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ABSTRACT

The adsorption of Pb(Il), Ni(Ill), and Cr(VI) ions onto Rhizoclonium tortuosum (RT) was
investigated in a batch mode operation. The two parameter (Langmuir and Freundlich) and
three parameter models (Redlich-Peterson and Sips isotherm model) were used to depict
the adsorption of metal ions onto R. tortuosum. Sips isotherm model was provided the best
fit to the adsorption equilibrium data. The adsorption kinetics was described by the
pseudo-first-order, pseudo-second-order, and Elovich kinetic models. The pseudo-second-
order model provides the best fit. The maximum monolayer adsorption capacity of the RT
were found to be 66.08, 85.09, and 61.45 mg/g for Pb(l), Ni(Il), and Cr(VI), respectively.
The thermodynamic results showed that the adsorption process was endothermic, feasible,
and spontaneous in nature. The ability of RT to remove the Ni(Il) ions in column studies
was explored. The effect of bed height, flow rate, and initial Ni(II) ion concentration were
studied. The dynamic behavior of the column performance was studied using the bed
depth service time (BDST) and Thomas models. This research was also further extended to
treat the nickel contaminated plating industrial wastewater. The results showed that the
RT can be utilized as better biosorbent for the removal of metal ions from industrial
wastewater.

Keywords: Adsorption; Fixed bed column; Isotherms; Kinetics; Rhizoclonium tortuosum;
Thomas model

1. Introduction

Heavy metal pollution has become the most impor-
tant environmental problem today. The main reason for

*Corresponding authors.

the water pollution is because of the rapid growth of
industries, environmental changes, and anthropogenic
activities. Rapid development of several industries such
as tannery, fertilizer, metal plating, leather, fuel produc-
tion, paints, coal, paper, galvanizing, non-ferrous alloys,
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mining, metallurgical, photography, dyes, electroplat-
ing, battery, and pigment industries are the major
sources for the heavy metal pollution [1,2]. These indus-
tries discharge the numerous metal ions directly into
the water streams. Heavy metals such as lead, nickel,
chromium, zinc, copper, and cadmium are stable, car-
cinogenic, bioaccumulation, non biodegradable, and
may accumulate in micro-organism. Among these, Pb
(I and Ni(I) and Cr(VI) ions are deemed to be highly
toxic [3,4]. The source, effects of these heavy metals and
their maximum contamination level is shown in Table 1.
These heavy metals are reported as priority pollutants
which can be easily enter into the human food chain
due to their toxicity and mobility. These heavy metals
causes serious health problems which includes lung
irritation, skin irritations, diarrhea, kidney damage, der-
matitis, bone cancer, headache, liver damage, nervous
system problem, and vomiting to humans [5]. Normally
industrial wastewater contains Pb(II), Ni(II), and Cr(VI)
metal ions in the range of 5-15 mg/L, 2-200 mg/L, and
0.5-270 mg/L, respectively. The legal limits of Pb(Il),
Ni(II), and Cr(VI) ions concentration for drinking water
and surface water is 0.05 and 0.1 mg/L, 0.01 and
2mg/L, 0.05 and 0.2 mg/L, respectively [6]. Conse-
quently, controlling the discharge amount of Pb(II), Ni
1), and Cr(VI) ions from the industrial effluent is much
more important for human health. Several conventional
methods have been employed for the removal of heavy
metals from aqueous solution which includes chemical
precipitation, electrodialysis, membrane separation,
chelation, reverse osmosis, ion exchange, and ultrafil-
tration [7-9].

These methodologies have several drawbacks such
as cost expensive, sludge disposal problems, low
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efficiency, and time-consuming process [10-12].
Biosorption is the promising technology for the effective
removal of heavy metals from aqueous solution. This
biosorption process has several advantages compared
to other metal remediation process such as high effi-
ciency performance at low concentration, low-cost oper-
ation, no sludge formation, and easy handling process
[13]. Many researchers have been stated that the fresh-
water and marine algae as good adsorbent material for
the sequestration of heavy metals from aqueous solu-
tion. Algae are the low-cost naturally available adsor-
bent material and have remarkable metal uptake
capacity. Algae plays a significant role in the adsorption
process, the cell wall of the algae is composed of
polysaccharides, proteins, and lipids. Several functional
groups such as amino, hydroxyl, carboxyl, and sulfate
present on the cell wall of the algae that assist the heavy
metal adsorption by electrostatic attraction [14-17].

