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ABSTRACT: The triphenyl group (trityl radical) possessing three-phenyl
rings, self-assembled through aromatic π−π stacking interactions, can form
interesting crystalline organic nano-flowers. In this work, we have synthesized
a hybrid material of 1,2-bis(tritylthio)ethane and magnetite, which reduces
toxic Cr(VI) to non-toxic Cr(III). We validated the efficacy of the hybrid in
reducing toxic Cr(VI) along with three other adsorbent systems. Among the
five adsorbent systems tested, we observed that human hair has higher Cr
removal efficiency, which prompted us to explore further using different
mechanical forms of human hair. Pulverized hair (PH), hair powder (HP),
and raw hair (RH) were evaluated by employing different reaction factors
such as the adsorbent dose, pH, initial Cr(VI) concentration, and contact
time. The comparative evaluation showed that PH has greater adsorption
capacity (15.14 mg/g), followed by RH (13.27 mg/g) and HP (10.5 mg/g).
While investigating the adsorption mechanism, we observed that it follows pseudo-second-order kinetics suggesting chemisorption.
The Freundlich isotherm model fitted well for Cr(VI) adsorption by human hair, suggesting a multi-layered adsorption process.
Overall, this study promises a cost-effective and eco-friendly bio-adsorbent for Cr(VI), which may be scaled up to design automated
industrial waste disposal systems.

■ INTRODUCTION
Over the last few decades, waste water containing a significant
amount of hexavalent chromium [Cr(VI)] has been expelled as
industrial effluent, causing severe threat to the environment
because of its mutagenic and carcinogenic side effects.1 In
aquatic systems, Cr(VI) present in solution as HCrO4, CrO4

2−,
and Cr2O7

2− is toxic to the environment.2 In contrast, Cr(III)
as Cr3+, Cr(OH)2+, Cr(OH)3, and Cr(OH)4− is less toxic and
immobile.3 Persistent exposure to Cr(VI) may even cause
certain types of cancers in the gastrointestinal tract and lungs.4

Therefore, removal of toxic Cr(VI) from the contaminated
water is a crucial problem that has to be addressed effectively.
The permissible limit of the Cr(VI) contaminant in drinking

water is 0.05 mg/L as per the World Health Organization
(WHO). The Minimal National Standards (MINAS) upper
limit for Cr(VI) in industrial waste is 0.1 mg/L. The industrial
effluent waste may contain the Cr(VI) concentration which is
much higher than the permissible range. Therefore, it is crucial
to treat the water to attain its permissible Cr(VI) level. Several
methods such as chemical precipitation,5 photocatalysis,6,7

coagulation,8 oxidation,9 and adsorption,10 are in practice for
heavy metal removal, and among them, adsorption is the most
frequently used treatment technique. In photocatalysis, organic
pollutants are degraded into small molecules, water, and
carbon dioxide, whereas inorganic pollutants are either
oxidized or reduced into nontoxic small molecules.11 In the
coagulation process, small particles are combined to form a

floc, and pollutants are adsorbed on its surface, which is
removed by a solid separation method.12 Over the years, the
microwave-assisted catalyst for wastewater treatment has also
been studied owing to its fast speed and non-thermal effect.
Various low-cost adsorbents evolved from agronomic
wastes,13,14 natural materials,15,16 and modified biopoly-
mers17−20 have been tested to remove heavy metals. However,
none of them were very effective toward Cr removal.
Therefore, a cheap, effective, and easily available adsorbent is
essential for Cr removal.
Aromatic π−π interaction or π stacking involves interaction

of aromatic molecules, resulting in the formation of self-
assembled molecules21−24 which can be fabricated for various
applications such as catalysts,25 aggregation disruptors,26

nanodots,27 and artificial enzymes.28 Our laboratory has earlier
reported a novel organic molecule 1,2-bis(tritylthio)ethane
which forms a rare organic nano-flower showing magnetic
properties.29,30 The nano-assembly was coated with magnetite
nanoparticles to synthesize a functional trityl-magnetite hybrid
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material, which has resulted into a potent nano-adsorbent for
the removal of toxic and heavy metal. In this study, we have
evaluated the capacity of a trityl-magnetite hybrid material for
Cr removal. As an extension of this investigation, we have
evaluated the possibility of using different forms of human hair
as the Cr removing bio-adsorbent. In a recently published
report, human hair has been used as an adsorbent of oil from
wastewater.31,32 Basu and Mondal have investigated the utility
of human hair as a Cr removal adsorbent by performing batch
experiments.32 In this study, we have further explored the
possibility of employing different physical forms of human hair
and compared their efficiency to remove Cr(VI).

