of 5–50 mm as observed by
SEM.[41] The morphology of CFs shows a rough fibrous

structure, which is suitable for Cr(VI) adsorption. Figure 3b
clearly shows that there are more regularity and smoothness
after adsorption of Cr(VI) ions. The formation of a white
layer on the surface of the adsorbent shows that Cr(VI) ions
are present there.[42]

3.1.3. EDX analysis
EDX analyses were carried out in order to estimate the amount
of chromium at the surface of CFs, before and after adsorption,
as shown in Figure 3c,d, respectively. Figure 3c shows that CFs
possess a maximum of 68.48% carbon on its surface, along with
other elements, like oxygen (29.88%) and a minor percentage of
sulfur (1.63%), before adsorption of Cr(VI) ions. Since sulfur-
containing functional groups of amino acids, such as cysteine,
have the ability to chelate heavy metal ions, and because keratin
of CFs is very rich in sulfur amino acid groups, the precursor
metal ion in solution strongly chelated with the surface. Thus,
in Figure 3d, some new chromium peaks were observed due to
the adsorption of Cr(VI) on the surface of CFs.

3.1.4. Surface area and pore size analysis
The surface area was determined by the BET method while
the BJH method was used for the determination of the aver-
age pore size distribution. The obtained data are listed in
Table 1. According to the N2 adsorption–desorption results,
the BET surface area of CFs was 39m2/g (Supplementary

Table 1. Physicochemical characterization of CFs.

Parameters Values

Moisture content (%) 1.00
Ash content (%) 1.27
Carbon (%) 68.48
Oxygen (%) 29.88
Sulfur (%) 1.63
pHzpc 7.36
BET surface area (m2/g) 39.00
Mean pore diameter (nm) 1.50

Figure 2. FTIR spectra of CFs (a) before and (b) after chromium adsorption.

Table 2. FTIR spectral characterization of rachis of CFs before and
after adsorption.

IR peak

Before
adsorption
(1/cm)

After
adsorption
(1/cm) Assignment

1 3398 3685 –OH stretching
2 2963 2928 C–H stretching
3 1643 1678 C¼O stretching (amide I)
4 1541 1535 N–H bending (amide II)
5 1446 1453 C–H stretching (amide II)
6 1248 1236 (Amide III)
7 1075 1078 C–O stretching
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Figure S1) and the BJH pore diameter was 1.5 nm, which is
evidence of the microporous nature of this material
(Supplementary Figure S2). This shows that the surface area
of the CFs is higher than other adsorbents, such as hydro-
char of chestnut outer shell and keekar sawdust.[43,44]

3.1.5. XRD analysis
Supplementary Figure S3 shows the diffraction patterns of CFs.
Two broad peaks were observed at 2h around 9.3� and 19.2�,
respectively, indicating the presence of semi-crystalline keratin.
The diffraction peak at 2h � 9.3� shows the keratin a-helix
conformation, while the peak at 2h � 19.2� is indexed for the
b-sheet of keratin protein secondary structure.[45]

3.1.6. Thermal stability
The thermal behavior of CFs was studied by TGA and differ-
ential thermogravimetry (DTG). TGA and DTG curves of raw
CFs are shown in Figure 4a. Three stages of weight loss
occurred: from room temperature to around 220 �C, from 220
to 450 �C, and from 450 to 565 �C. In the first stage, weight

loss of 8.33% during heating of CFs was up to 220 �C, which
corresponds to the loss of surface adsorbed moisture.[46] In the
second decomposition zone, from 220 to 450 �C, a significant
weight loss was obtained (75.9%), due to the decomposition of
the organic matter and the remaining moisture. Finally, the
third stage, above 450–565 �C, showed no significant weight
loss. DTG of CFs showed two exothermic peaks at 45 and
330 �C.[47] The fastest weight loss rate of 96.6mg/min occurred
at 330 �C.[48]

3.1.7. Point of zero charge
The determination of the pHpzc of the adsorbent is crucial to
understand the adsorption mechanism. The cationic adsorption
was facilitated at pH> pHpzc, while the anionic adsorption was
preferred at pH< pHpzc.

