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Abstract

Cr(VI) removal studies were carried out by using activated carbon obtained from waste weed, Salvinia cucullata. Effects of various parameters,
such as pH, contact time, temperature, adsorbate concentration, adsorbent dose and particle size of the adsorbent on percentage of adsorption were
studied. The adsorption studies were carried out at an agitation speed of 600 rpm to minimize the film diffusion. The adsorption kinetics followed
dual rate; it was fast during a first stage and then it was reduced. The equilibrium was achieved in 12 h. The kinetics increased with decrease in
pH. Adsorbate and adsorbent concentration also influenced the kinetics. The adsorption process was endothermic in nature. The reaction kinetics
followed pseudo-second-order kinetic equation. Empirical rate equation developed, which explained the effect of various adsorption parameters,
was studied. Theoretical numbers of stages were calculated based on the results. Intra-particle diffusion was found to be the rate-controlling step.

Optimization studies were also carried out to establish the upper and lower breakthrough points.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Due to increase in population coupled with use of various
metals in different industrial and household materials, the load
of toxic metal pollutants in the environment is increasing. During
processing, the waste generated may be either in the form of gas,
liquid or solid. The waste from metallurgical/mining sector, in
general, creates destabilization in the ecosystem, as most of the
heavy metal ions are toxic to all living organisms. Although
some of these heavy metals in traces play significant role in
human metabolic system, their higher concentrations are toxic.
A general awareness has been created regarding development of
various adsorbent techniques to treat such effluents. Among the
different heavy metals, chromium is a very common pollutant
[1]. The sources of chromium contamination in wastewater are
electroplating, leather processing, metal finishing industries and
chromite mining [2].

In view of the pollution hazards caused by Cr(VI), several
methods of removal have been reported including chemical
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precipitation, reverse osmosis, ion exchange, foam flotation,
electrolysis and adsorption. Among all the above-mentioned
methods, adsorption is an economically feasible alternative due
to easy operation and development of various cheap adsorbents.
A variety of materials are used as adsorbent for Cr(VI) and var-
ious studies have been published documenting its adsorption
on red-mud [2], activated carbon obtained from different waste
materials [3,4], biomaterials [5], hydrotalcite [6], chitson [7],
goethite [8], bauxite [9], etc. In the present study, the mate-
rial used, Salvinia cucullata, a weed, which grows profusely in
sweet water. Here, an attempt was made to prepare activated
carbon and to study its feasibility as an adsorbent for removal of
Cr(VI) from aqueous solution. Adsorption efficiency was inves-
tigated as a function of agitation speed, pH, time, concentration
of adsorbate, amount of adsorbent and temperature.

2. Experimental
2.1. Material

All the reagents used in this study were of analytical grade.
Aqueous solution of Cr(VI) was prepared by dissolving req-
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uisite amount of K,Cr,O7 in double distilled water. A stock
solution having concentration 1000 mg/1 of Cr(VI) was prepared
and subsequently diluted to the required strengths to carry out
the adsorption studies. The pH of the solution was varied using
dilute hydrochloric acid and sodium hydroxide solutions.

2.2. Adsorbent preparation

S. cucullata, used in this study was collected from a lake
situated about 15km from Bhubaneswar, the capital city of
Orissa. The weed grows profusely and is removed periodically to
enhance the life of the lake. The weed collected from the lake was
washed with tap water followed by distilled water and sun-dried.
Drying at 60 °C for 1h in an oven removed the adhering mois-
ture. The dried material was crushed to powder. The powdered
material was transferred to a muffle furnace and activation was
carried out at 500 °C under nitrogen atmosphere for 1 h. Subse-
quently, the carbonized mass was cooled to ambient temperature
under nitrogen to prevent complete combustion. The carbonized
mass thus produced was ground and sieved to different fractions.
Malvern Particle Size Analyzer was used to determine the par-
ticle size. The smallest size fraction, i.e., 53.55 w was used for
adsorption studies. The chemical and physical properties of the
raw material are shown in the Table 1.

XRD analysis showed the peaks related to the major compo-
nent corresponding to carbon.

2.3. Adsorption studies

Adsorption studies were carried out in batches using 250 ml
of Cr(VI) solution taken in 500ml beaker and stirred in
Rime make mechanical stirrers where the temperature can be
maintained within £0.5 °C of the desired value. For higher tem-
peratures, the adsorption studies were carried out in a sealed
unit to avoid the evaporation loss. Five millilitres of represen-
tative samples were drawn from the reaction mixture at regular
interval and filtered. The residual Cr(VI) concentration was ana-
lyzed spectrophotometrically using diphenyl carbazide in a PE
LAMBDA 35 UV-vis spectrophotometer [10]. Unless other-
wise mentioned, all adsorption studies were carried out under
following conditions: pH, 1.7; agitation speed, 600 rpm; adsor-
bent concentration, 2 g/l; adsorbate concentration, 500 mg/l;

