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Abstract The removal of Cr(VI) ions from aqueous solu-
tion by human hair waste is investigated by using UV-Vis
spectrophotometer technique. The morphological analysis
of the human hair was also investigated by the scanning
electron microscopy, Fourier transforms infrared spectros-
copy and X-ray photoelectron spectroscopy. The influence
of various physicochemical effective parameters such as
pH, ionic strength, adsorbent amount, contact time, initial
concentration of metal ion on removal of Cr(VI) ions by
human hair process was also studied. The optimum condi-
tions for this adsorption process were obtained at pH = 2
and contact time of 150 min while the highest Cr(VI)
uptake is recorded for 0.5 g of the adsorbent per 100 ml
of solution. Three isotherms models including Langmuir,
Freundlich and Temkin were applied to describe the equi-
librium data. It was found that the experimental data were
well described by Freundlich isothermal model. The maxi-
mum adsorption capacity was found to be 11.64 mg g~
The thermodynamic study data showed that the adsorp-
tion process of Cr(VI) on human hair is an endothermic,
spontaneous and physisorption reaction. The kinetics of the
adsorption process was studied using three kinetics mod-
els including Lagergren-first-order, pseudo-second-order
and Elovich model. The obtained data are indicated that the
adsorption processes of Cr(VI) over human hair could be
described by the pseudo-second-order kinetic model.
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Introduction

Water pollution is a serious environmental and public prob-
lem due to the toxic metals and organic compounds that
are being disposed in groundwater. Therefore, we are faced
with stringent regulations that have made it a major source
of concern and a priority for most industrial sectors. Heavy
metal ions, aromatic compounds (phenolic derivatives, and
polycyclic aromatic compounds) and dyes are often found
in the environment as a result of their wide industrial appli-
cations. They are common contaminants in wastewater, and
many of them are known to be toxic or carcinogenic [1, 2].
For example, chromium(VI) has been shown to be toxic for
bacteria, plants, animals and humans [3]. Chromium com-
pounds are widely used by many modern industries such
as leather tanning, electroplating, metal finishing and pig-
ment production. Thus, a large amount of these compounds
are being discharged into effluent industrial wastewaters
[4-7]. For instance, 40% of the remaining chromium salts
are generally discharged in the final effluents during the
chrome tanning process [8, 9]. Undeniably, wastewater or
drinking water containing high concentration of Cr(VI)
causes severe environmental problems as well as prompt
toxic and carcinogenic health implication for humans and
animals [10]. Therefore, the removal of Cr(VI) from waters
is an area of great interest for the scientific community.
Chromium exists in the aqueous solution as both trivalent
and hexavalent [Cr(VI)] ions states. Hexavalent chromium
ion Cr(VI) is mainly in the form of chromate (CrO,~) and
dichromate (Cr,0,*") ions. Hexavalent chromium has con-
siderably higher levels of toxicity than the other valence
states [3].

Various technologies including ion exchange, filtration,
chelation, osmosis, electrochemical operation, reduction
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and solvent extraction have been employed to remove
Cr(VI) ions from drinking water and wastewater. How-
ever, these methods suffer from some disadvantages such
as large volumes of reagents or energy expenditure, inad-
equate metal removal and production of toxic secondary
waste. Therefore, the adsorption process, known as a highly
efficient and low-cost method, has been recently applied
for the treatment of wastewater containing heavy metals
[11, 12]. Currently, the wastes natural bio-materials which
are obtainable in large amounts in the environment are con-
sidered as low-cost adsorbents or bio-sorbent for removing
heavy metals and other pollutants. Recently low-cost adsor-
bents such as pomace, olive oil industry waste [13], almond
shells, cactus leaves, coal, wool, pine needles sawdust [14],
active sludge [15], agricultural waste [16] and green coco-
nut shell [17] have been applied to eliminate Cr(VI) from
aqueous solutions. Interestingly, among the low-cost adsor-
bents, human hair can be utilized as a candidate since it is
inexpensive, and easy to collect. In big cities, human hair
often accumulates in large amounts in the solid waste cur-
rents and chokes the drainage systems, posing a multifac-
eted problem [18]. The best way to reduce such problems
is by using human hair as a bio-sorbent for the removal of
heavy metals such as Cr(VI) and also reduce housekeeping
problem.