[49] The results of Figure 4b show that
the pHpzc of CFs was high (7.36). For a pHpzc value larger
than the pH of the solution, the surface of CFs will have a
positive charge, which favors the anionic Cr(VI)
ion adsorption.

Figure 3. SEM analysis of keratin fibers from rachis of CFs at 5000� magnification (a) before and (b) after adsorption; EDX analyses of CFs (c) before and (d) after
chromium adsorption.
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3.2. Effect of pH

The solution pH is also very important for the adsorption
process. Cr(VI) can exist in five main stable forms in aque-
ous solution, namely H2CrO4, HCrO4‾ , CrO4

2‾ , HCr2O7‾ ,
and Cr2O7

2‾ , depending on the pH of the solution. CrO4
2‾

anion of Cr(VI) mainly exists above 6.0 pH. HCrO4‾ and
Cr2O7

2‾ anions are mostly found in the range of pH 2.0–6.0
and H2CrO4 is present when pH < 1.0.[50] The effect of pH
on Cr(VI) adsorption by CFs was examined and the results
are shown in Figure 5a. CFs showed 78.64% removal of
Cr(VI) at pH 2.5. When solution pH was increased from 2.0
to 6.0, the amount of removed Cr(VI) decreased continu-
ously. The results show that the lower the pH value, the
higher the adsorption of Cr(VI).[51,52] The maximum
removal percentage of Cr(VI) was found at pH 2.5, due to a
large number of Hþ (hydronium) ions present in the acidic
medium, and the surface of CFs became positively charged
due to the presence of functional groups. The presence of
Hþ deactivated the negatively charged OH‾ group present
on the adsorbent surface. Therefore, the lower the pH value,
the higher the removal of Cr(VI), due to the strong electro-
static attraction between oxy-anions of Cr(VI) and positively
charged surface of the adsorbent. On the other hand, for
higher pH values, the adsorption decreased due to the
occurrence of a large number of OH‾ ions, which increase
the electrostatic repulsive forces between the negatively
charged adsorbent surface and the Cr(VI) anions.

3.3. Effect of contact time

The equilibrium time also influences the removal of metal
ions from the aqueous solution. Figure 5b shows this effect
on the adsorption of Cr(VI) on CFs up to 180minutes.
10mL of a 25mg L�1 metal ion solution was placed in a
flask containing 0.110 g of adsorbent and shaken at room
temperature. Results show that Cr(VI) was quickly adsorbed
in the initial stages, then the removal capacity became
slower. The amount of Cr(VI) removed slowly increased up
to 120minutes and the equilibrium time was obtained at
180minutes. A rapid initial removal was observed, due to
the large adsorbent surface area, but then the adsorption
process slowed down due to electrostatic repulsion between
the adsorbent surface and Cr(VI) ions.[53,54] The maximum
percentage removal of Cr(VI) ions was 77.84%
at 180minutes.

3.4. Effect of adsorbent dose

The adsorbent amount is also an important factor, as it
shows the capacity of the adsorbent for a given initial con-
centration of Cr(VI) ions. This effect was determined by
varying the amount of adsorbent concentration, which
ranged from 5 to 13 g/L. The results are shown in Figure 5c.
The Cr(VI) removal increases when adsorbent dosage
increases, due to the increase of surface area available for
adsorption. Cr(VI) ions quickly adsorbed in the initial stage
from 5 g/L to 8 g/L, then the removal efficiency became

slower. After that, the adsorbent surface and solution of
metal ion concentration reached equilibrium and the
removal efficiency was constant.[55] An adsorbent concentra-
tion of 11 g/L was an optimum value.[56]

