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ABSTRACT

Artimisia absinthium, a medicinal plant material, showed excellent adsorption in removing
mutagenic Cr(VI) from aqueous solution along with Cu(ll), Ni(Il), and Zn(II). Various
parameters like effect of pH, contact time, temperature, and initial concentration were inves-
tigated using batch process to optimize conditions for maximum adsorption. A. absinthium
was characterized using scanning electron microscopy (SEM). Adsorption of Cr(VI) was
favorable at pH 2 as 96% of Cr(VI) could be removed from aqueous solution. However,
adsorption of Cr(VI) decreased to 73% in presence of electrolyte (0.1 N KNOj3) at pH 2. The
point of zero charge of A. absinthium was 3.9 in double distilled water. The adsorption data
were analyzed using Langmuir, Freundlich, Temkin, Hasley, and Dubinin—-Redushkeuich
isotherm models at 30, 40, and 50°C. The maximum monolayer adsorption capacity towards
Cr(VI) was found to be 46.99 mgg ' at 30°C which was relatively large compared to some
other similar adsorbents reported earlier. The kinetic data showed that pseudo-second-order
rate equation was better obeyed than pseudo-first-order. The intra-particle diffusion model
showed that Cr(VI) adsorption involved three different stages. The breakthrough and
exhaustive capacities of the adsorbent were found to be 35 and 45mg g_l, respectively, at
pH 2. Desorption study showed that 93.05% Cr(VI) could be desorbed by column operation
with 0.01 N NaOH solution.
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1. Introduction

One of the serious threats to our fascinating and
fragile environment is the discharge of untreated efflu-
ent into the water bodies. Among the various contami-
nants, discharge of heavy metal ions into the water
bodies are of prime concern because of their persistent
nature, toxicity, and subsequent bio-accumulation
leading to ecological problems [1]. In the array of
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heavy metal ions, chromium is of special interest
because it is an essential nutrient as well as a carcino-
gen [2]. Dietary deficiency of chromium (III) has found
to cause faulty sugar metabolism [3], although in com-
bination with insulin, it removes glucose from the
blood and also plays a key role in fat metabolism [4].
On the other hand, chromium (VI) is lethal to human
system because of its mutagenic and carcinogenic
properties [5]. Cr(VI), generally occurs in the form of
chromate (CrOi*) and dichromate (Crzng), has the
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ability to diffuse through cell [6] and modifies DNA
transcription process which can lead to digestive tract
and lung cancer [7]. According to the United States
Environmental Protection Agency, the maximum con-
tamination level for Cr(VI) in domestic water supplies
is 0.05mg L7! [8], while the permissible limit of Cr(VI)
for effluent discharge to inland surface water is 0.1
mgL™". To comply with these legal requirements and
preserve the water quality, removal of toxic chromium
from industrial effluents has become almost manda-
tory. Various techniques are in use for the removal of
heavy metals from the industrial discharge, like chem-
ical reduction, solidification, precipitation, lime coagu-
lation and flocculation, ion exchange, membrane
separation, etc. but these techniques have serious dis-
advantages like incomplete removal, sophisticated
instrumentation and monitoring, high reagent cost
and energy needs, and generation of more toxic waste
products [9]. Biosorption is an innovative technology
that employs biological materials to accumulate heavy
metals from waste water through metabolic process or
physicochemical pathways of uptake. Many biosor-
bents have been used in past years for chromium ion
(VD) removal; however, the search for an eco-friendly
and low-cost biomaterials remains an active area of
research. Biosorption potential of Araucaria leaves
[10]1, Wheat (Triticum aestivum) shells [11], Litchi chin-
ensis [12], Sunflower head waste-based biosorbent
(FSH) [13], Corinadrum sativum [14], Wood apple shell
[15], Mangifera indica bark dust [16], Tobacco leaf [17],
Cow dung powder [18], Fruit peel of Trewia nudiflora
plant [19], and Ornamental plants [20] have recently
been tested for Cr(VI) biosorption.

The present study focussed on assessing the ability
of environmentally benign adsorbent Artemisia absin-
thium, which belongs to the family Asteraceae. It is
herbaceous, perennial plant with fibrous roots origi-
nally from Europe and western Asia, presently in
parts of Asia, North and South America, within India
it is found in the Himalayan region across Jammu and
Kashmir in an altitude range of 1,500-2,700m. It is
commonly known as Afsanteen in Arabic and Persian,
Vilayathi Afsanteen in Hindi, and Wormwood in
English. A. absinthium is being a material for research;
extracts of the plant have shown to exhibit strong anti-
microbial activity, especially against gram-positive
pathogenic bacteria [21]. They have also been tested as
a potential medication against breast cancer [22]. The
chief constituent of A. absinthium is a volatile oil. It is
usually dark green or sometimes blue in colour, and
has a strong odour and bitter taste. The oil contains
thujone (absinthol or tenacetone), thujyl alcohol (both
free and combined with acetic, isovalerianic, succine,
and malic acids), cadinene, phellandrene, and pinene.
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The herb also contains the bitter glucoside absinthin,
absinthic acid, together with tannin, resin, starch,
nitrate of potash, and other salts [23]. The material has
been selected to explore its adsorption properties
towards heavy metals from aqueous solution because
of its ease of availability, nontoxic nature, and eco-
nomic viability.