Table 1
Physico-chemical characteristics of the adsorbent

Parameter Carbonization temperature

400°C 500°C 600°C 700°C
Volatile matter (%) 34.1 28.4 17 15.6
Ash (%) 454 443 583 58.4
Fixed carbon (%) 20.5 27.3 24.7 227
Surface area (m2/g) 4.26 16.4 44.9 79.2
Particle size (cm) 0.01875 0.01875 0.01875 0.01875
Porosity (%) 46.5 48.9 49.2 49.8
Density (g/cm?) 1.48 1.44 1.42 1.40
Iodine number - 1050 - -
XRD peak Carbon Carbon Carbon Carbon

temperature, 30 °C; contact time, 12 h. The equilibrium adsorp-
tion capacity was calculated using the following equation:

_(Co—Ce)V
- M

where g, is the equilibrium adsorption capacity (mg/g), Co, Ce
are initial and equilibrium concentrations (mg/l) of Cr(VI) in the
solution, V is the volume (1) of solution taken and M is the mass
(g) of adsorbent used.

Continuous adsorption studies were carried out in a perpex
column. The internal diameter and height of the column were
5 and 30cm, respectively. The Cr(VI) solution was pumped
through a metering pump (Watson Marlow make) at the bot-
tom of the column and the effluent was collected from the top.
Samples were collected at regular intervals for analysis. The flow
rate of solution was checked regularly. The pressure drop was
measured through a manometer. The concentration of Cr(VI)
in the inlet solution was 500 mg/1 and flow rate was 60 ml/min.
The adsorption studies continued till there was no difference
between inlet and outlet solution.
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3. Results and discussion
3.1. Effect of agitation speed

Adsorption studies were carried out by varying the agi-
tation speed from 100 to 800rpm to find out the speed at
which the liquid boundary layer played insignificant role. The
results are shown in Fig. 1. The adsorption efficiency increased
with increase in agitation speed upto 600 rpm and thereafter, it
attained a steady state. This indicates that the thin liquid film sur-
rounding the adsorbent plays an insignificant role disallowing
the adsorbate to reach the adsorbent surface.

3.2. Effect of contact time
Adsorption experiments were carried out over 900 min to find

the optimum contact time. The results are shown in Fig. 2. Fig. 2
shows that the kinetics was very fast during the first 30 min,
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Fig. 1. Effect of agitation speed (conditions: pH, 1.7; temp., 30 °C; adsorbate
conc., 500 mg/l; adsorbent dose, 2 g/l; contact time, 12 h; particle size, 53.55 p).
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Fig. 2. Effect of contact time (conditions: temp., 30°C; adsorbate conc.,
500 mg/l; adsorbent dose, 2 g/l; stirring rate, 600 rpm; particle size, 53.55 ).

during this time, the 60% of the total adsorption was reached.
This stage was followed by a slower kinetics one. The adsorption
reaction attained equilibrium within 12 h and beyond that, there
was hardly any change in concentration. Therefore, all further
studies were carried out for 12h. The dual adsorption kinetics
may be due to the different mechanisms governing the process.
Adsorption of species can takes place only when the adsorbate
is transported from bulk to the adsorbent surface. The initial
faster rate may be due to surface adsorption and in the initial
stage, the surface is free and reaction proceeds at a faster rate.
Once the available free surface is clogged, then the adsorbate
molecules penetrate through the pores and get adsorbed inside
the pore, which is known as intra-particle diffusion. The intra-
particle diffusion accounts for slower kinetics at the later step.
Similar dual mechanisms are also reported by others [3].

3.3. Effect of pH

The initial pH was varied between 1.7 and 4.5. The results
are shown in Fig. 3. It was observed that adsorption efficiency

80 7
70 16
60
5. T8
- 1 ©
3 +4£g
2 401 %
< T33F
2 301 e
20 4 T2
10 | ik
0 i : . 0
1 2 3 4 5
pH (Initial)

—e— Y%Adsorption —g— pH(Final) |

Fig. 3. Effect of pH (conditions: temp., 30 °C; adsorbate conc., 500 mg/1; adsor-
bent dose, 2 g/1; contact time, 12 h; stirring rate, 600 rpm; particle size, 53.55 p).

decreased with increase in pH. It was further observed that
the equilibrium pH in all cases was higher than the initial pH,
which indicates ligand exchange mechanism governing the pro-
cess. Adsorption may be occurring due to electrostatic force of
attraction as well as formation of complex with the chelating
agent present in the adsorbent. Evidence of complex forma-
tion was obtained from Fourier transform infrared spectroscopy
using FT-IR 1600 Perkin-Elmer make. For the FT-IR study, 2 mg
of finely ground adsorbent as well as Cr(VI)-loaded materi-
als were mixed separately with 400 mg of KBr (spectroscopy
grade) and pressed to prepare translucent sample disks. Results
show that the adsorbent contain two or more functional groups.
The bands at 1100 and 1700cm™! in the pure adsorbent cor-
respond to C-O and C=O stretching frequencies representing
carbonyl and carboxyl groups. Several peaks were also observed
around 3500 cm™! for anion groups present [11]. The Cr(VI)-
loaded materials showed either shift or reduction in adsorption
peak suggesting the vital role played by the functional groups.
The XRD analysis of the adsorbent showed the d-values 3.16,
2.84, 2.01 and 1.45 corresponding to carbon. The peak inten-
sity decreased after adsorption indicating the reaction between
carbon matrixes with the anion.