3.5. Effect of the initial Cr(VI) concentration

The concentration of initial chromium (VI) was varied (5,
10, 15, 20, 25, and 30mg/L) for experiments at 180minutes,
pH 2.5, 11 g/L adsorbent dose, at room temperature. The
results are shown in Figure 5d. The removal efficiency
increased with increase in Cr(VI) ion concentration. When
the initial Cr(VI) concentration varied from 5 to 30mg/L,
the chromium removal efficiency of the CFs increased from
44% to 77%.[57] In the beginning, the rate of percentage
removal of Cr(VI) ions was high due to the large surface
area of CFs. Later, as a thick molecular layer was formed
over CFs, the adsorption capacity decreased. The initial
Cr(VI) concentration determines the equilibrium concentra-
tion and removal efficiency of these ions.[58]

3.6. Adsorption isotherms

In order to study the relationship between the adsorbate and
adsorbent concentration at equilibrium and the maximum
adsorption capacity of adsorbent at a constant temperature,
Langmuir and Freundlich isotherm models were used.[59]

The isotherm models explained the adsorption process and

Figure 4. (a) TG–DTG curve of raw CFs; (b) point of zero charge (pHpzc)
for CFs.
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gave information on the adsorbent capacity and surface
properties. The linear plots of Langmuir and Freundlich iso-
therm models fitted to the adsorption of Cr(VI) ion on CFs
are presented in Figure 6a,b.

3.6.1. Langmuir isotherm model
The Langmuir model assumes that the adsorption of metal
ions take a place by monolayer adsorption on a homogenous
surface, without any interaction between the adsorbate on
adjacent sites.[60] Linear form of Langmuir isotherm model
can be represented as:

1
qe

¼ 1
qm

þ 1
qmKL

1
Ce

[4]

where qe is the amount of Cr(VI) adsorbed per amount of
adsorbent (mg/g) at equilibrium, qm is the maximum
adsorption capacity, KL is the Langmuir isotherm constant
(L/mg), and Ce is the equilibrium concentration of Cr(VI)
in solution (mg/L).

The feasibility of the adsorption process is expressed in
terms of a dimensionless separation factor (RL), which is an
essential characteristic of the Langmuir model. The separation
factor (RL) can be calculated by the following equation (5):

Figure 5. Removal efficiency of Cr(VI) ions using RCFs by batch adsorption study effects of (a) initial pH, (b) adsorption time, (c) adsorbent dosage, and (d) initial
concentration of Cr(VI).
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RL ¼ 1
1þ KLC0

[5]

where C0 is the initial concentration of Cr(VI). The RL value
is an indication that the isotherm and the adsorption pro-
cess are unfavorable (RL > 1), linear (RL ¼ 1), favorable (0
< RL < 1), or irreversible (RL ¼ 0). The value for CFs was
RL < 1, indicating that the adsorption of Cr(VI) was favor-
able on this material.

3.6.2. Freundlich isotherm model
The Freundlich isotherm model relies on the assumption
that the adsorption of metal ions takes place by multilayer
adsorption on a heterogeneous surface, with interaction
between the adsorbed molecules. This isotherm comes from
an empirical equation that explains the exponential distribu-
tion of adsorption center of an adsorbent.[61] The linear
form of Freundlich model using logarithms is represented
by the following equation:

logqe ¼ logKf þ 1
n
logCe [6]

where qe is the amount of Cr(VI) adsorbed per amount of
adsorbent (mg/g), Kf (mg/g)(mg/L)n and n are the

Freundlich adsorption isotherm constants, and Ce is the
equilibrium concentration of Cr(VI) in the solution (mg/L).
A linear plot can be obtained between log qe and log Ce,
and then the values of KF and 1/n are obtained from the
intercept and slope by Equation (6).