In this present study, Rhizoclonium tortuosum (RT)
species have been used as biosorbent for the removal
of Pb(II), Ni(Il), and Cr(VI) ions from aqueous solu-
tions. The objective of the present research work is to
develop a low-cost adsorbent (R. torfuosum) for the
effective removal of metal ions from aqueous solu-
tions. Biosorption of Pb(Il), Ni(Il), and Cr(VI) ions in
batch adsorption experiment were carried out and the
process parameters such as solution pH and tempera-
ture were optimized. The experimental data were
applied to the two-parameter (Langmuir and Fre-
undlich) and three-parameter (Redlich-Peterson and
Sips) adsorption isotherm models to check the
biosorption process. The adsorption kinetic studies
were carried out using pseudo-first-order, pseudo-sec-
ond-order, and Elovich kinetic models. The thermody-

Table 1
Source, effects, and maximum contamination level of Pb(II), Ni(I), and Cr(VI) ion contaminations
Heavy
S.no. Industry metal Toxicity MCL (mg/L)
1 Paints and pigments, batteries, Lead (Pb) Damages in nervous system, 0.006
electronics, fertilizers, alloy and circulatory system, kidney damage,
steels, sewage sludge, paper Alzheimer’s disease, and decreased
and pulp, and landfill leachate bone growth
2 Alloy and steels, batteries, electroplating, Nickel (Ni) Dermatitis, asthma, cancer risk, 0.20
electronics, mining, sewage sludge, respiratory disorders, neuronal
paper and pulp, and landfill leachate disorder, and metal fume fever
3 Electroplating, paints and pigments, Chromium Lung cancer, bone cancer, diarrhea, 0.05

electronics, mining, fertilizers, sewage (Cr)
sludge, landfill leachate, leather, photography,

and tannery

damage of kidney, liver, nervous
system,

skin irritation, dermatitis,
mutagenicity, and carcinogenicity

Note: MCL—maximum contamination level.
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namic studies were also investigated for the adsorp-
tion process. The column design parameters such as
bed height, flow rate, and initial metal ions concentra-
tion were optimized which explored the adsorption of
NidI) ions in the fixed bed column.

2. Materials and methods
2.1. Collection and preparation of biosorbent

Selected algae species—R. tortuosum (RT) were col-
lected from pond, wells, and pools of water near
Dharmapuri, Tamilnadu, India. The algae biomass
(RT) was expansively washed with distilled water to
remove the impurities such as sand and other debris.
The washing was continued two to three times to
remove the impurities entirely from the algae species.
Then the washed algae biomass (RT) was completely
dried under the sunlight for 10 d. After drying, the
biomass material was grounded into fine powder. This
ensuring material was further treated with 0.1 N HCI
for about 5h in orbital shaker at 150 rpm. Then the
dehydrated algae biomass (RT) was washed with dis-
tilled water to remove the excess acid content in the
algae biomass. Finally, the obtained adsorbent material
(RT) was dried in the hot air oven at 60°C for about
24 h. The resulting adsorbent material (RT) was used
as a biosorbent with an average particle size of
0.7 mm for the effective removal of Pb(Il), Ni(II), and
Cr(VD) ions from the aqueous solutions.

2.2. Characterization techniques

The surface morphology of the algae species (RT)
were characterized by Fourier transform infrared spec-
troscopy (FTIR) and scanning electron microscopy
(SEM). The interaction between the chemical bonds
and the metal ions on the surface of the adsorbent
material (RT) was examined using FTIR within the
range of 450-4,000 cm !, The surface structure and
morphology of the adsorbent material were character-
ized by SEM analyses under an accelerating voltage of
10 kV.

2.3. Adsorbate

Lead nitrate (Pb(NO3),), nickel sulfate hexahydrate
(NiSO47H,0), and potassium dichromate (K;Cr,Oy)
were supplied from E. Merck, India. The stock solu-
tion of Pb(Il), Ni(II), and Cr(VI) ions were prepared by
dissolving the measured quantities of salts such as Pb
(NO3),, NiSO47H,0, and K,Cr,0O5, respectively, in the
distilled water. The experimental solutions of different
desired concentrations of metal ions were obtained by
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diluting the stock solution with the distilled water.
The pH of the solution was adjusted using 0.1 M
NaOH or 0.1 M HCI.