2. Materials and methods
2.1. Treatment of adsorbent

Seeds of A. absinthium were purchased from a
Unani medicine shop, Aligarh, UP, India. They were
washed thoroughly with double distilled water
(DDW) until all impurities adhered on the surface of
the seeds were removed. The seeds were then dried in
an oven at 60°C. The dried mass was ground and
sieved to 150-300 um. The sieved particles were mixed
thoroughly to homogenize the mass. The particles
were washed several times with DDW, dried at 60°C,
and finally used for all experimental studies.

2.2. Adsorbate solution

Stock solution of Cr(VI) was prepared (1,000 mg L™")
by dissolving required amount of potassium dichro-
mate (AR grade) in DDW and diluted to obtain solu-
tions of required concentration for conducting
adsorption experiments. Stock Solutions of Cu(lD),
Ni(I), and Zn(Il) (1,000 mg L™" each) were prepared by
dissolving desired quantities of their nitrates in DDW.

2.3. Instrumentation

The scanning electron microscope (SEM, Ametek,
USA) was used to record images of the material at dif-
ferent magnifications. Flame atomic absorption spec-
trometry measurements were made with flame atomic
absorption spectrophotometer (AAS, GBC 902 Scien-
tific, Australia) equipped with air/acetylene burner. A
pH meter (ELICO-Li, India) was used to measure the
pH. A water bath incubator shaker (Narang Scientific
Work-CE 0434, India) was used in the isotherm study.

2.4. Adsorption

Adsorption was carried out by batch process.
About 0.5 g of adsorbent was placed in a 250 mL coni-
cal flask in which 50 mL solution of Cr(VI) of desired
concentration was added and the mixture was shaken
in temperature-controlled shaker incubator for 24h.
The mixture was then filtered using Whatman filter
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paper no. 41 and final concentration of metal ion was
determined in the filtrate by AAS. The amount of
Cr(VI) adsorbed was calculated by subtracting final
concentration from initial concentration.

2.5. Characterization of adsorbent

SEM was used to identify the surface morphology
of the adsorbent. Scanning of native and Cr(VD)-
adsorbed A. absinthium samples was carried out. The
images obtained before and after the adsorption of
Cr(VI) were compared.

2.6. Effect of temperature

The effect of temperature on the adsorption of
Cr(VI) was studied by varying the adsorbent doses
from 0.1 to 1.0 g at fixed volume (50 mL) of the Cr(VI)
solution with initial concentration of 50 mgL™". These
flasks were kept into temperature-controlled water
bath shaker at different temperatures (30-50°C) for 4 h
and then filtered. The final concentration of Cr(VI) in
the filtrate from each flask was then determined as
described earlier.

2.7. Effect of pH

The effect of pH was investigated in single and
multi-metal systems in the pH range of 1-10. The
solution of 50 mL Cr(VI) containing 50mgL™" Cr(VI)
was added in a series of conical flasks. The desired
pH in each flask was adjusted by adding 0.1 N HCI or
0.1 N NaOH solution. These solutions were then trea-
ted with 0.5g of adsorbent for 24 h in shaker incuba-
tor. The solutions were then filtered and final
concentrations of Cr(VI) in filtrates were determined
as described above. The same procedure was adopted
for Cu(II), Ni(Il), and Zn(II) solutions. In multi-metal
system, 50 mL mixture of Cr(VI), Cu(ll), Ni(Il), and Zn
() (50mgL™" each) was taken in a series of conical
flasks and their pHs were adjusted as described above
and treated with 0.5 g adsorbent for 24 h. The mixtures
were then filtered and metal ions in the filtrate were
determined by AAS. To know the effect of ionic
strength, Cr(VI) solutions (50mgL™") were prepared
in 0.IN KNOs;. The pH of these solutions was
adjusted in between 1 and 10 as described above.

2.8. Determination of point of zero charge

Two different doses (0.5 and 0.75g) of adsorbent
were added separately into 0.1 N KNOj solutions. Sus-
pension was vigorously agitated for 24h in tempera-
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ture-controlled shaker till the pH was invariant;
thereafter, a few drops of 1N KOH were added to the
suspension before titration to deprotonate surface
sites, and then suspension was titrated with 0.1N
HNOj; with uninterrupted agitation [24] until neutral-
ization point is reached. Same procedure was repeated
with blank solution. The graph was plotted for equi-
librium pH values vs. volume of acid added. The
point of zero charge (pHp,.) was then calculated at the
point of intersection.

2.9. Effect of contact time and initial concentration

Batch adsorption experiments were carried out at
different contact times (1, 2, 3, 4, 5, 10, 15, 30, 60, 120,
180, 240, and 300 min) for an initial Cr(VI) concentra-
tion in the range of 10-100mgL™" at pH 2, and the
adsorbent dose was 0.5g in 50 mL solution at 30°C.
Samples were withdrawn from conical flasks after
specified time interval and analyzed for residual metal
content.