3.4. Effect of initial Cr(VI) concentration

The initial Cr(VI) concentration was varied from 400 to
700mg/l to evaluate its effect on adsorption efficiency. It is
observed that with the increase in initial concentration of Cr(VI),
the percentage of adsorption decreases as is generally expected
in the equilibrium process. Adsorption increases from 58.6 to
78.12% when the initial adsorbate concentration decreases from
700 to 400 mg/1 as shown in Fig. 4. The metal ion uptake capac-
ity, which is defined as the milligram of adsorbate adsorbed per
gram of adsorbent, shows a reverse trend. The uptake capactiy
increases from 156.24 to 205.11 mg/g when the initial Cr(VI)
concentration goes up from 400 to 700 mg/l. This may be due
to higher metal ion concentration enhancing the driving force
to overcome mass transfer resistance between the aqueous and
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Fig. 4. Effect of initial Cr(VI) concentration (conditions: pH, 1.7; temp., 30 °C;
adsorbent dose, 2 g/l; contact time, 12h; stirring rate, 600 rpm; particle size,
53.55 w).
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solid phases resulting in higher probability of collision between
adsorbate molecules and adsorbent surface.

3.5. Effect of adsorbent concentration

Adsorbent concentration was varied from 0.8 to 2.4 g/l to
find its effect on the adsorption efficiency. It is observed that the
uptake decreases from 247.35 to 167.93 mg/g when the adsor-
bent concentration increases from 0.8 to 2.4 g/1. The percentage
of adsorption increases from 39.58 to 80.61 when the adsor-
bent concentration increases from 0.8 to 2.4 mg/l. The results
are shown in Fig. 5. Higher percentage of adsorption with the
increase of adsorbent concentration may be due to the avail-
ability of more surface area. The decrease in Cr(VI) uptake at
higher adsorbent dose may be due to competition of the Cr(VI)
ions for the adsorption sites available. Further agglomeration
of the adsorbent particle may be another possible reason of the
decrease in uptake.

3.6. Effect of temperature

Temperature is an essential parameter in the kinetics study as
the wastewater temperature varies widely. The temperature was
varied from 30 to 60 °C and the results are shown in Fig. 6. The
percentage of adsorption and uptake increase from 54.7 to 76.5
and 136.75 to 191.25 mg/g, respectively, when the temperature
increases 30-60 °C. The increase in efficiency with increase in
temperature indicates that the reaction followed endothermic
pathway. The enhancement in the adsorption efficiency with
increase of temperature may be due to various factors such as
enhancement of inter-reaction between adsorbent and adsorbate
and creation of new adsorption sites [12].

3.7. Effect of particle size of adsorbent

The particle size of adsorbent was varied from 53.55 to
312.76 . to evaluate the effect of particle size on adsorption.
The results are shown in Fig. 7. The percentage of adsorption
decreases from 73.6 to 39.5 when the particle size increases
from 53.55 to 312.76 w, while the uptake decreases from 184
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Fig. 5. Effect of adsorbent dose (conditions: pH, 1.7; temp., 30 °C; adsorbate
conc., 500 mg/1; contact time, 12 h; stirring rate, 600 rpm; particle size, 53.55 ).
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Fig. 6. Effect of temperature (conditions: pH, 1.7; adsorbate conc., 500 mg/l;
adsorbent dose, 2 g/l; contact time, 12h; stirring rate, 600 rpm; particle size,
53.55 w).

to 98.75 mg/g under same conditions. The decrease in percent-
age adsorption as well as uptake with increase in particle size
may be attributed to the decrease in specific surface area of the
adsorbent.

From the above studies, it can be concluded that three param-
eters, such as pH, time and adsorbate concentration determine
the kinetics of adsorption. The adsorbent concentration is not
considered as it plays an insignificant role when up-flow reac-
tor is employed. In case of batch experiments, the adsorbate
concentration was kept constant because of which maximum
loading could not be observed. But in case of up-flow reactor,
new adsorbent particles continuously come in contact with the
adsorbate ions. So maximum loading (mg of adsorbate per g of
adsorbent) was found to be independent of the adsorbent dose,
i.e., bed height in this case. So adsorbent dose plays insignificant
role in case of column studies.

3.8. Evaluation of rate equation

In order to determine a suitable kinetics model, the adsorption
rate is fitted into four kinetic equations such as—
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Fig. 7. Effect of particle size (conditions: pH, 1.7; temp., 30 °C; adsorbate conc.,
500 mg/1; adsorbent dose, 2 g/l; contact time, 12 h; stirring speed, 600 rpm).
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(a) Pseudo-first-order.

(b) First-order reversible.
(c) Ritchie second-order.
(d) Pseudo-second-order.