Hair fiber consists of the cuticle, cortex and in some
cases medulla which is mainly filled with about 65-95%
keratin protein. Proteins are composed of long chains
of different mixtures of the amino acids. Among vari-
ous amino acids in human hair, cystine is one of the most
important amino acid. Each of cystine unit consists of two
cysteines with various chains adjacent to each other and
connected by two sulfur atoms, forming a very strong bond
known as a disulfide crosslink [19]. It is worth mentioning
that hair is rich in peptide bonds and many —CO and —-NH
groups that make hydrogen bonds between neighboring
chains [20]. Keratin protein contains C, O, N and S in pro-
portion to the amino acid present. The hair surface is a mix-
ture of all the possible organic functional groups present
in the amino acids, such as sulfonate, carboxylate, amine,
hydroxyl, hydrocarbon, disulfide [21]. The accumulation of
negative charge on the hair surface results in the adsorption
of positive ions in natural pH.

Efremenko and co-workers studied the uptake of mac-
romolecules such as proteins on human hair [22]. Ekop
et al. [23] investigated the adsorption of Zn(II) and Pb(II)
ions from aqueous solutions onto hair, and thermodynamic
variables such as AH?, AS® and AG® were obtained from
experimental data. Mahdavian [24] demonstrated that the
removal of heavy metals by human hair, wool and goat hair
could be effected by a magnetic field, pH and contact time.

This study investigated the adsorption process of Cr(VI)
on human hair. The influence of different factors such as
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pH, contact time and temperature on adsorption capacity
was also studied, and the thermodynamic variables (AHO,
AS? and AG®) were obtained from experimental data. Fur-
thermore, the capability of human hair as an adsorbent
for the removal of chromium(VI) ion in aqueous solu-
tion was investigated as well as the three isotherm models
equations (Langmuir, Freundlich and Temkin). The maxi-
mum adsorption capacity of adsorbent, the intensity of the
adsorbate on adsorbent surface and the potential possibility
of the adsorbent were evaluated by the Langmuir, Freun-
dlich and Temkin isotherms equations.

Materials and methods
Adsorbent preparation

Human hair samples were collected from different bar-
ber salons and were washed thoroughly with detergent at
60°C and then mixed together. The samples were rewashed
with distilled water to neutralize the pH and then re-dried
in an oven. Finally, the dried human hairs were cut into
small pieces, grounded to a size of 1-2 mm and used in the
adsorption experiments.

Materials and equipment

K,Cr,0,, 1,5-diphenylcarbazide, H,SO,, NaOH and HNO,
were purchased from Merck (Germany). The pH was
adjusted using H,SO, and NaOH with a digital pH-meter
(Metrohm, Mode:1632). The absorbance measurement was
taken by UV-Visible spectrophotometer (Cintra 101 GBC
Scientific Equipment Ltd.). FT-IR spectra were recorded on
a Fourier transforms infrared spectroscopy (FI-IR) (VER-
TEX70 Brucker) using a KBr disk. Scanning electronic
microscope (SEM) (LEO1455VP) was used to study of the
morphology of the surface of human hair.

Analysis of chromium(VI) ions

The concentration of the chromium(VI) ions was moni-
tored by applying 1,5-diphenylcarbazide as the complexing
reagent. Briefly, 0.025 g of 1,5- diphenylcarbazide pow-
dered was dissolved in 10 ml of acetone. Then, 0.1 mL of
this prepared reagent and one drop of concentrated nitric
acid were added to 10 mL of the solution which was com-
prised of less than 2 mg L™! of Cr(VI) ions. The absorb-
ance of the purple colored complex solution for each sam-
ple was read at A = 540 nm of a spectrophotometer [25],
and consequently, the concentration was calculated based
on Beer—Lambert rule.
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Adsorption experiments

The stock standard solution (1000 ppm) of Cr(VI) was
prepared by dissolving 2.828 g K,Cr,0 in 1 L deionized
water. The required concentration solution for the experi-
ments was then prepared by diluting the stock standard
solution. In order to investigate the effect of physico-
chemical factors such as pH, ionic strength, the amount
of adsorbent, contact time and initial chromium ion con-
centration, the batch equilibrium method was used for
the adsorption experiments. Therefore, the experiments
were carried out in conical flask by adding 0.5 g of adsor-
bent (except for study the adsorbent dosage) to 100 mL
of Cr(VI) solution with 50 mg L~! concentration (except
for study the initial Cr(VI) concentration). The initial pH
of the solutions was adjusted by solution of NaOH and
H,SO, with concentration in range of 0.1-1 M. The mix-
ture solution was then shaken for 180 min in the incuba-
tor with a constant agitation speed of 150 rpm at 25°C.
All adsorption experiments were performed three times,
and the mean and standard deviation values were used for
data analysis. Then, the mixture was centrifuged and the
initial and final metal ion concentration was determined
by using an UV-Visible spectrophotometer. The removal
of metal ions was then calculated by the following Eq. 1.