2.10. Breakthrough capacity

About 0.5¢g of adsorbent was taken in a glass col-
umn (0.6 cm internal diameter) with glass wool sup-
port. And 500mL of Cr(VI) solution with 50 mgL™"
initial Cr(VI) concentration (C,) at pH 2 was passed
through the column with flow rate of 1 mL min". The
effluent was collected initially 10 mL fractions up to
50mL and remaining solution collected into 50 mL
fractions, and the amount of Cr(VI) was determined in
each fraction with the help of AAS. The breakthrough
curve was plotted for C/C, vs. volume of the effluent.

2.11. Desorption studies

Desorption studies by column process were also
carried out. The exhausted column (from break-
through capacity experiment) was washed several
times with DDW to remove excess of Cr(VI) ions from
the column, then 0.01M NaOH solution was passed
through the column with a flow rate 1mL min~'. The
Cr(VI) ions eluted were collected in 10mL fractions
and the amount of Cr(VI) ions desorbed in each frac-
tion was determined by AAS.

3. Results and discussion
3.1. Characterization of adsorbent

SEM images of native and Cr(VI)-treated adsorbent
are shown in Fig. 1(a) and (b), which clearly confirmed
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Fig. 1(a). SEM image of A. absinthium before adsorption.
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Fig. 1(b). SEM image of A. absinthium after Cr(VI) adsorption.

the texture and porous structure of the adsorbent. The
surface of the adsorbent was smooth before adsorption
and became inhomogeneous and appeared to bulge
after adsorption which indicated that the surface has a
potential to adsorb the Cr(VI). Moreover, the white
patches in the SEM image of treated adsorbent might be
due to the adsorption of Cr(VI) on the surface of the
A. absinthium seeds.

3.2. Effect of contact time and initial Cr(VI) concentration

The mechanism of the metal uptake generally
depends on the initial concentration of heavy metals
in contact with the adsorbent. At low concentration,
the specific sites are responsible for the adsorption,
while on increasing metal concentrations, the specific
sites are saturated and the adsorption sites are
filled [25]. Adsorption studies at pH 2 were carried
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out at different intervals of time (Fig. 2). The
equilibrium time for the adsorption of Cr(VI)
increased initially with increasing concentration and
became independent at concentration above 80 mg L™".
The equilibrium time was found to be 15, 30, 60, and
120 min at 10, 20, 50, and 60 mg L! and 180 min for
both 80 and 100mgL™" concentrations, respectively.
The adsorption capacity increased with increase in
initial concentration because of the increase in concen-
tration gradient and driving force with increase in
concentration. The adsorption capacity of Cr(VD) at
equilibrium was found to be 0.39, 1.12, 2.6, 3.3, 4.4,
and 4.5mg g™, respectively, at initial concentration 10,
20, 50, 60, 80, and 100 mg L™".

3.3. Effect of pH

The adsorption of Cr(VID), Cu(l), Ni(Il), and Zn(II)
in single-metal system and multi-metal system was
carried out over a pH ranges 2-10. The state of metal
ions in solution strongly depends on the pH. The
acidity and basicity of the solutions can influence the
properties of the adsorbent surface and speciation of
metal ions. This is partly due to the fact that the
hydrogen ion itself is a strong competing adsorbate,
and partly due to the chemical speciation of metal ions
under the influence of the solution pH. At acidic con-
dition (pH 2-6), the predominant species of Cr(VI) are
Cr,03~ and HCrO;, [26]; therefore, it can be inferred
that Cr(VI) adsorbed at pH 2 mainly in the form of
HCrO, ions but below pH 2, adsorption decreased
again (28.8% at pH 1) due to the formation of union-
ized HyCrO,4. The adsorption of metal ions depends
upon both the nature of the adsorbent surface and the
species distribution of the metal ions in the aqueous
solution. In the case of Cr(VI) adsorption, experiments

—e—10 mg/L

—a—20 mg/L

Adsorption capacity (qe) (mg/g)
N
(3]

1.5 —a—50 mg/L
1 —o— 60 mg/L
0.5 =—e= 80 mg/L
——100 mg/L
0 X%
0 50 100 150 200 250 300
time (min)