■ RESULTS AND DISCUSSION
The steps involved in the synthesis of 1,2-bis(tritylthio)ethane
crystals are shown in Figure 1B. The tri-phenyl methyl (trityl)
group is a stable radical that was first described by Gomberg in
1900.33 The positive charge on the α-carbon atom is
“resonance-stabilized” by three aromatic rings. In the presence
of an acid [trifluoroacetic acid (TFA)], trityl chloride generates
free radicals which interact with 1,2-ethane dithiol (EDT) to
form 1,2-bis(tritylthio)ethane. The field emission scanning
electron microscopy (FESEM) image of the 1,2-bis(tritylthio)-
ethane crystal and FE transmission electron microscopy
(FETEM) image of magnetite nanoparticles are shown in
Figure 1C. As shown in Figure 1C, magnetite nanoparticles
formed a nanosphere-like structure. The FESEM image of 1,2-
bis(tritylthio)ethane crystals in different pH ranges showed no
significant difference in the morphology of the crystal

structure. This confirms the stability of 1,2-bis(tritylthio)-
ethane under different pH conditions, which enables them to
be used as an adsorbent under extreme pH conditions (Figure
S1). In a set of preliminary experiments, we screened the
Cr(VI) removal with various adsorbents such as glass wool, the
1,2-bis(tritylthio)ethane crystal, hair, and two hybrid materials
(Figure 1A). Our results showed that the human hair has
maximum adsorption as observed in experiments, followed by
the hybrid material packed with hair. Compared to that of
human hair, adsorption of other adsorbent systems was not
appreciable. We observed relatively low Cr(VI) removal by
1,2-bis(tritylthio)ethane crystals and other adsorbents (Figure
1D). This prompted us to perform a series of experiments to
verify the utility of human hair as a Cr(VI) adsorbent so as to
develop it as an adsorbent system on a commercial scale.
Determination of Cr(VI) Reduction by the Trityl-

Magnetite Hybrid Material. We evaluated the Cr(VI)
reduction efficiency of magnetite-coated 1,2-bis(tritylthio)-
ethane crystals (trityl-magnetite hybrid materials), which
reduced Cr(VI) to Cr(III) with 90% efficiency (Figure 1E).
It is reported that Fe(II) in magnetite nanoparticles reduces
toxic Cr(VI) to the non-toxic form of Cr(III).34 As the
reaction progresses, the Cr(III) hydroxide or Cr(III)−Fe(III)
complex is formed (i).35 Sorption of Cr(VI) follows a two-step
process: (i) electrostatic attraction of the Cr(VI) ion and then
(ii) electron transfer between Cr(VI) and Fe(II).36,37

Figure 1. (A) Representative images of different adsorbent systems, (a) glass wool, (b) 1,2-bis(tritylthio)ethane crystal, (c) trityl-magnetite hybrid
system, (d) hybrid material with human hair, and (e) human hair. (B) Synthesis of 1,2-bis(tritylthio)ethane crystals. Trityl chloride salt was
incubated with EDT in the presence of TFA for 24 h. After 24 h, the obtained crystals were washed with diethyl ether. (C) (i) FESEM image of
1,2-bis(tritylthio)ethane crystals and (ii) FETEM image of magnetite nanoparticles. (D) Pilot experiment to verify different Cr adsorbent systems.
(E) Reduction of Cr(VI) by the trityl-magnetite hybrid material. The hybrid material reduced up to 90% toxic Cr(VI) to nontoxic Cr(III).
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Characterization of Human Hair. Morphological char-
acterization of adsorbents before and after Cr adsorption was
performed by FESEM showing no significant structural change
at the surface (Figure S2). The adsorption of Cr(VI) on hair is
evident from the FESEM−energy-dispersive X-ray spectrosco-
py (EDX) analysis, suggesting that adsorption of Cr occurs on
the surface of hair. Fourier-transform infrared (FT-IR) study
was performed to determine the functional groups involved in
the binding of Cr(VI) and analyzed by monitoring the
deviation in the vibrational frequency (Figure S3).38 Main
components of human hair are proteins, water, and lipids. The
IR spectrum of unprocessed hair has characteristic peaks
resulting from the vibration of amide bonds in the peptide
linkage of proteins in the range 1710−1595, 1585−1500, and
1310−1220 cm−1. The prominent peak at 1637 cm−1 in all
adsorbents is due to the amide I bond involving C�O
stretching. We have observed no deviation of the 1637 cm−1