2.4. Analytical techniques

The concentration of Pb(II), Ni(II), and Cr(VI) ion
solution before and after adsorption was measured
using an atomic absorption spectrophotometer (AAS)
(SL 176 Model, Elico Limited, Chennai, India). To
improve the accuracy of the estimating metal ion con-
centration, the samples were diluted using distilled
water whenever it is necessary. The pH of the solution
was measured with a pH meter using a combined
glass electrode.

2.5. Batch adsorption studies

The adsorption efficiency of the algae biomass (R.
tortuosum) was examined by conducting the batch
adsorption experiment. Adsorption experiments were
performed to calculate the percentage removal of Pb
(I, NidD, and Cr(VI) ions from the aqueous solution
by varying the temperature. The pH of the solution
was measured with a pH meter using a combined
glass electrode and the solution pH was adjusted
using 0.1 M HCl or 0.1 M NaOH. In each experiment,
the requisite amount of adsorbent (RT) were added
into the 100 mL of Pb(II), Ni(II), and Cr(VI) metal ion
concentration in the 100 mL of an Erlenmeyer flask
and the flasks were placed in a temperature-controlled
shaking incubator (25°C) and agitated at 150 rpm with
different time intervals. The Pb(II), Ni(II), and Cr(VI)
metal ion concentration in the supernatants were cal-
culated using an AAS (SL 176 Model, Elico Limited,
Chennai, India). The measured data from the batch
adsorption studies were used to calculate the
percentage removal of metal ions by using the follow-
ing formula:

Co — Ce

c x 100 ¢))

% Removal of metal ion =

where C, and C. are the initial and final or
equilibrium concentrations (mg/L) of metal ions in
the solution, respectively.

2.6. Adsorption equilibrium experiments

The adsorption equilibrium experiments were
carried out by shaking the solution of desired initial
Pb(II), Ni(II), and Cr(VI) metal ion concentrations with
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an finest adsorbent dosage in a series of 100 mL
Erlenmeyer conical flasks at the pH in the range of
3.0-4.5 for Pb(I) and Ni(I) ions, 2.0-3.5 for Cr(VI)
ions at the temperature of 25°C. The conical flasks
were shaken in a shaking incubator at an equilibrium
contact time. After the equilibrium level was attained,
the flasks were withdrawn from the shaking incuba-
tor. The metal ion concentration of Pb(II), Ni(II), and
Cr(VI) ions in the supernatant was measured using an
AAS (SL 176 Model, Elico Limited, Chennai, India).
The quantity of metal ions adsorbed onto the biosor-
bent at equilibrium, g. (mg/g), was estimated using
the following formula:

o GGV o
m

where g. is the adsorption capacity at equilibrium
(mg/g), V is the volume of metal ions solution (g), C,
is the initial concentration of metal ions (mg/L), C. is
the equilibrium concentration of metal ions (mg/L) in
the solution, and m is the biosorbent dosage (g). The
two parameter (Langmuir and Freundlich) and three
parameter (Redlich-Peterson and Sips) adsorption iso-
therm models have been used to fit the adsorption
equilibrium data. The nonlinear regression analysis
was performed to calculate the parameters such as R
and error values using MATLAB R2009a software.
The adsorption isotherm results provide the informa-
tion on the design of a batch adsorption system and
also to check the types of adsorption process.

2.7. Adsorption kinetic experiments

The adsorption kinetic experiments were per-
formed in a 100-mL Erlenmeyer conical flask. The
flask contains 100 mL of metal ion concentration (250-
1,000 mg/L) with the finest adsorbent (RT) at different
contact time in the range of 5-70 min and the pH in
the range of 4.5 for Pb(Il) and Ni(I), 2.0 for Cr(VI)
ions. The flasks were placed in a temperature-con-
trolled shaking incubator at the temperature of 25°C.
After the equilibrium level was attained, the flasks
were withdrawn from the shaking incubator. The
metal ion concentration Pb(II), Ni(II), and Cr(VI) ions
in the supernatant was measured using an AAS (SL
176 Model, Elico Limited, Chennai, India). The
amount of metal ions adsorbed onto the adsorbent at
different time intervals g; (mg/g) was calculated using
the following formula:

g = W ®)
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where g, is the amount of metal ions adsorbed onto
the adsorbent at any time t (mg/g), C, is the initial
concentration of metal ions (mg/L), C; is the concen-
tration of metal ions in the solution measured at time
t (mg/L), V is the volume of the metal ions solution
(L), and m is the mass of the adsorbent (g).