Fig. 2. Effect of time and initial concentrations on the
adsorption of Cr(VI) at pH 2.
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were carried out by varying pH from 1 to 10. The
results in Fig. 3(a) indicated that Cr(VI) adsorption
was considerably affected by the pH. Adsorption
increased from 13.4 to 96% when pH decreased from 8
to 2. The increase in Cr(VI) adsorption with decrease
in solution pH was also observed on peat [27], fungal
biomass [28], bacterium biomass [29], banana pith [30],
rice straw [31], and green alga [32]. The maximum
adsorption of Cr(VI) observed at pH 2 (96%) was
mainly due to the ionic interaction between the posi-
tively charged surface of the adsorbent and negatively
charged Cr(VI) ions, and there was not a remarkable
change in the final pH (pHf=2.7) indicating that the
surface of the adsorbent was protonated to a higher
extent which leads to strong attraction between these
oxy-anions of Cr(VI) and the positively charged sur-
face of the adsorbent. At the higher pH (6-10), the pre-
dominant species are then CrO;  and Cr,O7 and
there was a dual competition of both anions
(CrO}~ and Cr,027) with OH~, which resulted a
decrease in Cr(VI) adsorption. Adsorption of Cr(VI) at
different pH in presence of KNOj; (to maintain ionic
strength) indicated that the presence of electrolyte
decreased the Cr(VI) adsorption at pH 2 as shown in
Fig. 3(b) This could be attributed to the competition
between nitrate and chromate anions on the active site
of the adsorbent. The pHy,. of A. absinthium in DDW
was found to be 3.9 (Fig. 3(b)) showing that surface
was positively charged below pH 3.9, neutral at pH
3.9, and negatively charged above pH 3.9, and hence
adsorption of Cr(VI) was maximum below pH_,. due
to electrostatic attraction between positively charged
adsorbent surface and negatively charged Cr(VI) ions.
In case of single-metal system, the influence of
pH on the adsorption of Cu(Il) was examined at dif-
ferent pH ranging from 1 to 10 (Fig. 3(c)). The Cu(ll)
adsorption increased significantly from 0 to 93% at

100
90

80
70 —a— (DDW)

60 — » -0.1 NKNO3

50
40
30
20
10

% Adsorption

Fig. 3(a). Effect of pH on the adsorption of Cr(VI).
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Fig. 3(c). Adsorption of Cr(VI),Cu(ll), Ni(Il) and Zn(I) at
different pH (single-metal system).
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Fig. 3(d). Adsorption of Cr(VI), Cu(II), Ni(I) and Zn(II) at
different pH (multi-metal system).

pH ranging from 1 to 6. The adsorption of Cu (II)
was least at pH 1 and increased rapidly up to pH 4
due to the deprotonation of the adsorption sites.
Over the range 4 <pH <5, Cu(ll) ions were adsorbed
both as Cu®* and Cu(OH') ions since both the
species exist over this pH range [33]. At pH 1-3,

3363

copper exists as Cu”*; in the range of pH 3-5, two
species i.e. Cu®* and Cu(OH)" are found; and at
pH 6, Cu?* exists as Cu(OH)* and Cu(OH),. It was
observed from Fig. 3(c) that as pH increased, adsorp-
tion percentage of Cu(ll) also increased and reached
maximum value at pH 6, then slightly decreased as
pH increased further up to pH 10 indicating that
maximum adsorption percentage of Cu(ll) occurred
at pH 6 and at pH>6, Cu(ll) formed Cu(OH), in a
large quantities; therefore, at higher pH (>pH 6),
Cu(l) ions were precipitated in the form of Cu(OH),
and caused micro-precipitation.

It has been observed that under highly acidic condi-
tions (pH 1-2), the percent adsorption of Ni(Il) was
constant with least value, while the adsorption
increased as pH increased and reached maximum at
pH 4 because at pH <6, Ni(Il) existed as Ni** (Fig. 3
(c)). The low removal efficiency at low pH was appar-
ently due to the presence of higher concentration of H*
in the solution which compete Ni(Il) ions for the
adsorption sites of the A. absinthium. It was clear that
with increase in pH, the H" concentration decreased
leading to increased adsorption of Ni(Il) up to pH 4, as
with increasing pH further, the % adsorption also
increased. At pH >6, the nickel ions get precipitated
because at pH>6, Ni(OH), is the dominant species.
The adsorption of Zn(II) ions at various pH values may
be explained in a similar manner. The adsorption of
Zn(Il) was zero at pH 1 and negligible at pH 2 (Fig. 3
(c)) but when pH of the solution increased, the adsorp-
tion of Zn(II) increased and reached to maximum value
at pH 6 and then remained constant up to pH 10. In
multi-metal system, the optimum pH for the adsorp-
tion of Cu(Il) and Zn(II) was found to be 6, Ni(Il) at pH
4, and Cr(VI) at pH 2 (Fig. 3(d)). It is important to note
that adsorption of Cr(VI) was not affected in presence
of Cu(ll), Ni(Il), and Zn(Il) ions indicating that adsorp-
tion of Cr(VI) is specific on A. absinthium seeds.

3.4. Adsorption isotherms

In order to optimize the design of adsorption sys-
tem for the removal of Cr(VI) from aqueous solution,
it is important to explain the relationship between
adsorbed metal ion per unit weight of adsorbent (g,)
and residual concentration of metal ion in solution
(Co) at equilibrium. The analysis of the adsorption
isotherm data by fitting them to different adsorption
isotherm models is an important step to find the suit-
able adsorption isotherm model that can be used for
design purposes. Experimental data were fitted in the
Langmuir, Freundlich, Temkin, Halsey, and Dubinin-
Redushkeuich (D-R) models at different temperatures.
The fitting procedure was performed by using R
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software version 2.10.1 (14 December 2009). In order
to evaluate the fitness of the data, determination coef-
ficient (R?), error analysis, and chi-square test (y%)
were evaluated between experimental and calculated
data from each model.