absorption peak in any adsorbent. The absorption peak in the
range of 1510−1520 cm−1 is typical of amide II absorption.
The absorption peak at 1449 cm−1 corresponds to the C−H
stretching. The absorption peak at 1234 cm−1 corresponds to
the amide III band which corresponds to the C−H stretching
and N−H bending modes of vibrations. Absorption peaks due
to the weak dioxide band (S�O2) at 1114 cm−1, the mono-
oxide band at 1071 cm−1 (S−S�O), and the cysteic acid band
at 1171 cm−1 were also observed.39

The efficiency of removal of Cr(VI) by using human hair at
different pH was observed at an initial Cr(VI) concentration of
50 mg/L. Increase in Cr(VI) adsorption was observed with
time and reached equilibrium in 3 h. The adsorption capacity
of different adsorbents was observed to be different under

different pH conditions. At pH 2, the calculated adsorption
capacity of pulverized hair (PH) was 15.14, 13.27 mg/g for raw
hair (RH), and 10.5 mg/g for hair powder (HP) (Figure 2A).
With increase in pH, the adsorption capacity was observed

to be decreased. Higher absorption at low pH is due to the
change in polarity of the adsorbents’ surface as a result of
change in pH of Cr(VI) solution. Cr(VI) exists in various
forms such as H2CrO4, HCrO4

−, CrO4
2−, and Cr2O7

2− in
aqueous solution, and their stability differs with change in the
pH. The active form of Cr(VI) adsorbed is HCrO4

−, which is
stable at only low pH, but the concentration of HCrO4

−

decreases with increase in pH. Adsorbents get protonated at
lower pH. Electrostatic attraction between HCrO4

− and the
protonated adsorbent surface promotes adsorption of Cr-
(VI).40

The study of the effect of the adsorbent dose on the
adsorption of Cr at 25 °C is shown in Figure 2B. Results
suggest that percentage removal of chromium increases with
the increased adsorbent dose, whereas adsorption capacity
decreases. On increasing the adsorbent dose from 0.5 to 8 g/L,
the percentage Cr removal increased from 63% to approx-
imately 94% for PH, 49 to 72% for HP, and 47 to 86% for RH.
This occurs due to the accessibility of active binding sites with
increased adsorbent dose.41 Earlier reported observations
suggest that decrease in adsorbent capacity is possible due to
the aggregation of adsorbent particles and unbound sites
present in adsorbents. As a result, the active sites are unable to
be bound by metal ions.42 The effect of the initial Cr
concentration versus time is shown in Figure 2C−E for PH,
HP, and RH, respectively. Cr adsorption efficiency of PH was
found to be higher than that of HP and RH. This may be due
to the more surface area of PH, compared to that of RH. The
lower Cr(VI) adsorption by HP may be attributed to the loss
of active sites during pyrolysis in the muffle furnace. It was
found that there was very less increment in the Cr(VI)

Figure 2. Efficiency of chromium adsorption: (A) effect of pH in modulating the adsorption capacity and (B) effect of adsorbent dose in
modulating the adsorption capacity. Adsorption capacity (qe) is calculated from the initial and final concentrations, volume of the solution, and
weight of the adsorbent. Percentage adsorption (black) increases with increase in adsorption dose, while adsorption capacity (blue) decreases.
Change in adsorption capacity with time for (C) PH, (D) HP, and (E) RH. Adsorption capacity increases with time and reaches saturation within 3
h, in almost all test cases. PH has approximately 80% adsorption capacity compared to RH and 50% compared to HP.
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adsorption after 3 h. Therefore, in all subsequent experiments,
3 h was regarded as the optimum contact time for the
adsorption of Cr.
Adsorption Isotherm and Adsorption Kinetics.