The adsorption isotherm experimental data were
used to determine the rate of adsorption and the rate
controlling mechanism of the metal ions removed
from aqueous solution. The experimental data were
fitted with pseudo-first-order, pseudo-second-order
and Elovich kinetic models.

2.8. Thermodynamic study

The adsorption process can be explained by ther-
modynamic parameters such as Gibbs free energy
change (AG®, kJ/mol), enthalpy change (AH", kJ/mol),
and entropy change (AS°, kJ/mol). The thermody-
namic parameters can be calculated from the
following equations:

o CAe

K. C. 4)
AG° = —RT In K, 5)
AG®° = AH® — TAS® (6)
log K. = AS AH @)

T 2303R  2.303RT

where C,. is the amount of metal ion adsorbed on the
adsorbent per liter of solution at equilibrium (mg/L),
Ce is the equilibrium concentration of metal ions in
the solution (mg/L), T is the temperature (K), K. is
the equilibrium constant, and R is the gas constant
(8.314 J/mol/K). The values of AH® and AS° were cal-
culated from the slope and the intercept of the plot of
log K. vs. 1/T (Van’t Hoff plot).

2.9. Column studies

Continuous flow adsorption experiments were car-
ried out in a glass column. The column was designed
with an internal diameter of 3 cm and a height of
30 cm was used for the present adsorption studies.
The 1.5 mm diameter of glass beads were placed at
the base of the column to reach a height of 2 cm in
order to provide the uniform inlet flow of the solu-
tions. A 0.5 mm stainless sieve followed by glass wool
was provided at the bottom of the column to support
the packing. In the top of the column 0.5 mm stainless
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Fig. 1. Schematic diagram of a continuous adsorption column.

sieve of adjustable plunger was placed in order to
support the column packing. Fig. 1 shows the sche-
matic diagram of a continuous adsorption column. A
known quantity of biosorbent was placed inside the
column to attain the desired bed heights. Ni(Il) ion
solution of known concentration was pumped upward
through the column at a desired flow rate by a peri-
staltic pump (PP40, Miclins). The effluent flow to the
column was continued until there was no further
adsorption. The samples were collected from the exit
of the column at different time intervals. The
concentration of Ni(Il) ions in the sample was deter-
mined using an AAS (SL 176 Model, Elico Limited,
Chennai, India).

2.10. Industrial effluent treatment

The untreated raw effluent was collected from plat-
ing industry in Chennai, India. The effluent was cho-
sen such that it contains mainly nickel with significant
amounts of other heavy and light metals. The pH of
the solution was not adjusted, unless otherwise stated.
The characteristics of effluent are listed in Table 2. The
collected wastewater was treated using the algae bio-
mass—R. tortuosum (RT) in a column adsorption
experiments.

Table 2

Characteristics of plating industry effluent

Parameters Units Values

pH @ 25°C - 3.34
Conductivity uS/cm 72,700
Suspended solids mg/L 1,000

BOD (3d @ 27°C) mg/L 268

COD mg/L 604

Total hardness (as CaCO3) mg/L 1936

Nickel (as Ni) mg/L 120

Lead (as Pb) mg/L BDL (D.L-0.05)
Copper (as Cu) mg/L BDL (D.L-0.1)
Chloride (as Cl) mg/L 7,395

Iron (as Fe) mg/L BDL (D.L-0.1)
Sulfate (as SOg4) mg/L 27,722
Sodium as Na mg/L 780
Potassium mg/L 50

Note: BDL—below detectable limit (detection limit).