According to Langmuir model [34], the adsorption
occurs on a homogenous surface forming monolayer
of adsorbate with constant heat of adsorption for all
sites without interaction between adsorbed molecules
[35]. The linear form of Langmuir model may be given
as follows:

1 1 1 1 1

G qn b Co ' dn W
where C, is the equilibrium concentration of Cr(VI) in
the solution (mgL™'), g, is the amount of Cr(VI)
adsorbed per unit weight of adsorbent (mgg™), g,, is
the amount of Cr(VI) required to form monolayer
(mgg ™), and b is a constant related to energy of
adsorption (Lmg™') which represents enthalpy of
adsorption and should vary with temperature. The
values of b and g,, were calculated from the slope and
intercept of the linear plots of 1/4. vs. 1/C, at differ-
ent temperatures. The Langmuir parameters are
reported in Table 1. The isotherm was found to be lin-
ear at 30, 40, and 50°C, showing that data were cor-
rectly fitted in a Langmuir relation. The monolayer
saturation capacity (g,,) was found to be 46.99, 14.21,
and 10.59 mg g_1 at 30, 40, and 50°C respectively. The
fitting of data in Langmuir isotherm confirmed the
monolayer coverage of Cr(VI) and also the homoge-
neous distribution of active sites on the adsorbent.

The Freundlich model [36] is an empirical equation
based on the adsorption of adsorbate onto heteroge-
neous surface. The linear form of Freundlich model
can be represented as follows:

1
logg. = log K¢ + . log C, 2)

where C, is the equilibrium concentration in mgL™
and g, is the amount of Cr(VI) adsorbed per unit
weight of adsorbent (mgg ). Ky is the Freundlich con-
stant which indicates the relative adsorption capacity
of the adsorbent related to bonding energy and n is
the heterogeneity factor representing the deviation
from linearity of adsorption and is also known as Fre-
undlich coefficient. As n approaches zero, the surface
site heterogeneity increases. In the present study, the
value of n>1 (Table 1) at all temperatures indicated
favorable adsorption at Cr(VI) [37]. A plot of log g, vs.
log C, generated straight line and values of 1/n and K¢
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can be calculated from the slope and intercept. The
data obtained from this model indicated that the val-
ues of Ky and n increased with the increase in temper-
ature from 30 to 50°C.

Temkin isotherm [38] describes the effect of indi-
rect adsorbate-adsorbent interaction and assumes that
the decrease in the heat of adsorption is linear rather
than logarithmic as implied in Freundlich isotherm.
The linearized form of Temkin equation can be repre-
sented as follows:

Ge = (RbT> x InA+ <RbT> x InC, 3)

where (RT/b) = Br, R is universal gas constant, T is
absolute temperature, and b is Temkin isotherm con-
stant. Ar (g L™ and By  mol !) are Temkin constants
related to adsorption potential and heat of adsorption.
The values of Ar and Br were calculated from the
slope and intercept of the plot of g, vs. In C, (data are
shown in Table 1). The best linear fitting with higher
correlation coefficients at higher temperatures indi-
cated that there was strong interaction between the
adsorbate and adsorbent.

The Halsey isotherm model is suitable for multi-
layer adsorption. The linearized form of Halsey iso-
therm is commonly represented by the relation.

Ing, = Fanh} - 1ln C, 4)
n n

where Kj, and n are the Halsey isotherm constants and
exponent, respectively. The Halsey isotherm parame-
ters are presented in Table 1. The best fitting of the
Halsey isotherm equation was at 30°C indicated
the heteroporosity (i.e. macrospore and microspore) of
the A. absinthium [39].

D-R isotherm [40] does not assume a homogenous
surface or a constant sorption potential [41]. It is com-
monly represented as:

Ing, = Ing,, — pe* ®)

where S is the activity coefficient constant (mol ? ]_2),
G is the maximum adsorption capacity (molg™), g, is
the equilibrium adsorption capacity (molg™), and &
is the Polanyi potential. The value of & can be calcu-
lated from the relation.

¢=RTIn (l + ge) 6)



R.AK. Rao et al. | Desalination and Water Treatment 54 (2015) 3358-3371 3365
Table 1
Adsorption isotherm parameters for the adsorption of Cr(VI) on A. absinthium
Isotherms Parameters 30°C 40°C 50°C
Langmuir b (L mg_l) 0.010 0.190 10.590
G (mgg ™) 46.990 14.210 23.364
R? 0.991 0.999 0.996
RSE 0.015 0.001 0.008
p-value <0.05 <0.05 <0.05
Freundlich K¢ (mg g_l) (L mg_l)l/ " 0.606 2.440 3.400
n(g L™ 1.100 1.700 2.180
R? 0.999 0.979 0.976
7 0.054 0.000 0.120
RSE 0.005 0.061 0.046
p-value <0.05 <0.05 <0.05
Temkin Ar (L mgfl) 0.349 1.960 4.167
Br (J mol ™) 4.280 3.061 2.495
R? 0.934 0.998 0.996
Ia 0.259 0.009 0.024
RSE 0.005 0.218 0.211
p-value <0.05 <0.05 <0.05
Dubinin—-Redushkeuich Gm (mol g ™) 0.004 0.001 0.001
px107° 8.310 4.425 3.457
E (fmol ™) 7.760 10.850 12.003
R? 0.986 0.988 0.988
©x107° 1.326 0.195 0.234
RSE 0.076 0.069 0.076
p-value <0.05 <0.05 <0.05
Halsey ny —1.085 1.700 2.180
K 0.561 4.600 14.400
RSE 0.800 0.218 0.211
R? 0.990 0.979 0.976
Pa 0.041 0.117 0.120
p-value <0.05 <0.05 <0.05