Co— C
Removal (%) = M X
Co

100 (1)
where C, (mg L") and C. (mg L~") are the initial and
equilibrium concentration of Cr(VI) ions, respectively.
The amount of the adsorbed of chromium ions at equi-
librium g, (mg g~') was then obtained by Eq. 2 as below:

(Co— Ce)
= ——" X
w

1% (2

e

v
shed chamran universly conirel laborslory o ) L oy

ZoneMag = 2.00 K X

EHT =2000kV
A

WD = 10mm Photo No. = 2364

= EMT = 2000 kv

where V (L) is the volume of solution metal ion, and W
(g) is the weight of the adsorbent.

Results and discussion

The characterization of human hair as an adsorbent was
studied by using SEM, FT-IR and XPS techniques. The
investigation of optimum experimental conditions for the
adsorption process was systematically performed by study-
ing the effect of solution pH, ionic strength, the amount of
adsorbent (human hair), contact time and initial Cr(VI) ion
concentration. The influence of the solution temperature
was also investigated to clarify the nature of the adsorption
process and thermodynamic parameters such as AH’.

Characterization of the adsorbent

The surface contexture of human hair was characterized by
using scanning electron microscopy (SEM), Fourier trans-
forms infrared spectroscopy (FT-IR) techniques and X-ray
photoelectron spectroscopy (XPS). The micrograph SEM
images with magnifications 2000 times of human hair sur-
face before and after the removal of Cr(VI) from the aque-
ous solution are illustrated in Fig. 1. As can be seen, the
micrograph image of hair is smooth before the removal
of Cr(VI) (see Fig. 1a). However, the SEM image of sur-
face of hair indicated that the removal of Cr(VI) caused a
craggy structure that could be attributed to the possibility
of the attachment of Cr(VI) metals ions to the human hair
(Fig. 1b).

The FT-IR spectrum of human hair was recorded in
the region of 500-4000 cm™' and is shown in Fig. 2. This
FT-IR spectrum of human hair verified the possible contri-
bution of the presence of the functional groups in human

shahid chamran university central laboratory
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Fig. 1 SEM micrograph of surfaces of human hair before (a) and after (b) removal of Cr(VI)
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Fig. 2 FT-IR spectrum of human hair

hair. The hydrocarbon, hydroxyl, carboxyl and amino
groups were taken into account due to their presence in
human hair. The hydroxyl stretching vibration appeared as
a band in the region of 3730 cm™!, and N-H asymmetric
and symmetric stretching vibration was observed in the
region of 3601 cm™!. This could indicate the presence of
O and N atoms in the texture of human hair that could be
used as adsorbent agents for heavy metals. The peak at
1701 cm™! could be assigned to C=0 stretching vibration
[8]. The peak at 1524 cm~! may be due to N-H bending
vibrations related to amide groups in the peptide bond.
The C-N and C-H stretching vibration was demonstrated
at 1058 and 2353 cm™!, respectively. The —OH, -NH and
carboxyl groups played a major role in Cr(VI) adsorption
on human hair [13].

Figure 3a shows a typical XPS spectra of the human
hair surface [26]. The XPS survey spectra detected
the presence of O, N, C and S atoms on the texture of
human hair. The average composition of the hair surface
was found to be 73.5% C atom, 17.2% O atom, 1.2% N

atom and 2.0% S atom. The observed nitrogen existed in
a single chemical state(~400 eV), due to the peptide bond
between amino acids.