3. Results and discussion
3.1. Characterization of R. tortuosum

Algae species—R. tortuosum (RT) have been used
as the biosorbent for the removal of Pb(II), Ni(II), and
Cr(VID) ions from the aqueous solution. The biosorbent
was characterized by FTIR and SEM analyzes.
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Adsorption process is a surface phenomenon and it is
depends on the surface characteristics of the
adsorbent. These characteristics study clearly showed
that RT has sufficient adsorption capacities for Pb(Il),
Ni(II), and Cr(VI) metal ions removal from aqueous
solutions.

3.2. Fourier transform infrared spectroscopy (FTIR)
analysis

The adsorption characteristics of algae species—R.
tortuosum (RT) fully depends on the chemical reactiv-
ity of the functional groups present at the surface. The
functional groups such as carboxyl, hydroxyl, and
amine groups were capable for adsorbing the metal
ions from the aqueous solutions. The FTIR technique
was used to identify the various functional groups

%T

3402.3

3371.3
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present on the surface of the adsorbent material (RT)
and the interaction between the metal ions and the
chemical bounds on the surface of the adsorbent were
identified using the FTIR technique. Fig. 2(a) and (b)
shows that the FTIR spectroscopy analysis of the R.
tortuosum (RT) before and after the adsorption. FTIR
analysis was carried out using attenuated total reflec-
tance in the range between 450 and 4,000 cm .
Fig. 2(a) shows the FTIR analysis of algae biomass RT
before the adsorption. The intense broad band is
observed at 3,401 cm™ ! is assigned to the O-H car-
boxylic acid stretching vibration of water and alcohol
and the broad band at 1,651.34 and 2,924.87 cm™! is
due to N=H amine binding vibrations and alkyl
groups, respectively. The broad band at 1,141.26 cm™"
could be assigned to the C=H vibration of the alkane’s

groups.

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
cm-1

Fig. 2. (a) FT-IR spectrum of before biosorption, (b) after biosorption of Ni(II) ions, (c) SEM image of RT before biosorp-

tion, and (d) after biosorption of Ni(Il) ions.
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Fig. 2. (Continued).

An adsorption peaks at 1,113.06 and 1,059.39 cm™*
representing the alcoholic C-O stretching vibration.
The broad band is observed at 712.03 cm™' was con-
firmed that the presence of water in the adsorbents.
FTIR analyses showed that the presence of large
amounts of water in the RT which indirectly shows
the presence of alcoholic and alkyl groups. Fig. 2(b)
shows that the Ni(ll)-adsorbed algal biomass (RT).
The spectrum displayed similar features as shown in
Fig. 2(a). However, the carboxylic O-H stretching
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vibration at 3,402.3 cm ! was shifted to 3,371.3 cm ™!
indicating that the carboxyl functional group plays a
major role for the biosorption over the other func-
tional groups. The above changes after Ni(Il) adsorp-
tion illustrate that the carboxylate, amino, alkane,
alcoholic, and hydroxyl groups were interacted with
protons or metal ions. The results confirmed that the
algae species (RT) has more potential adsorption
capacities for the removal of Ni(Il) ions from aqueous
solutions.
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3.3. SEM analysis

The surface structure and morphology of the
adsorbent material were identified using SEM. SEM
analysis is an important tool that can be used for illus-
trate the particle size and porous structure of the
adsorbent (RT). Fig. 2(c) and (d) shows the SEM
images of algae biomass (RT) before and after Ni(II)
ion adsorption. Biosorption mainly depends on the
number of pores on the surface of the adsorbents [18].
Large cavities and more pores are the important fac-
tors for the absorption of metal ions. Fig. 2(c) clearly
shows that more number of pores were available on
the surface of the algae biomass. After the adsorption
process, the layers were shirked, the surface of the
adsorbent materials (pores) were covered by white
patches (Ni(I) ions), i.e. the metal ions were adsorbed
on the surface of the adsorbent material (RT) from the
liquid phase as shown in Fig. 2(d). SEM analyses con-
cluded that the adsorbent material (RT) has more
potential for the uptake of Ni(Il) ions from the
aqueous solutions.