where T is the temperature in Kelvin and R is gas con-
stant (Jmol ' K™!). Hence, by plotting In g, vs. ¢, the
value of g,, from the intercept and p from the slope
can be calculated. The results are reported in Table 1.
The constant p gives an idea about the mean free
energy (E) (k] mol™") of adsorption of the molecule of
adsorbate when it is transferred to the surface of the
solid from infinity and can be calculated using the fol-
lowing relation [40]:

1

E=——
(=2p)

@)

The values of E lie between 8 and 16kJmol ' and
depicts chemisorptions and if E<8kJmol', the

adsorption process is of physical in nature [42]. The
high value of mean free energy (E =10-12 KJ mol™") of
adsorption indicated that the adsorption process is
chemical in nature and most probably proceeded via
ion exchange (Table 1). On comparing the linear
regression values, it can be concluded that the Lang-
muir and D-R isotherms were capable of representing
the data more satisfactorily (R =0.9917 —0.9885) indi-
cating the applicability of these isotherms. The
increase in the value of binding energy (b L mg ") with
temperature indicated that adsorption was favorable
at higher temperature. Temkin model also indicated
that the value of A7 increased with increase in temper-
ature showing that adsorption process was favorable
at high temperature. Freundlich isotherm indicated an
increase in Ky with increasing temperature supporting
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that adsorption was favorable at higher temperature.
Halsey model was best fitted at 30°C (R*=0.9997 —
0.9904) indicating heteroporous nature of the adsor-
bent. The maximum monolayer adsorption capacity
(gm) of A. absinthium was compared with other adsor-
bents reported in the literature (Table 2) and it was
found that A. absinthium represented maximum
adsorption capacity towards Cr(VI) ions [43-49].

3.5. Thermodynamic

The effect of temperature on the adsorption of
Cr(V]D) was studied at temperature ranging from 30 to
50°C. Thermodynamic parameters such as standard
free energy change (AG’), standard enthalpy change
(AH®), and standard entropy change (AS°) were calcu-
lated using the following relations [50]. K. can be cal-
culated by Eq. (8).

_ Cad
Ce

K. (8)

where K, is the distribution constant, and Cagq and C,
are equilibrium concentrations of Cr(VI) on the adsor-
bent and in the solution, respectively.

The Gibbs energy change (AG’) indicates the
degree of spontaneity of an adsorption process, and a
higher negative value reflects a more energetically
favorable adsorption. According to thermodynamic
law, AG® of adsorption was calculated from the fol-
lowing equation:

AG? = —RTInK, )

where K. is the thermodynamic equilibrium constant
without units, T is the absolute temperature in Kelvin,
and R is the gas constant. The values of AH” and AS°
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were calculated from the following Van't Hoff
equation.

(10)

A plot of In K, vs. 1/T gave straight line, and AH® and
AS’ were calculated from the slope and intercept
(Fig. not shown). These thermodynamic parameters
estimates can offer insight into the type and mecha-
nism of an adsorption process (Reported in Table 3).
The negative values of AG® indicated spontaneous nat-
ure of the process and more negative values with
increased in temperature showed that an increase in
temperature favored the adsorption process. Positive
values of AH’ indicated endothermic nature of the
adsorption, whereas the positive value of AS® indi-
cated the increased randomness at the solid/solution
interface during the adsorption of Cr(VI).

3.6. Adsorption kinetics

In order to understand the kinetics of removal of
Cr(VI), various kinetic models were tested with the
experimental data. Probably, the earliest known and
one of the most widely used kinetic equations for the
adsorption of a solute from a liquid solution is Lager-
gren’s Equation or the pseudo-first-order equation
[51].

The linear form of pseudo-first-order kinetics equa-
tion is given as follows:

K
log (qe — q1) = — (2.3123> x t+log ge (11)

where g, is the amount of Cr(VI) adsorbed per unit
weight of adsorbent at equilibrium or adsorption

Table 2

Comparison of adsorption capacity of Cr(VI) with other adsorbents

Name of adsorbent Maximum adsorption capacity g,, (mgg ™) References
Almond 10.00 [43]
Cactus 7.08 [43]

Pine needle 21.50 [43]
Walnut shell 1.33 [44]
Helianthus annuus 7.20 [45]

Olive pomace 4.00 [46]
Sawdust 41.50 [47]
Wheat bran 40.80 [48]
Pleurotus ostreatus 10.75 [49]
Artimisia absinthium 46.90 Present study
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Table 3