(a) Pseudo-first-order:

kit
2.303

where ‘geq’ is the amount of solute adsorbed at equilib-
rium per unit mass of adsorbent (mg/g), ‘g,” is the amount
of solute adsorbed at any given time ‘¢ and ‘k;’ the rate
constant.

(b) First-order reversible:

log(Cqu —qy) = IOngq - 2)

k)

In(1 = Up) = —ket 3)

where U, is the fractional attainment of equilibrium and is
given by

Cao— Ca

. _Cpe ki
Cao — Cac’

= kr =k + kp

U =B 2
' ‘T Cae k2

where K. is the equilibrium constant and Cae and Cg, are

the equilibrium concentrations. k; and k> are the first-order

rate constants. Ca and Cag (mg/l) are the concentration at

time ‘£ and initial concentrations of adsorbate, respectively.
(c) Ritchie second-order:

S LI Ry )

de — q:
where k; is the Ritchie’s reaction rate constant.
(d) Pseudo-second-order:
t—l—i—]t—l—}—lt 5)
a  kqt  ge  h o ge
where /1 = kq? and is known as initial sorption rate while k
is the second-order rate constant.

Table 2 shows the reaction rate constant along with R? val-
ues. From R? and equilibrium concentration values for different
adsorption parameters, it can be concluded that the adsorption
process follows pseudo-second-order kinetics.

The initial adsorption kinetics depends on adsorption param-
eters like initial pH, particle size, adsorbent and adsorbate
concentrations. Therefore, the rate equation can be written as:

—dC

Rate = ——
dr

= ky(pH)] (particle size); (adsorbate)s (adsorbent);  (6)

where C = Cr(VI) concentration.By converting equation to log-
arithmic form:

log(rate) = log ky + n1 log(pH) + n log (particle size)
+n3 log (adsorbate concentration)

+n4 log (adsorbent concentration) 7

To determine the order of reaction, experimental data
obtained are arranged to fit into Eq. (7). For this purpose, only
one parameter was varied keeping all other parameters constant.
Since specific initial rate is proportional to the rate of the reac-
tion, to evaluate the rate order, the respective specific rate is
plotted against the percentage adsorption. Using the n and log k
values from the Arrhenius equation, the rate equation can be
written as

—7.1732 — 1.5677
T —2.921log(pH)

+0.9278 log(adsorbate concentration)

log(rate) =

— 0.2266 log(particle size)

—0.3895(adsorbent concentration) ®)

3.9. Evaluation of thermodynamic parameters

The activation energy (E) for Cr(VI) adsorption can be cal-
culated by using Arrhenius equation

E
Ink=——+1nA 9
n RT~I—no 9

where k =rate constant, A =frequency factor; R =universal gas
constant.

By plotting In k versus 1000/7, the activation energy can be
calculated from the slope. The activation energy was found to be
13.033 kJ/mol. The low activation energy indicates that physical
forces govern the adsorption.

The standard free energy change (AG®) was calculated by
using the following relationship:

AG® = —RT Inb (10)

where b=Langmuir constant, 7=absolute temperature and
R =universal gas constant.

The other thermodynamic parameters, such as change in
standard enthalpy (AH®) and standard entropy (AS?) were deter-
mined using the following equation:

AS®  AH®

Ink = = — 22

R T an

AS? and AH? are obtained from the slope and intercept of
the Vant Hoff’s plot of Ink versus 1/T (figure not shown).
The calculated AH? and AS° values are 1.57kJ/mol and
59.64 J/mol, respectively. The positive values of enthalpy indi-
cate the endothermic nature of the reaction. The positive value
of ASY show the increasing randomness at the solid—liquid inter-
face of Cr(VI) ions on the adsorbent.