Adsorption isotherm and adsorption kinetics studies can
provide significant insights while modeling specific treatment
processes. The equilibrium constant and adsorption isotherm
were measured at a constant adsorbent dose (100 mg), with
varying initial Cr(VI) concentrations from 10 to 50 mg/L. The
adsorption equilibrium was achieved by shaking Cr solution
with adsorbents at 200 rpm. The relationship between qe and
Ce is shown in Figure S3. The Langmuir, Freundlich, and
Dubinin−Radushkevich (D−R) isotherm models were adop-
ted to characterize the adsorption capacity of the adsorbents
(Figure 3). Parameters of the isotherm models are summarized

in Table 1. The data suggests that the adsorption follows the
Freundlich isotherm model (R2 = 0.99). The value of
adsorption intensity (n = 1.80) lying in the range of 1−10
confirms the favorable conditions for adsorption.43 The mean
biosorption energy (E) was evaluated using the D−R isotherm
which gives crucial information on predicting the type of
biosorption process. If E is less than 8 kJ/mol, the biosorption
process is controlled by physisorption, whereas if E > 16 kJ/
mol, chemisorption is followed. When value of E lies between 8
and 16 kJ/mol, the ion exchange process is followed.44 In this
study, the value of E for PH, HP, and RH was calculated to be
0.955, 0.479, and 0.763, respectively. The mean free energy
obtained for this study is significantly less than 8 kJ/mol in all

the three cases. Although this data supports physisorption, the
correlation with the D−R isotherm is relatively poor.
From Table 1, it may be observed that adsorption data fits

well with the Freundlich isotherm model (R2 = 0.99),
compared to the Langmuir isotherm (R2 = 0.94) and D−R
isotherm (R2 = 0.80). Therefore, the Freundlich model can
describe the adsorption equilibrium more precisely.
Kinetics of metal interaction with the adsorbent surface was

studied by pseudo-first-order kinetics, pseudo-second-order
kinetics, and intra-particle diffusion. The relationship between
qt and t is shown in Figure S4. The adsorption data of all the
three adsorbents PH, HP, and RH did not fit well with the
pseudo-first-order kinetic model; instead, it clearly follows
pseudo-second-order kinetics (R2 > 0.98) (Figure 4, Table 2).
Results, therefore, indicate that the adsorption occurs through
chemisorption. The kinetic data were also analyzed using an
intraparticle diffusion model indicating that the Cr(VI)
adsorption occurs in two phases: the surface adsorption and
intraparticle diffusion.51 However, the kinetic data was not
supportive of this assumption.
Desorption and Regeneration of Hair Samples.

Repeated batch experiments have been performed to evaluate
the reusability of the adsorbents. The reusability of adsorbents
was tested by performing adsorption−desorption cycles of
Cr(VI) up to three times using the same chromium solutions.
The percentage Cr removal after regeneration was reduced to
40.12% for PH, 25.34% for HP, and 36.67% for RH (Table 3).
The significant decrease in the removal percentage may be due
to the non-availability of binding sites for chromium ions. The
data, however, reaffirms the importance of pulverization while
preparing hair as a possible adsorbent in commercially useable
chromium purification systems.
Continuous Column Experiment. The batch adsorption

study of Cr(VI) removal by different forms of hair suggested
that the PH and RH adsorb Cr(VI) at appreciable levels.
Further application of RH for Cr(VI) removal was evaluated
through continuous column operations. The two predominant
parameters which affect the breakthrough curve are the column
height and flow rate. Here, we have tested the effect of
different column heights at a flow rate of 5 mL/min and
obtained a breakthrough curve as illustrated in Figure 5. The
setup of the continuous column experiment is shown in Figure
S5.
The different values from column experiments are shown in

Table 4. The results showed that on increasing column height
from 5 to 15 cm, the Cr removal capacity of the column
increased from 47.67 to 57.80 mg/g. The breakthrough time

Figure 3. Adsorption isotherm for chromium adsorption. (A)
Langmuir isotherm and (B) Freundlich isotherm and (C)
Dubinin−Radushkevich (D−R) isotherm models for the possible
mechanism of adsorption at equilibrium. Adsorption data fits well
with the Freundlich isotherm model (R2 = 0.99) compared to the
Langmuir isotherm (R2 = 0.94) and D−R isotherm (R2 = 0.80). In the
graph, Ce and qe represent the equilibrium concentrations (mg/L) and
adsorption capacity (mg/g) of different hair forms at 25 °C,
respectively, whereas ε represents Polanyi potential.