3367

Thermodynamics parameters for the adsorption of Cr(VI) at pH 2

Temperature (°C) K. AG® (k] mol ™) AH® (k] mol™) AS® (K] mol 'K ™!
30 10.34 —05.89

40 4425 —09.86 82.41 00.29

50 82.27 -11.84

capacity (mgg™"), g; is the amount of Cr(VI) adsorbed
per unit weight of adsorbent at any given time t, and
K; is the rate constant for pseudo-first-order model.
The values of K; and g, were calculated from slope
and intercept of the linear plot of log (g.—g:) vs. t at
various concentrations. A plot of log (3.—g:) vs. t gave
straight lines confirming the applicability of the
pseudo-first-order rate equation (Fig. not shown). The
parameters of pseudo-first-order model are summa-
rized in Table 4. The values of determination of coeffi-
cient were in the range 0.9528-0.9910. The coefficient
of determination value was reasonably high but the
calculated adsorption capacity (g.c.)) obtained from
the model did not give reasonable values when com-
pared with experimental adsorption capacity (Gecexp))-
This finding suggested that the adsorption process did
not follow the pseudo-first-order adsorption rate
expression.

The pseudo-second-order rate expression is used
to describe chemisorption involving valance forces
through the sharing or exchange of electrons between
the adsorbent and adsorbate as covalent forces, and
ion exchange [52]. The pseudo-second-order kinetic
rate equation is given as follows:

= L +1><t
g Kaxq2 g

(12)

where K, is the rate constant of pseudo-second-order
adsorption (gmg 'min"). Plots of t/g, vs. t for all

pseudo-second-order adsorption kinetic model, and
values of g, and K, were calculated from the slope
and intercept, respectively. The initial adsorption rate,
h (mg g ' min™"), is expressed [53] as follows:

h=Kj x g? (13)
The parameters of the pseudo-second-order adsorp-
tion kinetic model are tabulated in Table 5. The deter-
mination coefficient values of the pseudo-second-order
model exceeded 0.99 and the g,y values were more
consistent with the experimental values of adsorption
capacity qeexy. Therefore, the pseudo-second-order
model better represented the adsorption kinetics.

Elovich equation [54] is a rate equation based on
the adsorption capacity commonly expressed as
follows:

%: oexp (—fqr) x 2 +1
t

(14)
where a (mgg 'min™") is the initial adsorption rate
and g (gmg ") is desorption constant related to the
extent of the surface coverage activation energy for
chemisorption. Eq. (19) is simplified by assuming
af >>t and by applying the boundary conditions g, =0
at t=0 and g,=q, at t=t as given by equation as
follows: (Eq. (15))

experlmental concentrations  gave stre.ugh’F . lines gi = +1n (af) + = Int (15)
(Fig. not shown) indicating the applicability of B B

Table 4

Pseudo-first-order kinetic parameters for sorption of Cr(VI) at pH 2

Concentration (C,) (mg L™ Je(exp) (Mg gfl) Je(can (Mg gfl) K R?
10 0.96 0.69 0.0069 0.980
20 1.86 1.04 0.0046 0.952
50 4.50 2.96 0.0046 0.976
60 5.10 4.63 0.0046 0.991
80 5.60 3.17 0.0046 0.929
100 6.67 717 0.0069 0.974
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Table 5
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Pseudo-second-order kinetic parameters for sorption of Cr(VI) at pH 2

Concentration (C,) (mg LY Je(exp) (MG gil)

Qe(cal) (mg gil)

h (mgg ' min™") K, (gmg 'min™") R?

10 0.96 1.03
20 1.86 1.91
50 4.50 476
60 5.10 6.02
80 5.60 5.59
100 6.67 9.80

0.02 0.025 0.998
0.07 0.019 0.994
0.12 0.005 0.990
0.05 0.001 0.991
0.19 0.006 0.990
0.04 0.000 0.991

The slope and intercept of the linear plot of g; vs. In ¢
resulted in the estimation of kinetic constants a and f.
The coefficients of determination (R”) were obtained in
the range of 0.944 to 0.986 for all Cr(VI) concentrations
(10-100mg L") and indicated that it could not ade-
quately describe Cr(VI) adsorption kinetics (Data not
shown).

The kinetic data were analyzed using intra-particle
diffusion model [55] to elucidate the diffusion mecha-
nism. It is commonly represented as follows:
q: = Kid X tl/z +1 (16)
where Kig (mgg ™' min™') is the intra-particle diffusion
rate constant, I (mgg™") is another constant that gives
idea about the thickness of a boundary layer, and g, is
the amount of Cr(VI) absorbed (mgg ') at time ¢
(min). Plots of g, vs. t'/? are shown in Fig. 4 at various
initial Cr(VI) concentrations. In the present work, the
plot presented multi-linearity indicating that three
steps were involved. The first, sharper portion repre-
sented external surface adsorption or faster adsorption
stage. The second portion described a gradual adsorp-
tion stage involving intra-particle diffusion. The third
portion was attributed to the final equilibrium stage,
where intra-particle diffusion started to slow down
due to the extremely low adsorbate concentrations in
the solution [56]. The slope of the plot was defined as
the intra-particle diffusion parameter Kiz (mgg '
min~'/?) [57]. On the other hand, the intercept of the
plot reflected the boundary layer effect. The larger the
intercept, the greater will be the contribution of the
surface adsorption in the rate-limiting step (Table 6).
This indicated that intra-particle diffusion was
involved in the Cr(VI) adsorption, but it was not the
rate-controlling step. The sensitivity analyses of all the
four kinetic models were carried out. The change in
amount adsorbed on the surface of adsorbent with the
change in same time interval was less for second-
order kinetic model as compared to other two models.
This indicated that the second-order rate kinetic model
was less sensitive as compared to pseudo-first-order
and intra-particle diffusion kinetic models.