It should be noted that in XPS multiplex spectra
(Fig. 3a), the 2 s (~230 eV) and 2p (~164 eV) photoelec-
tron transitions from S were present. Each of these S pho-
toelectron transitions contained two distinguished peaks
due to the disulfide (—S—S-) links of the cysteine amino
acid and sulfonate (—SOj3) ion. The sulfur 2p(II) orbital’s
peak was observed at the binding energy of 164 eV and
could be related to the cystine in the hair(Fig. 3b).As
mentioned in the literature upon aging of the hair, some
of the disulfide crosslinks of cystine unit are oxidized,
resulting in the formation of sulfonate ions at the sur-
face which plays an important role in interactions during
aqueous surface [21].

Mechanism of Cr(VI) adsorption

The acceptable reason for the adsorption of Cr(VI) on
human hair may include two aspects:

First, as the structure of the outermost surface of the
human hair is shown in Fig. 4, the existence of the oxy-
gen and nitrogen atom on the hair surface was proven
via the XPS analysis. The adsorption abilities of Cr(VI)

e
e

Fig. 4 Schematic of the structural of outermost human hair surface
[26]

Fig. 3 XPS spectra of survey
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on human hair surface were demonstrated based on the
structure of the Cr(VI) outermost d orbital electrons.
A lone pair of electrons of nitrogen and oxygen atoms
directly coordinated with the unoccupied 3d orbital of
Cr(VI) corresponding to [Ar]3dO [8]. Secondly, chromium
species with negative charged ions such as HCrO,~ and
CrO,*~ via electrostatic force were easily attracted to the
functional groups on the hair surface such as carboxyl
and amide which protonated at low a pH. In contrast,
deporotonation of functional groups occurred at high pH
and repulsion between negative charge could be a reason
for the decrease in adsorption of Cr(VI) [27].

Effect of pH

To investigate the effect of pH on the adsorption of Cr(VI)
on human hair, removal experiments were carried out
at a pH levels ranging from 1 to 6. Figure 5 demonstrates
the removal of Cr(VI) initially increased with an increase
in the pH of the solution and then lead to a decrease. The
maximum value of the removal of Cr(VI) was achieved at a
pH = 2. The adsorption of Cr(VI) on human hair was found
to be significantly affected by the pH of solution. Such pH
dependency may be due to the surface charge of hair which
is strongly connected to the pH solution and the Cr(VI) as an
adsorbate. The obtained results from the FT-IR analysis also
indicated that human hair contains various functional groups
such as hydroxyl, amino and carbonyl which could be influ-
enced by the pH of the solution. The isoelectric point for
human hair is around 3.7 [21]. Therefore, these polar func-
tional groups were protonated at low pH and consequently,
the surface of the human hair became positively charged.
There are three forms of Cr(VI) ions in the solution
including: HCrO,~, CrO,*~ and Cr,0,*". At low pH, the
form of HCrO,~ is dominated; therefore, the active form of

80
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40 -

Removal(%)

30

20 A

10

Fig. 5 Effect of pH on Cr(VI) adsorption on to human hair.
(Cy =50 mg L™!, adsorbent dose = 0.5 g, contact time = 180 min)

Cr(VI) which will adsorbed by human hair is HCrO,~ while
the surface of the adsorbent is charged positively. By increas-
ing the pH of the solution, the concentration of HCrO,~
shifts to the other forms, CrO,>~ and Cr,0,>~. This may be
due to the fact that Cr(VI) exists as an oxyanion (Cr042’,
Cr,0,2~, HCrO,") in aqueous solution in which HCrO,~
and Cr,0,°~ predominate at pH less than 6 [14]. The surface
of the adsorbent is saturated with protons at low pH values.
Thereby creating a positively charged surface increases the
adsorption of the negatively charged Cr oxyanions onto the
surface of the adsorbent. However, at high pH values the sur-
face of the hair is saturated with abundant negative charge.

The pH for all samples was also measured after perform-
ing the adsorption process. However, as the main mechanism
of adsorption is an electrostatic bind between human hair
and Cr(VI) ions, no obvious change in pH was observed.

Effect of ionic strength

In order to study the influence of ionic strength on the
removal of Cr(VI) ions by human hair, different solutions
of 50 mg L' Cr(VI) at pH = 2, containing various concen-
tration of NaCl (0.05-0.3 M) were used as feed. As indi-
cated in Fig. 6, the result showed that NaCl ionic strength
lower than 0.3 M did not significantly affect the removal of
Cr(VI) in aqueous solution which is in consistent with pre-
vious reports [28]. Therefore, the ionic strength effect was
ignored in future experiments.