3.10. Evaluation of rate-determining step

Due to porous nature of the adsorbent used in this study,
pore diffusion is also expected in addition to surface adsorp-
tion. The contact time variation experiment can be used to study
the rate-determining step in the adsorption process [13]. Since
the particles were agitated at a speed of 600 rpm, it can be
safely assumed that the rate is not limited by mass transfer from
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Table 2
Adsorption kinetic model
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Parameters  First-order reversible Pseudo-first-order reversible Ritchie second-order Pseudo-second-order reversible
ke Kc ki ky R? k R? ko R? h k R?
pH
1.7 0.0054 1.393 0.00314 0.00226 0.96 0.0053 0.961 0.0832 0.623 0.108  0.00028 0.995
2 0.0049 0.725  0.00206 0.00284 0.93  0.00484 0.93 0.0717  0.529 0.1082 0.00044 0.997
2.5 0.0087 0.111 0.00087 0.00783 0.92  0.00875 0.922 1.2916 0.631 0.0633 0.00765 1
3 0.0053 0.0704 0.00035 0.00495 0.96 0.0053 0.96 0.0852 0.662 0.6443 0.00167 0.994
4.5 0.0076  0.039  0.00028 0.00732 0.89 0.0076  0.89 0.2658 0.722 0.5842 0.00522 1
Adsorbate concentration (mg/1)
400 0.0047 1.7852 0.003 0.0017  0.95 0.00484 0.949 0.0555 0.553 0.1458 0.0003  0.994
450 0.0048 1.5932 0.003 0.0019 095 0.00484 0.954 0.0558 0.604 0.1232  0.00029 0.995
500 0.0054 1.3934 0.0031 0.0023 0.96 0.0053 0.961 0.0832 0.623 0.108  0.00028 0.995
550 0.005 1.0096  0.0025 0.0025 0.95  0.00507 0.951 0.052  0.623 0.224  0.00014 0.979
600 0.0049 0.8817 0.0023 0.0026  0.93  0.00484 0.932 0.0615 0471 0.1437 0.0002  0.992
650 0.0047 0.7704 0.0021 0.0027 093  0.00484 0.929 0.0562 0.488 0.1313  0.00021 0.992
700 0.0042 0.7078 0.0017  0.0025 0.94  0.00415 0.94 0.0346 0.634 0.1342  0.00019 0.991
Adsorbent concentration (mg/g)
0.8 0.005 0.8187 0.0023 0.0028 0.94  0.00507 0.936 0.0771  0.509 0.0818 0.00021 0.995
1.2 0.0045 0.9652 0.0022  0.0033 0.95  0.00438 0.954 0.045  0.637 0.1103  0.00019 0.992
1.6 0.0045 1.0914 0.0024 0.0022 096 0.00461 0.955 0.0451 0.649 0.1315 0.00021 0.992
2 0.0054 1.3934 0.0031 0.0023 096  0.0053  0.961 0.0832 0.623 0.108  0.00028 0.995
2.4 0.0053 1.7317 0.0034 0.0019 095 0.0053 0.95 0.0897 0.487 0.1182 0.0003  0.996
Particle size ()
54 0.0054 1.3934 0.0031 0.0023 0.961 0.0053 0.961 0.0832  0.623 0.108  0.00028 0.995
98 0.006 09321 0.0029 0.0031 0.972 0.00599 0.972 0.0997 0.571 0.1711  0.00022 0.994
135 0.0065 0.7528 0.0028  0.0037  0.963 0.00645 0.963 0.1682 0.497 0.1419 0.00031 0.997
174 0.0065 0.6156 0.0025 0.0040  0.973 0.00645 0.973 0.1527 0.503 0.1842 0.00028 0.994
221 0.0062 0.4466 0.0019  0.0043 0.967 0.00622 0.967 0.1234 0.511 0.2333  0.00031 0.993
313 0.0049 0.3265 0.0012  0.0037 095 0.00484 0.95 0.057  0.524 0.2609 0.00041 0.994
Stirring rate (rpm)
600 0.0054 1.3934 0.0031 0.0023 0.965 0.0053  0.961 0.0832 0.623 0.108  0.00028 0.995
500 0.0056 1.1393 0.003 0.0026  0.953 0.00553 0.953 0.1001  0.505 0.1291 0.00026 0.994
400 0.0056 0.9493 0.0027 0.0029 0.955 0.00553 0.955 0.0943 0.505 0.1499 0.00026 0.993
300 0.0056 0.8333 0.0026  0.0031 0.956 0.00553 0.956 0.09 0.505 0.1693  0.00025 0.993
200 0.0055 0.6765 0.0022  0.0033 0.958 0.00553 0.958 0.0828 0.505 0.2116  0.00023 0.991
Temperature (K)
303 0.0047 0.6038 0.0018  0.0029 0.943 0.00484 0.942 0.1541 0.327 0.2461 0.00021 0.993
313 0.0055 0.9368 0.0027  0.0028 0.945 0.00553 0.945 0.0982 0.528 0.1666 0.00022 0.996
323 0.0059 1.2857 0.0033 0.0026  0.968 0.00599 0.968 0.0843 0.764 0.1083  0.00028 0.998
333 0.0057 1.6277 0.0035 0.0022  0.947 0.00576 0.947 0.1088 0.492 0.1316  0.0002  0.997
343 0.0051 2.000 0.0034 0.0017 0.959 0.00507 0.959 0.0693 0.679 0.1017 0.00024 0.998

the bulk to the external surface of the particle. Therefore, the
rate-determining step may be either surface or intra-particle dif-
fusion. As they happen simultaneously, the slower one of the
two stages would be the rate-determining step. The intra-particle
diffusion rate varies with the square root of time [3] as shown
below

g1 = kiat'’? (12)

t=time (min) and
1/2)'

where ¢;=amount adsorbed (mg/g),
kiq = intra-particle diffusion coefficient (mg/g min

The k;jq values are determined from the slope of the linear plot
between ¢, versus 7/> and the result for different experiments
are shown in Table 3. From R? values, it can be concluded that
the process is pore diffusion controlled.

The initial curved portion of the curve (Fig. 2) relates to the
surface diffusion (D7) and the linear portion represents the intra-
particle diffusion (D;) within the adsorbent. Assuming spherical
geometry of the adsorbent particles, the relationship between
weight uptake and time using Fick’s law can be shown as:

1/2
@ _o( )"0
qe na?