3.7. Breakthrough capacity

Breakthrough curve is the most effective column
process making the optimum use of the concentration
gradient between the solute adsorbed by the adsor-
bent and that remaining in the solution. The column is
operational until the metal ions in the effluent start
appearing and for practical purposes, the working life
of the column is over called breakthrough point. This
is important in process design because it directly
affects the feasibility and economics of the process
[58]. Breakthrough curve (Fig. 5) showed that 350 mL
Cr(VD) solution with a concentration of 50mgL™"
could be passed through the column packed with 0.5¢g
adsorbent at pH 2 without detecting Cr(VI) in the
effluent. The breakthrough and exhaustive capacities
were found to be 35 and 45mg g™, respectively.

3.8. Desorption

In order to explore the economic viability of the
adsorbent, the desorption of Cr(VI) after adsorption
was carried out by column process. The adsorption of

8
4 10 mg/L
= 20 mg/L . T
4 50 mg/L
6| ;
® 60 mg/L k3
N 5 3 ¥
C] + 80 mg/L : T g -
=4 . £ L2 x
é al 100 mg/L * -
& = x
=
= =
= =
2y * & = - = = = ="
* - - L 3
* - -
- * * e & & ¢ o
‘i . ¢
L X
0
0 5 10 15 20 25
t"?(min)

Fig. 4. Intra-particle diffusion plots for the adsorption of
Cr(VD).



Table 6

Intra-particle diffusion parameters for the adsorption of Cr(VI) at pH 2

R3

2
1

I; (mgg™)

I, (mgg™
0.039
0.861

I (mgg™

Kiq1 (mg g_1 min~"/?) Kiaz (mg g_] min~/?) Kiqz (mg g_1 min~1/?)

Concentration (mgL™")

R.AK. Rao et al.

0.946
0.987 0.904
0.980 0.999
0.997 0.973

0987 0.976 0.899

0.979
1.000 0.990 0.992

0.967 0.971
0.999

0.929

0.586
0.932
1.366
2213
3.310
1.337

1.864
1.852
-1.516

0.256

—0.258
—-0.479
0.362
—0.400
1.250
—-0.230

0.017
0.043
0.156
0.126
0.085
0.248

0.070
0.050
0.178
0.133

0.216
0.464

0.163
0.394
0.349
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0.214
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Fig. 5. Breakthrough capacity of Cr(VI) at pH 2.
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Fig. 6. Adsorption/desorption of Cr(VI) by column process.

Cr(VI) with 50mgL™" initial concentration was
90.9% at pH 2 and 93.05% Cr(VI) was desorbed by
using 0.01N NaOH as desorbing solution (Fig. 6).
This may be ascribing to the fast mass transfer rate
between the surface of the adsorbent and the
desorbing agent. The maximum desorption demon-
strated high reusability of the adsorbent, making
removal and recovery of Cr(VI) from wastewater
containing Cr(VI) a more sustainable and economi-
cal alternative.

4. Conclusions

A. absinthium seeds have shown remarkable
adsorption capacity towards Cr(VI), Cu(l), Ni(Il),
and Zn(Il) ions. The adsorption of Cr(VI) was
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maximum at pH 2, while Cu(l) and Zn(I) at pH 6
and Ni(Il) at pH 4 were adsorbed appreciably. The
adsorption of Cr(VI) was fast and maximum amount
of Cr(VD) could be adsorbed within 60 min at 60 mg
L7! initial Cr(VI) concentration. In multi-metal system,
it was found that adsorption of Cr(VI) was not
affected in the presence of Cu(Il), Ni(Il), and Zn(II) at
pH 2. Langmuir, Freundlich, and Temkin isotherms
indicated that adsorption of Cr(VI) was favorable at
higher temperatures. Kinetic data showed the better
applicability of pseudo-second-order model confirm-
ing that adsorption of Cr(VI) was chemisorption in
nature. Column experiments showed that the break-
through begins at 350 mL. Desorption study showed
that maximum amount of Cr(VI) (93.05%) could be
recovered using 0.01N NaOH solution as adsorbing
agent by column process. It may be concluded that
seeds of A. absinthium may be utilized for the removal
and recovery of Cr(VI) from aqueous solution contain-
ing Cu(I), Ni(I), and Zn(II) ions.
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