Table 1. Estimated Values of Parameters for Different Isotherm Models

isotherm model parameters PH HP RH

Langmuir Q0(adsorption capacity, mg/g) 27.94 18.60 21.52
b(Langmuir constant, L/mg) 0.138 0.065 0.097
RL (separation factor) 0.42 0.60 0.51
R2 (coefficient of determination) 0.94 0.80 0.86

Freundlich KF (adsorption coefficient, L/g) 1.83 1.28 1.58
1/nF (adsorption intensity) 0.60 0.59 0.53
R2 (coefficient of determination) 0.99 0.86 0.98

D−R Q (adsorption capacity, mg/g) 14.53 9.78 11.37
E (mean adsorption energy, kJ/mol) 0.955 0.479 0.763
K (adsorption energy, mol2/J2) 5.49 × 10−7 2.18 × 10−6 8.58 × 10−7

R2 (coefficient of determination) 0.80 0.67 0.69
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increased from 80 min (for 5 cm bed height) to 2460 min (20
cm bed height), resulting in more adsorption efficiency of the
column and more Cr removal from the passing solution.45 At
the completion of the continuous column experiment, total Cr
removed by the column was observed to be enhanced from
240 mg (at 5 cm bed height) to 1200 mg (at 20 cm bed
height). It allows solution to get sufficient time to diffuse into

the adsorbents, thus staying in the column for longer time, thus
treating a larger volume of effluents. In the initial phase of the
experiment, adsorption sites of the adsorbent are freely
available to bind with Cr, resulting in a negligible Cr
concentration in eluting solution. Due to binding of Cr with
the adsorbent, the bottom part of the column bed got
saturated; thus, the adsorption zone gradually shifts toward the

Figure 4. Adsorption kinetics during chromium adsorption. The graph (A−C) represents the pseudo-first order; the graph (D−F) represents the
pseudo-second order; and the graph (G−I) represents the intra-particle diffusion plot for three hair samples (PH, HP, and RH, respectively). The
adsorption data follows pseudo-second-order kinetics, suggesting the possibility of chemisorption.

Table 2. Estimated Values of Parameters for Different Kinetic Models

Co pseudo-first order pseudo-second order intraparticle diffusion

adsorbents (mg/L) K1(min−1) qe(mg/g) R2 K2(g/mg/min) qe(mg/g) R2 C(mg/g) Kid(mg/g/min1/2) R2

PH 10 0.457 1.719 0.974 0.04 3.87 0.997 0.868 0.107 0.89
20 0.495 3.113 0.962 0.016 9.98 0.950 0.102 0.289 0.96
30 0.270 1.754 0.615 0.046 11.38 0.985 6.954 0.161 0.78
40 0.604 3.652 0.763 0.025 18.54 0.985 6.199 0.445 0.74
50 0.255 2.489 0.885 0.029 19.31 0.985 8.469 0.403 0.87

HP 10 0.284 1.354 0.530 0.051 3.99 0.834 1.867 0.066 0.30
20 0.275 0.963 0.596 0.102 6.50 0.997 5.317 0.046 0.72
30 0.267 1.386 0.755 0.064 8.75 0.997 6.016 0.105 0.79
40 0.149 1.76 0.665 0.048 10.44 0.982 5.635 0.188 0.76
50 0.210 1.98 0.668 0.078 13.35 0.986 10.75 0.110 0.37

RH 10 0.004 1.032 0.760 0.091 3.628 0.997 2.256 0.053 0.88
20 0.002 1.408 0.326 0.0059 6.63 0.950 3.161 0.117 0.65
30 0.003 1.741 0.716 0.043 9.53 0.985 4.41 0.192 0.87
40 0.038 2.018 0.173 0.035 11.50 0.985 4.302 0.268 0.87
50 0.003 2.36 0.794 0.027 14.06 0.985 3.561 0.380 0.89
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upper unsaturated part. As the column bed gets saturated, the
Cr concentration in eluting solution increases gradually. The
Cr concentration in eluting solution increases till the entire
column bed (adsorption zone) gets saturated, and this time is
referred to as the breakthrough time (Tb). Understandably,
there is an increase in the breakthrough time when the bed
height is increased.
Breakthrough time increased from 80 to 2640 min upon

increase in bed height from 5 to 20 cm. Increase in bed height,
therefore, results in relatively more Cr(VI) removal and
increased column efficiency.
This study was conducted in two phases. In the first phase,