Effect of adsorbent dosage
In order to identify the optimal amount of human hair
require for the removal of Cr(VI), the effect of adsor-

bent dosage on the removal of Cr(VI) in an aqueous
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Removal(%)
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50

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Concentration of NaCl (M)

Fig. 6 Effect of NaCl ionic strength on Cr(VI) adsorption on to
human hair. (C, = 50 mg L™!, pH = 2, adsorbent dose = 0.5 g, con-
tact time = 180 min)
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solution was investigated. Figure 7 shows the removal
percentage versus the amount of human hair used.
According to this graph, for the same initial Cr(VI)
concentration(C, = 50 mg L™'),the removal percentage
of chromium ions increases from 48.30 to 84.67% by
increasing the human hair dosage from 0.2 to 1.6 g. Any
further increases in the adsorbent dosage did not cause
improvement in the percentage of removal. This may be
due to the fact that more adsorption sites become available
at higher amount of adsorbent which result in an increase
in surface area and therefore higher removal of Cr(VI).
The increase in removal percentage continues until all the
adsorption sites on the hair are saturated with Cr(VI) ions.
Thus, the optimum hair dosage was selected as 0.5 g for
further experiments.

Effect of contact time

The effect of contact time on the removal of Cr(VI) on
human hair was also investigated. For this purpose, the
removal of Cr(VI) was studied at different initial Cr(VI)
concentrations of 50, 70 and 100 ppm for 15-270 min
which are plotted in Fig. 8. The graph displays that the
increment of the adsorption capacity ¢, (mg g~!) of
Cr(VI) ions by increasing the contact time. The maxi-
mum rate of removal was observed within 150 min after
the start point. Thereafter, the removal rate reduced and
the removal of Cr(VI) remains almost constant at a con-
tact time of 270 min. This demonstrated that the nature
of the adsorbent and accessibility of adsorption sites are
affected by the time required to reach the equilibrium
point.

@ Springer

Adsorbent dose(g)

Adsorption kinetics

In order to investigate potential rate controlling stages
involved in the adsorption of Cr(VI) ions on human hair
such as chemical reaction processes and mass transport,
the kinetic models were applied to test the obtained
experimental data. For this purpose, the well-known
kinetic models of Lagergren-first-order, pseudo-second-
order, Elovich and the intraparticle diffusion model were
applied to the experimental removal data.

The Lagergren-first-order rate model was the first model
used for describing the adsorption of liquid—solid systems
based on the adsorbent capacity [29]. The nonlinear form

14
—o— 100 ppm
124 | -o—70 ppm
—»—50 ppm
10
> 8-
3
= 6
o
4
2 4
0 . . . . .
0 50 100 150 200 250 300

Contact time(min)

Fig. 8 Effect of contact time on Cr(VI) adsorption using human hair.
(pH = 2, adsorbent dose = 0.5 g)
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of Lagergren-first-order kinetic model is stated by the fol-
lowing equation:

gt = ge(1 — exp(—ki1)) ?3)

where ¢, and g, (mg g ') are the adsorption capacity at
equilibrium and at the time of ¢, respectively. k, is the rate
constant of pseudo-first-order. The values of the k; and ¢,
can be found from the slope and intercept of the plot of
In (ge — q¢) versus ¢t for various concentrations of Cr(VI)
ion.

The adsorption of removal of Cr(VI) by human hair
could also be described by applying the pseudo-second-
order kinetic model, in which the nonlinear form of this
model is given in Eq. 4 [30]:

_ kglt
1+ koget

where k, (g mg~! min~!) is the rate constant of pseudo-

second-order. The k, and ¢, values are calculated from the

slope and intercept of the plot of /g, verses t, respectively.
The Elovich kinetics model equation is defined by Eq. 5.

“

qt

d
% = a exp(—Bqp) S)

where o (mg g~! min~!) is the initial adsorption rate, and

B (g mg_l) represents the surface coverage area and acti-
vation energy of chemisorption [31]. By rearranging Eq. 5
for the boundary condition, the nonlinear form of Elovich
equation as below:

1
“=g In (1) (6)

In which « and B could calculated from the slope and
intercept of the plot of g, verses In ¢, respectively.