The value of n (g/L) is an indication of the adsorption
deviation from linearity and the value of 1/n is the hetero-
geneity factor. A value of n between 1 and 10 (i.e., 1/n ˂ 1)
shows a favorable adsorption. For n¼ 1, linear adsorption is
found; but for n ˂ 1, adsorption becomes a chemical pro-
cess; while for n> 1, adsorption is a physical process. In this
study, n> 1 was found, showing that the adsorption of
Cr(VI) ions onto CFs is a physical process.[62] If 1/n ˂ 1 a
normal Langmuir isotherm is found, while for 1/n> 1 a
cooperative adsorption takes place.[63]

The results of the adsorption isotherms parameters are
presented in Table 3. The results clearly show that the
adsorption equilibrium value fits well with the Langmuir
model as the R2 values were much higher than those found
for the Freundlich model. The CFs showed the maximum
adsorption capacity (qm) for the Cr(VI) ions to be
333.33mg/g at 50 �C.

3.7. Adsorption kinetics

Four kinetic models (pseudo-first-order, pseudo-second-
order, intra-particle diffusion l, and Elovich ) were used
to characterize the kinetics of adsorption of Cr(VI) on
CFs. The study of the adsorption kinetics describes the
rate of the adsorbate uptake on the adsorbent at different
time intervals. The adsorption mechanism depends on
the physical and chemical properties of the adsorbent.
The mechanism of the rate control of the adsorption pro-
cess depends on the diffusion, chemical reaction, and
mass transfer.

3.7.1. Pseudo-first-order model
Lagergren’s kinetic equation or pseudo-first-order equa-
tion[64] is most often used to describe the adsorption process
of a substance present in the liquid phase. The linear form
of the equation is:

logðqe � qtÞ ¼ logqe � K1

2:303
t [7]

where qe and qt (mg/g) are the quantity of Cr adsorbed at
equilibrium and at a given time t, respectively, and k1 is
the pseudo-first-order rate constant. The linear plot of the
pseudo-first-order model for adsorption of Cr(VI) ions on
CFs is shown in Figure 7a. The plot of log (qe – qt) versus

Figure 6. Adsorption isotherms. (a) Langmuir and (b) Freundlich plots for
adsorption of Cr(VI) ions onto CFs at different temperatures.

Table 3. Isotherm model parameters for adsorption of Cr(VI) on CFs at differ-
ent temperatures.

Temperatures
(�C)

Langmuir isotherm Freundlich isotherm

qm
(mg/g) KL RL R2

Kf (mg/g)
(mg/L)n n R2

30 11.49 0.022 0.645 0.977 3.78 1.05 0.973
40 200.0 0.001 0.975 0.993 4.33 1.00 0.990
50 333.33 0.0008 0.979 0.974 1.08 1.13 0.951
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t was used to determine the pseudo-first-order rate con-
stants k1 and qe and the coefficient of determination
value (R2).

Pseudo-first-order model had a poorer fit to the equilib-
rium data, owing to its boundary layer resistance.[65] From
the results, the calculated qe values did not match with the
experimental values of qe and the correlation coefficient (R2)
values seem to be comparatively very low than the other
kinetic models.

3.7.2. Pseudo-second-order model
Ho and McKay[66] established the pseudo-second-order kin-
etic equation as:

t
qt

¼ 1
K2q2e

þ t
qe

[8]

where k2 is the pseudo-second-order rate constant (g/mg/
min). The linear plots of t/qt versus t can be used to deter-
mine the pseudo-second-order rate constants k2 and qe from
the slope and intercept, respectively. The results are shown
in Figure 7b. Kinetic rate constant values decreased with the
increase in the concentration of Cr(VI) onto CFs, which are
shown in Table 4. This behavior is shown due to the
decrease of surface site of the adsorbent with the increase of
Cr(VI) ion concentration.[65] The calculated qe values were
more similar to the experimental values of qe and the

Figure 7. Adsorption kinetics. (a) Pseudo-first-order, (b) pseudo-second-order, (c) intra-particle diffusion , and (d) Elovich model plots of adsorption of Cr(VI) ions
onto CFs at different initial concentration.
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correlation coefficient (R2) values were comparatively higher
(R2 > 0.99) than the other kinetic models.[67] Hence,
pseudo-second-order kinetic model gave the best fit for
Cr(VI) adsorption by CFs, which can be a rate-control-
ling step.