we have investigated the Cr(VI) removal efficiency of five
different adsorbent systems. In an earlier study, we reported a
single-crystal organic nanoflower, 1,2-bis(tritylthio)ethane,
with Cr(VI) adsorbance properties.46 In phase 1 experiments,
a hybrid material with 1,2-bis(tritylthio)ethane and magnetite
showed enhanced Cr adsorbance compared to glass wool and
1,2-bis(tritylthio)ethane crystals. Interestingly, in phase 1
experiments, human hair showed maximum Cr(VI) removing
ability, compared to other adsorbents. Mondal and Basu have
earlier reported the utility of waste human hair toward removal
of Cr(VI) from solution.32 This prompted us to focus on
various physical forms of human hair in a series of experiments,
to further enhance its properties as cost-effective bio-
adsorbents.
We have performed the experiments under different pH

conditions ranging from 2 to 10. We observed that Cr(VI)
adsorption at pH 2 is maximum in all the three hair forms
tested. It may be because of the protonation of the adsorbent
surfaces at low pH, which attracts more HCrO4

− and Cr2O7
−

ions. At higher pH, the electrostatic force of repulsion between
OH− and CrO4

2− causes hindrance to the chromate ion to

bind to the adsorbent surface, resulting in lesser Cr
adsorption.46 Furthermore, the interaction between Cr(VI)
and adsorbents was studied by using different isotherm and
kinetic models. Among Langmuir, Freundlich, and D−R
isotherm models, Cr(VI) adsorption by human hair fitted
best with the Freundlich isotherm (R2 = 0.99). The Freundlich
isotherm model suggests the adsorption to be a reversible
multi-layered process on heterogeneous surfaces. The value of
nF (adsorption intensity) represents the distribution of bonded
metal ions on the surface of adsorbents, and 1/nF in the range
of 0 to 1 signifies the favorable condition for Cr(VI)
adsorption on the adsorbent surface.47 In the presented data,
the value of 1/nF lies in the range of 0 to 1, which support
favorable adsorption conditions, and hence, multilayer
adsorption is the dominating factor for Cr(VI) removal by
human hair. The 1/nF value less than 1 showed that significant
Cr adsorption takes place at lower concentrations of
adsorbents. A higher value of 1/nF suggests a weak adsorption
bond, leading to less metal adsorption.48

Kinetics of Cr(VI) interaction with human hair was studied
by pseudo-first-order kinetics, pseudo-second-order kinetics,
and intraparticle diffusion models. The data presented for
Cr(VI) adsorption by human hair was best fitted with the
pseudo-second-order kinetic model, which suggests chem-
isorption to be the rate-limiting step between the adsorbent
and adsorbate.49 Stronger interaction between the adsorbate
and adsorbent is more in chemisorption compared to that in
physical adsorption, leading to increase in adsorption capacity
of the adsorbent.50 The theoretical adsorption capacity
obtained from pseudo-second-order kinetics [19.31 mg/g for
PH, 14.01 mg/g for RH, and 10.44 mg/g for HP at a 50 mg/L
Cr(VI) concentration] is close to the experimental adsorption
capacity value (15.14 mg/g for PH, 13.27 mg/g for RH, and
10.5 mg/g for HP), suggesting chemisorption. Desorption and
regeneration study of human hair suggests its potential for
scaling up to commercial systems. Our results suggest that the
Cr(VI) removing ability of all three forms decreased
significantly from cycle 1 to cycle 3. The possible reason for
the decrease in the removal capacity may be the modification
in the morphology of adsorbents.49 Continuous column
experiment results showed increased Cr removal from 240 to
1200 mg when bed height increased from 5 to 20 cm. Increase
in bed height results in more available active sites for Cr(VI)
binding, which leads to enhanced column performance for
Cr(VI) removal.

Table 3. Percentage of Cr Removal after Regeneration

percentage Cr removal after regeneration

cycles PH (% of Cr removal) HP (% of Cr removal) RH (% of Cr removal)

1 75.21 56.68 45.34
2 59.41 43.43 48.23
3 40.12 25.34 36.67

Figure 5. Effect of bed height on the breakthrough curve for Cr(VI)
ion adsorption on human hair (C0 = 50 mg/L, flow rate = 5 mL/min).
C0 and Ct represent the initial Cr(VI) concentration and Cr(VI)
concentration at time t, respectively.