The kinetic models parameters were calculated and are
listed in Table 1, and Fig. 9 shows the nonlinear form all
various kinetics models. The comparison between non-
linear model form (Fig. 9a—c) of all the various models
validate that kinetic of the removal of Cr(VI) process is
described by the pseudo-second-order kinetic model better
than the others.

In order to investigate the mechanism of the process of
adsorption of Cr(VI) with human hair, the intraparticle dif-
fusion model which was expanded by Webber and Morris
[32] was applied to experimental data. This model can be
demonstrated by Eq. 7.

gt = kiat®> + G @)

where kiq is the intraparticle diffusion rate constant of the
ith step, and C; is proportional to thickness of boundary
layer. The plot of ¢, versus > is shown in Fig. 10 which
illustrates that three steps with three various slopes, which
are indicated multisteps, control the adsorption mechanism.
The intraparticle diffusion constant of each step was cal-
culated from the slope of the three linear lines which are
given in Table 2. The results confirmed that at the begin-
ning of the adsorption process, the Cr(VI) ions diffuse rap-
idly through the human hair pores and afterward, intrapar-
ticle diffusion slows down and finally, the equilibrium state
is complete.

Effect of initial concentration of Cr(VI)

The isotherm adsorption study of the removal of Cr(VI)
by human hair using different initial concentrations of
Cr(VI) from 10 to 100 mg L' at optimum conditions
was studied. Figure 11 shows that the adsorption capacity

Table 1 Kinetic parameters for
Cr(VI) adsorption by human
hair

Model Cy(mgL™)
50 70 100
Pseudo-first-order
ki (min~1) 0.017 + 0.002 0.020 = 0.002 0.020 + 0.003
Gecale (mg g™ h) 9.56 & 1.82 11.98 £ 2.09 14.19 +3.94
Ge.exp (mg g™h) 8.31 10.44 12.27

Pseudo-second-order
k2 (g mg~" min~")
Gecalc (mg g™")
Ge.exp (Mg g™")

Elovich
a (mgg™

B (gmg™h

1 minfl)

63 x 1074+ 4.5 x 107

72 x 1074+ 4.1 x 1073

73 x 1074+1.9 x 107

13.76 £ 0.83 15.82 £ 0.90 17.73 £ 0.48
8.31 10.44 12.27

0.280 +=0.119 0.400 £+ 0.139 0.494 £ 0.177
0.363 = 0.047 0.292 +0.030 0.256 + 0.027
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Fig. 9 Nonlinear kinetic models of pseudo-first-order, pseudo-second-order and Elovich for adsorption of Cr(VI) on to human hair with initial

concentration a 50 ppm, b 70 ppm, and ¢ 100 ppm
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Fig. 10 Intraparticle diffusion model for adsorption Cr(VI) on to
human hair

@ Springer

of the human hair increases by increasing the initial con-
centration of Cr(VI); however, the removal percentage is
decreased. This can describe that the driving force for the
mass transfer is great at high initial concentration.

Adsorption isotherms

The adsorption equilibrium is established when an adsor-
bent (human hair) attains contact with the adsorbate,
Cr(V]) ions, for a sufficient amount of time, where its
adsorbate concentration in the solution is in a dynamic
balance with the interface concentration. The process can
be summarized by the following reversible reaction:

Aaq + Hsurface <> AHsurface ®)

The analysis of equilibrium data is important for
developing an equation that can be used for the design
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Table 2 Intraparticle diffusion Step Concentration
model parameters for Cr(VI)
adsorption by human hair 50 ppm 70 ppm 100 ppm
R’ Ky G R? Ky G R Ky G
0.9988 0.84 —-1.74 0.9997 1.11 —2.00 1.0000 1.25 —1.90
1.0000 0.71 —0.69 0.9994 0.90 —0.47 0.9993 0.99 0.07
3 0.8397 0.14 5.88 0.9945 0.14 8.18 0.9731 0.13 10.06
Fig. 11 Effect of initial con- 100 - 10
centration on the adsorption
of Cr(VI) using human hair in —&— Removal(%)
optimum condition —v— q.(mg.g™)
-8
80 A
S L6
g o
o [}
£ E
© 60 4 o
-2
40 -
T T T T T 0
0 20 40 60 80 100
Cy(mg.L")
Table 3 Langmuir, Freundlich and Temkin isotherm parameters for
Cr(VI) adsorption on human hair _ bCe
e = qm T )
1+ bC,
Isotherms Parameters Value
‘ ; where C. (mg L™!) is the equilibrium ion concentration
Langmuir qm (Mg g™") 1164£245 4y solution and gm (mg g~!) is the maximum adsorption
—1 .
b (L mg™) 0.09 £ 0.01 capacity related to monolayer coverage on the surface as
Freundlich Ky (mgg™") 131+019  well as b (L mg~!) denotes the Langmuir constant, cor-
n 1754+ 020  responding to the adsorption energy [33].
Temkin b (kJ mol™1) 1.04 + 0.34 The g, and b values are calculated from the slope and
ALmg™) 101 + 074  intercept of the linear plots of Ce/ge versus Ce, respec-