3.7.3. Intra-particle diffusion model
Weber and Morris[68] developed the intra-particle diffusion
model which can be presented as:

qt ¼ Kidt
1=2 þ C [9]

where qt (mg/g) is the amount of chromium(VI) adsorbed
at time t (minutes) per unit of weight of CFs, kid is the
intra-particle diffusion rate constant (mg/g min1/2), and C is
the intercept. The linear plot of qt versus t1/2 is used to test
a diffusion-controlled reaction. The increasing values of C
indicate that there is an increase in boundary layer thickness
of molecule which plays a major role of the surface adsorp-
tion in the rate-limiting step.[69] In Figure 7c, the linear fit-
ting plot does not pass through the origin, which shows that
the intra-particle diffusion is involved in the adsorption pro-
cess but it is not the rate governing step for adsorption of
Cr(VI) ions onto CFs.

3.7.4. Elovich model
Zeldowitsch describes the another kinetic equation for
chemisorptions. The linear form of the Elovich equation is
expressed as follows:

qt ¼ 1
b
ln abð Þ þ 1

b
lnt [10]

where a is the Elovich initial adsorption rate constant (mg
g�1min�1) and b is the desorption constant (g mg�1). The
Elovich parameters a and b can be calculated from the slope
and intercept of the linear plot of qt versus lnt, respectively
(Figure 7d). The Elovich kinetic model explained the
adsorption process better than the pseudo-first-order model.
In addition, the results of Elovich model were in good

agreement with pseudo-second-order kinetic model, which
confirms the chemisorption nature of adsorption.[70] The
values of parameters of Elovich model for Cr(VI) ions are
given in Table 4.

The correlation coefficient (R2) for Cr(VI) ions and the
kinetic parameters are presented in Table 4. These data
clearly show that the coefficients for the pseudo-second-
order are closer to 1 and are higher for other kinetic mod-
els. Thus, the adsorption of Cr(VI) ions on CFs agrees with
pseudo-second-order kinetics (R2 ¼ 0.995). These results
show that chemisorption is the rate-controlling mechanism.

3.8. Adsorption thermodynamics

The thermodynamic parameters were determined using
van’t Hoff equation. The chromium adsorption on CFs was
observed at three different temperatures at 30, 40, and 50 �C
(303, 313, and 323K) in optimized conditions. The change
in Gibbs free energy (DG0), change in entropy (DS0), and
change in enthalpy (DH0), for the adsorption process were
determined by the following equations.[71]

Kd ¼ CA

CB
[11]

DG0 ¼ �RTlnKd [12]

lnKd ¼ DS0

R
� DH0

RT
[13]

where Kd is the thermodynamic equilibrium constant, CA is
the equilibrium concentration of Cr(VI) ion adsorbed per
litre on the CFs (mg/L), and CB is the equilibrium Cr(VI)
ion concentration (mg/L). R is the universal gas constant
(8.314� 10�3 kJ/mol K) and T is the absolute temperature in
Kelvin (K). The values of DS0 and DH0 can be obtained
from the slope and intercept of lnKd versus 1/T van’t Hoff
plot, found in Figure 8.

The DH0 and DS0 values found were 2.99 kJ mol�1 and
15.42 J mol�1 K�1, respectively. The positive value of

Table 4. Parameters for different kinetic models fitted to the Cr(VI) adsorption
kinetics on CFs at room temperature.