Table 4. Breakthrough Parameters at Different Bed Heights

bed height (cm) C0(mg/L) M (g) Q(mL/min) Tb (min) ttotal (min) qtotal (mg) Qe(exp)(mg/g) mtotal (mg) Y (%) Veff (mL)

5 50 4 5 80 960 190.70 47.67 240 96 4800
10 50 9 5 150 1800 447.3 49.7 450 97 9000
20 50 20 5 2640 4800 1156 57.80 1200 98 24000
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■ CONCLUSIONS
This study focuses on the removal and reduction of Cr(VI)
from wastewater. In this study, we have validated the Cr(VI)
reduction efficiency of hybrid materials synthesized by
magnetite and by 1,2-bis(tritylthio)ethane crystals. We
observed that synthesized hybrid materials could reduce toxic
Cr(VI) into non-toxic Cr(III) up to 90%. While screening the
adsorption capacity of different adsorbents for Cr(VI) removal,
we found that hybrid materials and 1,2-bis(tritylthio)ethane
crystals have relatively low Cr(VI) removal efficiency,
compared to human hair. This observation was the motivation
to investigate the capacity of human hair and its various
physical forms as a heavy metal adsorbent.
To explore the Cr removal efficiency of human hair, we have

modified the human hair into three distinct physical forms;
PH-by the ball milling process, HP-by pyrolysis, and RH-
without any modification. The motive of employing different
physical forms of human hair as a Cr adsorbent was to evaluate
the Cr removal efficiency of physical and chemical
modifications of hair. Moreover, human hair is an affordable
bio-waste. Establishing human hair as a cost-effective Cr
adsorbent could be a promising application, and it will reduce
the toxic effects of chemicals formed as byproducts. We
investigated the three forms of human hair PH, HP, and RH as
a Cr adsorbent and performed a series of experiments to
validate their adsorption capacity. Various parameters were
investigated to understand the mechanism and kinetics of
Cr(VI) removal. The adsorption capacity of PH was observed
to be maximum (15.14 mg/g), followed by RH (13.27 mg/g)
and HP (10.5 mg/g). The adsorption process was influenced
by pH, and the maximum adsorption was observed at pH 2.
Adsorption of Cr(VI) increases with an increase in the
concentration of Cr(VI), and no significant increase in
adsorption was observed after 3 h, indicating an optimum
time of 3 h for typical Cr(VI) adsorption experimental cycles.
An adsorption and desorption experiment were performed to
validate the reusability of the adsorbent systems. The results
suggest that for PH, efficiency of Cr(VI) removal decreased
significantly from 75 to 40%, after three cycles. Kinetic studies
were also performed to understand the adsorption process.
Cr(VI) adsorption on human hair follows a pseudo-second-
order kinetic model, suggesting chemisorption. From the
adsorption study, it is clear that the use of a bio-waste like hair
can be a simple, cost-effective, and efficient method for Cr
removal and therefore can be scaled up to larger capacities.

■ EXPERIMENTAL SECTION
The chemicals and solvents used were of analytical-grade
reagents. 1,2-Ethanedithiol was procured from Sigma-Aldrich.
Ferrous sulphate heptahydrate, ferric nitrate, and diethyl ether
were procured from Merck. Trityl chloride was procured from
Sisco Research Laboratories Pvt. Ltd. Sodium dichromate
dihydrate was procured from Fisher Scientific. Reagents for the
pre-treatment of human hair (chloroform, diethyl ether,
acetone, and methanol) were purchased from Merck. Hair
samples were collected from the local market.
Synthesis of 1,2-Bis(tritylthio)ethane Crystals and

Magnetite Nanoparticles. The synthesis of compound 1,2-
bis(tritylthio)ethane crystals was done by incubating trityl
chloride salts and EDT in the presence of TFA for 24 h. After
24 h, crystallization and further purification were performed by
using diethyl ether. Magnetite nanoparticles were synthesized

by co-precipitation of aqueous solutions of ferrous sulphate
heptahydrate and ferric nitrate in the presence of citric acid
followed by heating at 75 °C for 5 h. The synthesized
magnetite nanoparticle was further washed with distilled water
and desiccated at 60 °C.
Synthesis of Trityl-Magnetite Hybrid Materials. Syn-

thesis of trityl-magnetite hybrid materials was performed by
adapting an already published protocol.36 Synthesized magnet-
ite was dispersed in 0.2% diethyl ether. 0.5 mg/mL 1,2-
bis(tritylthio)ethane was then added. Trityl-magnetite hybrid
materials were formed after crystallization.
pH Stability of 1,2-Bis(tritylthio)ethane Crystals. To

study the stability of 1,2-bis(tritylthio)ethane crystals at
different pH, crystals were incubated in variable pH ranges
ranging from 2 to 10, for 24 h. After 24 h, stability was checked
by studying the changes in the morphology by using Jeol
FESEM (model: JSM-7610F).
Pre-Treatment of Human Hair. The washed human hair