D1 can be calculated from the slope of the plot between g;/g.
versus #1/2 for the initial curved portion. For calculation of D5,
following equation can be used,

6 Dyt
n(1-5) = () - (%)
qe Y a

13)

(14)
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Table 3
Mass transfer model parameters
Parameter kid R? D; x 10712 R? D, x 10712 R?
pH
1.7 3.0447 0.985 0.1167 0.9809 0.3926 0.9477
2 2.1376 0.9051 0.0544 0.7581 0.3271 0.8866
2.5 0.1407 0.646 0.0449 0.8499 0.4871 0.9445
3 0.5313 0.9734 0.0689 0.899 0.4071 0.9696
4.5 0.0768 0.8926 0.7158 0.8314 0.3489 0.9695
Adsorbate concentration
400 2.8013 0.9948 0.1036 0.9882 0.3344 0.9195
450 29152 0.9883 0.0861 0.9874 0.3344 0.9334
500 3.0447 0.985 0.1167 0.9809 0.3927 0.9477
550 491 0.9867 0.3668 0.868 0.3998 0.9356
600 3.7981 0.9749 0.0912 09113 0.3489 0.8736
650 3.6162 0.9863 0.1594 0.9385 0.3344 0.8624
700 3.5691 0.9692 0.0504 0.9025 0.2835 0.8858
Adsorbent concentration
0.8 3.9915 0.9953 0.1046 0.9207 0.3635 0.8975
1.2 4.1303 0.9853 0.0265 0.7629 0.3199 0.9332
1.6 3.922 0.9953 0.0673 0.9856 0.3344 0.9342
2 3.0447 0.985 0.1167 0.9809 0.3926 0.9477
2.4 2.7831 0.9739 0.0593 0.9864 0.3780 0.9163
Particle size
54 3.0447 0.985 0.0018 0.9809 0.39257 0.9477
98 3.3456 0.9735 0.0075 0.9916 1.45064 0.9515
135 2.5855 0.9536 0.0167 0.9864 2.9594 0.9334
174 2.6898 0.9636 0.0296 0.8073 5.14344 0.9572
221 2.27 0.9779 0.0423 0.9914 7.802 0.9388
313 1.8916 0.9731 0.0471 0.9643 11.6008 0.9047
Stirring speed
600 3.0447 0.985 0.1167 0.9809 0.3926 0.9477
500 3.1162 0.9878 0.1289 0.9767 0.4144 0.9263
400 3.1162 0.9878 0.1452 0.9767 0.4144 0.9263
300 3.1162 0.9878 0.1594 0.9767 0.4144 0.9263
200 3.1162 0.9878 0.1884 0.9767 0.4144 0.9263
Temperature
30 2.7842 0.9919 0.0319 0.9211 0.3635 0.9209
40 2.7354 0.9895 0.0585 0.9942 0.4071 0.9012
50 2.6027 0.9777 0.245 0.9835 0.6979 0.9747
60 3.018 0.9954 0.2554 0.9974 0.4071 0.9043
70 2.7021 0.9868 0.0917 0.8903 0.3344 0.9562
D> can be calculated from the slope of the curve between Freundlich isotherm
In (1 — g4/ge) versus t. The values of Dy and D for different
adsorption parameters are shown in Table 3. From Table 3, Inge = Ink¢ + b InCe (15)
it is observed that the.Dl values are always less than that where k¢ = adsorption capacity and by = empirical parameter.
of the?, Dz. values. So it can be COIlCll.lded thz'it 'the surface Langmuir adsorption isotherm
diffusion is the rate controlling mechanism, as it is the slow-
est rate. A similar study has been reported by Karthikeyen % _ 1 + & (16)
et al. [3] for Cr(VI) adsorption using activated carbon. With qe 0% = Q¢

increase in stirring speed, both Dy and D, values were
increased.

3.11. Adsorption isotherm

Experimental data are fitted to different isotherm models such
as Freundlich, Langmuir and Temkin adsorption isotherms. The
linearized form of the three different isotherms are shown below.

where Q° = adsorption capacity and b =empirical parameter.
Temkin isotherm

RT
de = 7 InA =+ BlnCe (17)

where A and B are constants and characteristics of the process.
The results are shown in Table 4. The average absolute
percentage deviations are also included in Table 4, which are
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Table 4
Adsorption isotherm