Kinetic models and parameters

C0 (mg/L)

10 15 25

Pseudo-first-order
qe (exp.) (mg/g) 0.634 0.969 1.769
k1 (min�1) 0.020 0.018 0.011
qe (cal.) (mg/g) 1.202 1.002 1.230
R2 0.921 0.979 0.981
Pseudo-second-order
k2 (g mg�1 min�1) 0.017 0.017 0.014
qe (cal.) (mg/g) 0.874 1.210 1.937
R2 0.990 0.994 0.995
Elovich
a (mg g�1) 0.436 0.448 0.556
b (mg g�1) 0.207 0.274 0.424
R2 0.989 0.991 0.983
Intra-particle diffusion
kid (mg g�1 min1/2) 0.049 0.065 0.099
C (mg g�1) 0.016 0.145 0.374
R2 0.981 0.992 0.960

Figure 8. Van’t Hoff’s plot used to determine thermodynamic parameters for
the removal of Cr(VI) by CFs.
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enthalpy indicated that Cr(VI) adsorption was endothermic
and the positive value of DS0 confirmed the randomness of
the solid–liquid interface during adsorption. The values of
DG0 were �1.75, �1.90, and �2.06 kJ mol�1 for 30, 40, and
50 �C, respectively, showing that the adsorption of Cr(VI)
on CFs was thermodynamically favorable at all temperatures.
The thermodynamic parameters are depicted in Table 5.

3.9. Desorption studies

Adsorbents can be re-used after a desorption process. Batch
experiments were used for desorption studies. The regenerated
CFs were re-used for the adsorption of Cr(VI) using the same
initial concentration as for fresh CFs. Desorption studies were
carried out for the Cr(VI) loaded CFs using a NaOH (0.5M)
solution as desorbing agent. CFs were re-used for three adsorp-
tion–desorption cycles and results are shown in Figure 9.
76.8% of the adsorbed Cr(VI) was desorbed from CFs using
0.5M NaOH. Desorption is also a highly pH-dependent pro-
cess. In acidic or neutral pH conditions, the weakly bonded
adsorbate ions were removed partially but in alkaline solution
(NaOH) they were completely desorbed due to the formation
of soluble sodium chromate.[72] Higher concentrations of
NaOH are useful for a more effective desorption and the suc-
cessful regeneration of the adsorbents.

4. Adsorption mechanism

The mechanism of adsorption is very important to reveal
the binding nature and properties of materials. As stated
above, CFs consist of biopolymers with protonated amino,
hydroxyl, and carboxylic groups, which provide active bind-
ing sites for metal ions. CFs have large surface areas with
positive charge. Cr(VI) exists in five main stable forms in
aqueous solution, namely H2CrO4, HCrO4‾, CrO4

2‾, HCr2O7
‾

, and Cr2O7
2‾.

When CFs are placed into aqueous potassium dichromate
solution, the negatively charged dichromate binds with the
positively charged functional groups of the CFs, resulting in
electrostatic attraction.

Affinity toward electronegative groups of keratin containing
N, O, S varies with the properties of the metals which bind to

Table 5. Thermodynamic parameters for Cr(VI) adsorption on CFs.

C0 (mg/L) DH0 (kJ/mol) DS0 (J/mol/K)

DG0 (kJ/mol)

303 K 313 K 323 K

25.0 2.99 15.42 –1.75 –1.90 –2.06

Figure 10. Mechanism of adsorption of Cr(VI) on CFs.

Figure 9. Adsorption–desorption cycles for CFs.
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the functional groups of NH2, OH, SH, COOH. Metal cations
are considered hard, soft, or intermediate Lewis acids and bind
to soft or hard or intermediate bases. Metal centers are held by
organic ligands present in the protein entity that is linked to
electron donors of O, N, and S moieties, present in the protein
or keratin, based on their electronegativities.[73]

The excellent mechanical properties are due to cross-link-
ing; the source for the high strength of keratin with S-S and
H-bonds, when dissolved in a suitable solvent, breaks and
weakens. A similar amino acid sequence is noticed in feath-
ered and clawed keratin species.[74] The chelate complex
may result from the adsorption of metal ions that were
active at hydroxyl, carboxyl, amino, thiol, and aromatic sites,
in all groups being involved in the binding with metal
(Cr) ions.