and optimization of different operational conditions. The
Langmuir, Freundlich and Temkin isotherms are com-
monly used for describing the adsorption equilibrium for
water and wastewater treatment applications. The equilib-
rium relationships between the adsorbent and the adsorb-
ate are described by the adsorption isotherms (Eq. 8). The
Langmuir isotherm emphasizes monolayer adsorption
without the interaction between the adsorbed molecules.
The nonlinear form of the Langmuir isotherm is repre-
sented by Eq. 9.

tively. The obtained data are listed in Table 3.

Moreover, the experimental data of the adsorption of
Cr(VI) ions on human hair were fitted to the Freundlich
adsorption isotherm. The Freundlich model is related to
the multilayer adsorption mechanism on a heterogene-
ous surface in which the adsorption energy of a metal ion
is binding to an adsorbent site under the influence of the
occupancy of its neighboring sites. The nonlinear form of

the Freundlich isotherm model is demonstrated by Eq. 10.
ge = KiC/" (10)

where n and Ky are Freundlich constants which are related
to the adsorption intensity and adsorption capacity,
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respectively [34]. The values of n and Ky are obtained
from the slope and intercept of the plot In g, versus In Ce,
respectively.

The Temkin isotherm model contains a factor that con-
siders the interaction between the adsorbent and adsorbate.
The nonlinear form of Temkin isotherm is given by Eq. 11.

ge = BIn(AC,) (11)

where BInA indicates the maximum binding energy
(kJ molfl) related to the bond between the adsorbent and
the adsorbate [35]. A and B are Temkin isotherm constants,
in which B = RT/b and b (kJ mol™ ) correspond with the
adsorption heat. The A,B and b values were obtained from
the intercept and slope of the plot g, versus In Ce which are
shown in Table 3.

According to the obtained results and nonlinear iso-
therm models in Fig. 12, the Freundlich isotherm model
is the appropriate one for describing the Cr(VI) adsorption
process on human hair. The adsorption capacity of Cr(VI)
ions using human hair was compared with other adsorbent
reported in Table 4. Regarding the adsorption of Cr(VI)
ions, human hair performed better in comparison with the

10
e Experimental
. -9
g { —— Langmuier —
——— Freundlich
.
= 6 Temkin
o
o
E
& 41
2 o/
0 T T T T T
0 5 10 15 20 25 30
-1
Cy(mg.L™)

Fig. 12 Nonlinear plots of isotherm models of Langmuir, Freundlich,
and Temkin for adsorption Cr(VI) on to human hair

other sorbents and in fact it is the most available and inex-
pensive material used.

Adsorption thermodynamics

The influence of temperature on the adsorption of Cr(VI)
ions on human hair was investigated by conducting isotherm
experiments at 293, 303, 313 and 323 K for an initial Cr(VI)
concentration 50 mg L™!. It was found that by increasing
the temperature, the removal percentage of Cr(VI) ions was
enhanced. The results showed that the adsorption of Cr(VI)
ions over human hair is endothermic in nature. The determi-
nation of the thermodynamic parameters such as standard
Gibbs free energy change (AGY), standard enthalpy change
(AH®) and standard entropy change (AS”) were important
to discover the spontaneity of the adsorption process. These
parameters were calculated by using the following equations:

Kc = — (12)

where C, and C, are the Cr(VI) concentration on the adsor-
bent and in the solution at an equilibrium point, respectively.
The thermodynamic equilibrium constant K is related to
the Gibbs free energy change using Vant Hoff’s equation as
follows:

AG® = —RT InKc (13)

where AG? (J mol™') is the standard Gibbs free energy
change, R is the universal gas constant (8.314 J mol ! K’l),
and T is the temperature (K) of the adsorption process.
According to Eq. 14, Gibbs free energy change is depend-
ent on the enthalpy and entropy changes of the adsorption at
constant a temperature.