samples were taken for the experiment as described else-
where.52 Human hair was cut into small fragments and washed
thoroughly with distilled water four−five times. Washed
samples were treated with an equal ratio of chloroform,
methanol, acetone, and diethyl ether to remove extraneous
substances. It was centrifuged at 10,000 rpm for 30 min,
followed by supernatant removal and washing with distilled
water. The washing process was repeated at least three times
for complete removal of dirt and other extraneous materials,
and the sample was desiccated at room temperature.
Modification of Human Hair. Washed and dried human

hairs were pulverized employing an earlier reported protocol.53

Washed and dried hairs were cut into small pieces (6−7 mm).
Pulverization was performed in a ball mill apparatus (Fritsch
Pulverisette 6). Size of the human hairs was reduced to 3−4
mm after pulverization. HP was obtained by the pyrolysis
method which was performed in a muffle furnace at 200 °C.
Three forms, PH, HP, and RH, were evaluated for their ability
to adsorb Cr.
Characterization of Human Hair. Morphological char-

acterization of the adsorbents was performed by FESEM (Jeol,
JSM-7610F) before and after the adsorption experiments. The
presence of Cr on the hair surface was also analyzed by EDX.
FT-IR spectra of the adsorbent were recorded by using an FT-
IR spectrophotometer in the 4000−400 cm−1 range.
Adsorption Study. To estimate the Cr(VI) adsorption,

various factors like the effect of different adsorbent doses, pH,
the initial amount of Cr, and contact time were studied. To
examine the effect of different adsorbent doses, 50 mg/L
Cr(VI) solution was added in separate conical flasks containing
different doses of human hair (0.5, 1, 2, 3, 4, 6, 8, and 10 g/L).
Flasks were incubated at 25 °C for 10 h at 150 rpm. To analzse
the effect of pH, 50 mg/L Cr(VI) solution under different pH
conditions (from 2 to 10) was prepared and incubated at 25
°C for 10 h. To investigate the effect of different initial Cr
concentrations and time, different flasks containing 100 mg of
PH, HP, and RH with different Cr concentrations (10, 20, 30,
40, and 50 mg/L) were incubated at 25 °C and rotated at 150
rpm for 10 h. Cr solutions were collected at regular time
intervals. The Cr concentration was estimated using an atomic
emission spectrometer (MP AES 4210). The percentage and
capacity of adsorption were determined by using the following
equations

= ×C C C% adsorption ( )/ 1000 e 0
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= ×q C C V M( ) /e o e

where C0 = initial concentration of the adsorbent, Ce = final
concentration of the adsorbent, V = volume of the solution (in
liters), and M = weight of the adsorbent (in grams).
Isotherm and Kinetic Studies. Different flasks containing

100 mg of the adsorbent and Cr(VI) solution of diverse
concentrations 10, 20, 30, 40, and 50 mg/L were mixed gently
and incubated at 25 °C and rotated at 150 rpm for 10 h. Cr
adsorption at equilibrium was studied using Langmuir,
Freundlich, and D−R isotherm models. The rate of adsorption
was studied by pseudo-first-order and pseudo-second-order
kinetics and intraparticle diffusion.
Desorption and Regeneration Study. Experiments for

the study of desorption were conducted in the batch mode.
The 50 mg/L concentration of Cr(VI)-saturated adsorbents
was treated with 50 mL of water at pH 12, for 6 h.54 Separated
human hair was washed with distilled water. It was further
regenerated on addition of 1 N HCl. Regenerated human hairs
were washed with distilled water and desiccated at room
temperature. The desorption percentage was calculated using
the equation

= ×% desorption
concentration after elution

concentration before elution
100

Column Study for Cr(VI) Adsorption. Continuous
column experiments for Cr(VI) adsorption were performed
with RH packed as a bed in a glass column of 2 cm internal
diameter and 30 cm length. The RH-packed column was
washed with deionized water and loaded with glass wool and
then glass beads. A breakthrough curve was obtained with
variable bed heights (5, 10, and 20 cm). Cr(VI) solution (50
mg/mL concentration) was passed through the RH-packed
bed column using a peristaltic pump (PP-20-EX, Miclins,
India) at a flow rate of 5 mL/min. The sample was collected at
regular intervals, and the Cr(VI) concentration was estimated.
Details of calculations with different column parameters are
explained in the Supporting Information (Section 6).
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