Parameters Langmuir isotherm

Freundlich adsorption isotherm

Temkin adsorption isotherm

Qo b R? (ge)Exp (ge)cal %Desv. bt ke R? (ge)Exp  (ge)cal %Desv. A b R? (ge)Exp  (ge)cal %Desv.
pH
1.7 16.75 0.0063 0.75 184 85.7523.42 —1.71 959339 0.9005 183.982 205.068 25.8 0.0018 —18.63 0.991 183.982 193.01 12.953
2 1479  73.81 147.919 96.4559 147.919 134.64
2.5 4542 27.27 454214 28.9624 454214 41.552
3 30.86 26.18 30.8564 25.7125 30.8564 32.342
4.5 17.94 25.38 17.9363 23.2857 17.9363 24.671
Adsorbate concentration
400 227.3 0.0264 1 156.2 158.6 1.887 0.193 68.422 0.9142 156.241 161973 197 1.1966 71.763 0.925 156.241 161.66 1.9706
450 171.3 168 171.255 168.517 171.255 168.81
500 184 176.6 183.982 175.33 183.982 175.95
550 1839 188.1 183.917 186.548 183.917 187.14
600 1914 1935 191.438 192.966 191.438 193.24
650 197.1 1979 197.083 199.164 197.083 198.94
700 205.1 201 205.106 204.005 205.106 203.27
Adsorbent concentration
0.8 322.6 0.0102 099 247.3 2434 2.611 034 35.009 0.9867 247.35 243.888 1.2192 0.1089 35.942 0.973 24735 24242 1.8579
1.2 2236 2264 223.612 222.84 223.612 224
1.6 199.1 209.2 199.105 205.076 199.105 207.03
2 184 184.9 183.982 184.078 183.982 184.98
2.4 167.9 160.1 167.928 165.744 167.928 163.56
Particle size
54 73.53 0.0107 0.96 184 2534 1192 —0.74 7161.7 0.9499 183.982 194.864 4.2023 0.0012 —24.33 0.983 183.982 188.79 2.4126
98 162.7 158.8 162.717 158.571 162.717 160.16
135 150.2 138.7 150.223 143.662 150.223 146.44
174 138 126.4 137.957 131.878 137.957 134.55
221 118 114 117.95 116.817 11795 117.71
313 98.75 106.5 98.75  105.68 98.75  103.79
Stirring speed
600 106.4 0.0171 0.99 184 191.2 —0.59 —0.51 2295 0.9873 183.982 185.985 0.924 0.0008 —29.61 0.995 183.982 185.15 0.6129
500 173.8 1727 173.75 172.694 173.75 173.02
400 163.8 161.1 163.75 162.083 163.75 162.64
300 156.3 154.7 156.25 155.275 156.25 155.61
200 143.8 1469 143.75 145.589 143.75 145.07
Temperature
303 108.7 0.0198 0.99 136.8 139.9 4.8 —046 1723.7 0.9703 136.75 140.661 2.159 0.0007 —32.28 0.986 136.75 13991 1.493
313 163 153.1 163 158.888 163 160.28
323 180 170 180 175.681 180 177.08
333 191.3 190.6 191.25 190.496 191.25 190.62
343 200 219.6 200 205.234 200 203.09

calculated for each isotherm at different parameters according
to the following equation:

N

%Desv. = 100 x iz Gederp — (@elprea (18)

NS @y |,
where (ge)exp and (ge)pred are the experimental and predicted
equilibrium adsorption capacity (mg/g) of the adsorbent, respec-
tively. It is concluded from %Desv. and R” values that the
isotherm model can be explained by Temkin model. The by val-
ues are found to be between 0.1 and 1, which proved that the
reaction is favorable.

The number of stages/batch reactor required for removal of
Cr(VI) was calculated from equilibrium curve [14] obtained
from the plot between experimental C and g, values at 35°C
and pH 1.7. The operating line was drawn which was passing

through the point (Cp 500 mg/l, go 0.0 mg/g) and having slope
Vo/Xo is —1/2 where V is the volume of solution used (0.251)
and X is the mass of the adsorbent (0.5 g) taken for the adsorp-
tion studies. Fig. 8 shows the adsorption isotherm. From Fig. 8,
it can be concluded that in three stages the Cr(VI) concentration
can be reduced from 500 to <1 mg/l in three stages.

3.12. Factorial design and optimization of parameters

In order to obtain the optimum conditions for adsorption of
Cr(VI) on the treated weed, a full factorial design of the type
nk has been used, where n=number of levels and k = number
of factors under verification. Here, time, pH and temperature
are chosen as three independent factors/variables (k=3 and
n=2) and the percentage of adsorption as the dependent out-
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Fig. 8. Number of stages.

put response variable. A 23 full-factorial experimental design
[15] with number of 3 triplicates at the center point and thus a
total of 11 experiments were employed in this study. For statis-
tical calculation of the base level, which is the average of the
two levels are calculated using the following relation:

_ (Xi — Xo)

i 19
x e (19)

The behavior of the system was explained by the following
equation

Y = bo + bix1 + baxy + b3xz + braxix2 + bazxox3
+b31x3x1 + b123X1X2X3 (20)

where by, by, . . ., b123 are the regression interaction coefficients
of the concerned variables and x1, x, and x3 are the dimensionless
coded factor affecting the process. Here x; =time, x, =pH and
x3 =temperature. The factorial levels and variation interval of
the coded factor are shown in Table 5.