AG® = AH? — TAS° (14)

Equation 15 is obtained by combination of Eq. 13 and
14 [13].
ASY  AHO

InKe = 22 _ 27 15
nRe="x RT s

Table 4 Adsorption capacities

of Cr(VI) on different adsorbent Adsorbent pH Temperature (°C) q,, (mg g™h References

Granular peganum Harmala 1.5 25 2.3 [1]
Magnetic multiwall carbon nanotubes 3 20 12.53 [7]

Soy hull biomass 1.5 20 7.28 [36]
Almond shell 2 30 10.61 [14]
Cactus leaves 2 30 7.08 [14]

Coal 2 30 6.78 [14]
Natural Akadama clay 2 25 4.29 [3]

Human hair 2 25 11.64 This work

@ Springer



JIRAN CHEM SOC (2017) 14:1741-1752

1751

2.0
InK .= -2662.3(1/T)+9.57
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Fig. 13 Vant Hoft’s plot for adsorption of Cr(VI) on to human hair

Table 5 Thermodynamic parameters for the adsorption of Cr(VI) on
to human hair

—AGY (kJ mol™h) AH® (kI mol™") AS? J mol~! K1)

20°C  30°C 40°C 50°C

1.114 2.097 2919 5.137 22.13 £3.88 79.59 £ 12.42

The values of AH? and AS? were obtained from the
slope and intercept of plot of In K¢ versus 1/7T, respec-
tively (Fig. 13). AG? values are determined using Eq. 14.
The negative value of AG shows the feasibility and the
spontaneous nature of the adsorption process. The posi-
tive value of AH indicates that the adsorption reaction
is endothermic and the positive value of AS? showed the
increase in the randomness at the solid—solute interface
and the attraction of the adsorbent for the Cr(VI) ions.
The values of thermodynamic parameters are presented
in Table 5. The results indicate that the AG? values were
negative and increase with increasing the solution tem-
perature. These results suggest that the process of adsorp-
tion of Cr(VI) on human hair is spontaneous and the
removal percentage is favored at high temperature. The
values of heat of adsorption, AH? is positive for Cr(VI)
ions, indicated that the adsorption process of Cr(VI)ions
on human hair is endothermic. A positive value of AS?
suggest that Cr(VI) ions increased the randomness of the
process. This exclusive behavior could be caused by an
increase in the active sites on hair or cracks on the sur-
face due to the increasing temperature. The obtained ther-
modynamic parameters, listed in Table 5, concluded that
the adsorption process is physisorption, spontaneous and
endothermic.

Conclusions

Overall, it could be concluded that human hair is introduced
as a bio-sorbent for the removal of Cr(VI) ions from aqueous
solution. Human hair tissue contains C, O, N and S in pro-
portion to the amino acid, in which a lone pair of electrons
of nitrogen and oxygen atoms on the surface of hair can be
directly coordinated to the unoccupied 3d orbital of a Cr(VI)
ion in a solution. As illustrated, this method acts as a suitable
procedure for the reuse of waste materials and the removal
of heavy metals such as Cr(VI) in wastewater. In this study
pH, ionic strength, contact time, initial concentration and
adsorbent amount are optimized for maximum removal.
Theses optimal values are pH = 2, contact time = 150 min,
initial concentration = 50 ppm and the amount of human
hair = 0.5 g. The calculated thermodynamic parameters
are indicated that the adsorption process of Cr(VI) ions on
human hair is an endothermic and spontaneous reaction and
also it is in the range of physisorption reaction. The adsorp-
tion isotherm results demonstrate that the removal is best
described by Freundlich isotherm with the maximum adsorp-
tion capacity 11.64 mg.g~!. Moreover, it is observed that the
kinetic of Cr(VI) ions adsorption on human hair is followed
by the pseudo-second-order kinetics model. Consequently, it
can be concluded that the application of human hair as an
adsorbent is economical in comparison with commercially
available adsorbent, such as activated carbon. Therefore, the
use of human hair for removing heavy metals from wastewa-
ter not only solves the housekeeping problem, but also could
be used as an effective adsorbent for wastewater treatment.
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