We can conclude that the electrostatic attraction and the
ion exchange may be responsible for Cr(VI) adsorption on
CFs. The probable mechanism is represented in Figure 10.

5. Comparison with other adsorbents

Table 6 shows the Cr(VI) adsorption capacity for CFs deter-
mined in this work, compared with other adsorbents
reported in the literature. For the different adsorbents, the
adsorption capacity varies according to the surface area. CFs
have the added advantage of being low cost and readily
available for the adsorption of Cr(VI) ions from the aque-
ous solution.

6. Conclusions

This study clearly shows that CFs are effective adsorbents for
the removal of Cr(VI) ions from aqueous solution. Adsorption
of Cr(VI) is a highly pH-dependent process and the optimum
initial pH was 2.5. The maximum monolayer capacity (qmax)
of CFs was found 333.33mg/g at 50 �C in 180minutes.
Langmuir and Freundlich models were fitted at different tem-
peratures and the experimental data were well described by the
Langmuir adsorption model. The kinetics of Cr(VI) ions was
explained by using pseudo-first-order, pseudo-second-order,
intra-particle diffusion, and Elovich kinetic models, but
pseudo-second-order showed the best fitting. The thermody-
namics results showed that the process was endothermic and
spontaneous. The reason of the adsorption of Cr(VI) ions is
electrostatic attraction between Cr(VI) ion and CFs. CFs were
re-usable in at least in three multiple cycles. Therefore, rachis

of CFs may be a new kind of low-cost material which could
convert Cr(VI) ions to the less toxic and more stable Cr(III)
ions and could be used economically for the treatment of
Cr(VI) contaminated wastewater.

List of symbols

C0 initial concentrations of chromium (mg/L);
Ce equilibrium concentration of chromium (mg/L);
V volume of the solution (L);
m amount of the adsorbent (g);
Cdes concentration of chromium after desorption (mg/L);
qmax maximum adsorption capacity (mg/g);
qe amount of total chromium adsorbed per specific amount of

adsorbent (mg/g);
KL Langmuir adsorption constant (L/mg);
RL separation factor (dimensionless);
R2 correlation coefficient;
Kf Freundlich isotherm constant (mg/g);
n Freundlich constant (mg/g) (mg/L)1/n;
qt chromium ion adsorbed on adsorbent at a given time t

(mg/g);
k1 pseudo-first-order rate constant (min�1);
k2 pseudo-second-order rate constant (g/mg min�1);
kid intra-particle diffusion rate constant (mg/g min1/2);
C intercept of intra-particle diffusion model;
a Elovich initial adsorption rate constant (mg g�1 min�1);
b desorption constant (g mg�1);
DG0 Gibbs free energy change (kJ/mol);
DH0 enthalpy (kJ/mol);
DS0 entropy (J/mol/K);
R universal gas constant (kJ/mol/K);
Kd thermodynamic equilibrium constant;
T temperature (K);
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Table 6. Comparison of the maximum adsorption capacity of Cr(VI) by various
waste materials used as adsorbents.

S. No.
Adsorbent
materials

Adsorption
capacity (mg/g) pH References

1. Wheat bran 4.53 2.0 [75]

2. Modified wheat bran 5.28 2.2 [75]

3. Walnut shell 8.01 3.5 [76]

4. Hazelnut shell 8.28 3.5 [76]

5. Almond shell 3.40 3.2 [76]

6. Coconut tree sawdust 3.46 3.0 [77]

7. Sugarcane bagasse 1.76 2.0 [78]

8. Rice husk 8.5 2.0 [79]

9. Raw chicken feathers 333.33 2.5 Present work
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