The parameters varied are time (5—15 min) pH (1.6-1.8) and
temperature (30—40 °C). The variable parameters in two levels,
their coded values and the condition for the base level experi-
ments are given in Table 6. The 4+, — and 0 designations are given
to the higher, lower and base levels, respectively. The coefficients
are calculated using the following equation:

N
1
b; = N;xijyi (21)

Table 5
Factorial levels and variation intervals

Factors —1 0 1 Variation interval
X1 5 10 15 5

X 1.6 1.7 1.8 0.1

X3 30 35 40 5

x1 =Time in min, x, =pH and x3 =temperature in °C

Table 6

Design of trial runs (in coded form) for adsorption of Cr(VI)

Trial no. X1 X2 X3 X1X2 X2X3 X3X] X1X2X3 Y
1 + + + + + + + 38.84
2 — + + . + — — 35.94
3 + — + - - + - 51.13
4 — — + + — + 45.95
5 + + - + — — - 35.38
6 - + - — - + + 27.03
7 + — — — + — + 41.43
8 — - — + + + — 35.43
9 0 0 0 0 0 0 0 27.14

10 0 0 0 0 0 0 0 27.1

11 0 0 0 0 0 0 0 27.15

where ‘i’ and ‘j’ are the number of rows and columns, respec-
tively. The “b” values are obtained by using experimental results
in the regression Eq. (21). Putting the ‘b’ values, Eq. (20)
becomes

Y =38.89 + 2.8x; —4.593x, + 4.074x3 + 0.0088x x>
—0.981xx3 — 0.784x3x7 — 0.579x1x2x3 22)

The significance of each coefficient was assessed using
the Student’s ¢ method [17] and the insignificant terms were
neglected from Eq. (20). Fisher’s adequacy test [16] at 99%
confidence level was used to test the regression equation and it
was observed that the following equation was adequate:

Y =38.89 +2.8x1 —4.593x2 +4.074x3 — 0.981x2x3  (23)

From the factorial design, the optimum adsorption param-
eters obtained are time=10min, pH=1.7 and temperature
=35°C.

3.13. Column studies

Up-flow column studies were conducted at optimum parame-
ters, such as retention time, 10min; pH, 1.7; temperature, 35 °C
obtained form the factorial design method to evaluate Cr(VI)
removal from the solution using the prepared adsorbent. The col-
umn contains 50 g of material. The lower breakthrough point was
obtained at an effluent concentration of 0.1 mg/l (Cr(VI)), as itis
the permissible limit for drinking water [17]. The higher break-
through point relates to complete saturation of the adsorbent
material. The number of bed volume is defined as the volume of
solution treated/volume of adsorption bed. The lower and higher
breakthrough points are observed to be 210 and 1220 bed volume
for initial Cr(VI) concentration of 100mg/1 at an initial pH of 1.7.
The value of 210 bed volume at lower breakthrough point indi-
cates that the material is suitable to treat Cr(VI) contaminated
water. The higher breakthrough point was observed to be 1220,
which indicates the maximum uptake value to be 156 mg/g of
adsorbate.

The adsorption capacity of the present adsorbent was com-
pared with other similar adsorbents for Cr(VI) reported in
literature. The comparison is shown in Table 7, from which it can
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Table 7

Comparison with other adsorbents

Adsorbent Uptake capacity pH Initial concentration (mg/1) Reference
Aeromonas cavae 124.46 2.5 5-350 [11]
Chlorella vulgaris 24 2 25-250 [18]
Zooglera ramigera 3 2 25-400 [18]
Halimeda opuntia 40 4.1 25-400 [18]
Rhizopaus arrhizus 62 2 25-400 [19]
Rhizopaus arrhizus 8.8 2 [18]
Rhizopaus nigrificans 123.45 2 50-500 [20]
Sargassum 40 2 [21]
Spirogira 14.7 2 25 [22]
Pinus sylvestris 201.81 1 50-300 [23]
Hazelnut shell activated carbon 170 1 1000 [24]
Tyres activated carbon 58.50 2 60 [25]
Coconut shell carbon 20 2 - [26]
Coconut shell carbon 10.88 4 25 [27]
Sawdust activated carbon 44.05 2 200 [3]
Thermally activated weed 247 1.7 500 Current study

be concluded that the present adsorbent is efficient in treating
Cr(VI) contaminated water.

4. Conclusions

The activated carbonized biomass was found to be a good
adsorbent for Cr(VI). Results showed that the initial part of
the adsorption process confined only to surface adsorption and
the slower kinetics may be due to intra-particle diffusion. The
pseudo-second-order kinetics could explain the observed data.
The adsorption isotherm followed Temkin model. From the
adsorption isotherm curve, the theoretical number stages were
determined to reduce the Cr(VI) concentration to the prede-
termined level. The FTIR showed the anionic bonding with
the chelate forming part of the adsorbent. Optimization stud-
ies were also carried out by varying only three parameters such
as pH, contact time and temperature to find out the significant
factor by the help statistical technique. Column studies were
also carried out to evaluate the suitability of the adsorbent in
treating Cr(VI) contaminated water and the maximum uptake
of Cr(VI) observed to be 156 mg/g of the adsorbent at a flow
rate of 3.61/h, pH 1.7, biomass weight 50 gm and adsorbate
concentration 100 mg/1.
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