3.4. Effect of biosorbent dose

Batch biosorption studies on effect of adsorbent
dose were conducted with RT in different biosorbent
dose, from 0.2 to 1.4 g/L in a 100-mL solution contain-
ing 100 mg/L of metal ions at pH 4.5 for Pb(Il) and
Ni(Il) ions and pH 2.0 for Cr(VI) ions, for a contact
time of 60 min and at 25°C. The biosorption system
was then shaken in a rotary shaker then filtered, and
the filtrates were analyzed using the spectrophotome-
ter. The biosorbent dose is an important parameter
which helps in the estimation of the amount of biosor-
bent for the given initial metal ion concentration. The
amount of available active sites for the biosorption
process depends on the amount of the adsorbent dur-
ing the adsorption process. The effect of biosorbent
dose on the metal uptake and the removal of metal
ions were shown in Figs. 3a and 3b, respectively. It
was observed that the amount of metal ions adsorbed
decreased with an increase in the quantity of dosage.
This behavior could be explained by the formation of
aggregates of the biomass at higher doses, which
decreases the effective surface area for biosorption.

At higher biosorbent dosages, the presence of
metal ions is inadequate to cover all the exchangeable
sites on the biosorbent which provides fewer uptakes
of metal ions onto the biosorbent. Further, it was
observed that the percentage removal of metal ions
was increased with the increase in biosorbent dosage.
The reason for the increase in percentage removal
with increase in biosorbent dose was attributed to the
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Fig. 3a. Effect of biosorbent dose on the biosorption of
metal ions onto RT.
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Fig. 3b. Effect of biosorbent dose on the uptake of metal
ions onto RT.

increase in the number of available active sites with
the increase in adsorbent dose and this reaches a con-
stant value finally which may be due to saturation of
the sites. Therefore, 1-g/L dose was selected as the
optimum biomass dosage for the present study.

3.5. Effect of temperature and thermodynamic studies

Batch adsorption studies were performed at differ-
ent temperatures of 25, 30, 35, and 40°C for Pb(Il), Ni
(II), and Cr(VI) ions at an optimum conditions to
study the adsorption of metal ions from the aqueous
solution. Effect of temperature plays an important role
for the adsorption process because the mechanism of
adsorption process is temperature dependent. Figs. 4a
and 4b shows the percentage removal and the metal
uptake of Pb(I), Ni(Il), and Cr(VI) ions at the pH of
4.5 for Pb(II) and Ni(II) ions, pH of 2.0 for Cr(VI) ions
and the biosorbent loading of 1g/L. The results
explored that the percentage and metal uptake of Pb
(ID, Ni(I), and Cr(VI) ions increased as the tempera-
ture increased from 25 to 40°C. With the increase in
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temperature, the pores in the surface of the adsorbent
material (RT) have to be increased.

Consequently the availability of active sites were
increased for the adsorption, diffusion, and penetra-
tion of heavy metals [19] Figs. 4a and 4b stated that
the adsorption of metal ions onto the adsorbent mate-
rials (RT) is an endothermic process because of the

100 P =
—= = —H
80 = - —0
o G o e
g 60
£ A—"ﬂ—’_—ﬂ—_—ﬁ
L.
e 40
2
e —o—Ph(ll)
20 =B~ Ni(l)
—A—Cr(Vl)
0
20 25 30 35 40 45
Temperature (°C)

Fig. 4a. Effect of temperature on the removal of metal ions
by RT.

120
g 100 & = £
E g . o —o
L . ¥
=
g_ 60 A 2 —A
2
8 —o—Pb(ll)
g 20 —B-Ni(ll)
—A—Cr(V1)
()}
20 25 30 35 40 45
Temperature (°C)

Fig. 4b. Effect of temperature on the biosorption capacity
of metal ions onto RT.
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Fig. 4c. Van't Hoff plot for the removal of metal ions by
RT.
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increase in pores in the surface of the algae biomass
(RT) or decrease in the layer thickness that surrounds
the adsorbents. However, a further increase in the
temperature could affects the adsorption process, it
was notably indicates that the biosorption is an
exothermic process which means adsorption capacity
is inversely proportional to the temperature, this
might be due to the weakening of adsorptive forces
between the active sites and the metal ions on the sur-
face of the adsorbent material [20]. The adsorption
process can be explained by thermodynamic parame-
ters such as Gibbs free energy (AG®, kJ/mol), enthalpy
(AH®, kJ/mol), and entropy (AS°, kJ/mol). Gibbs free
energy (AG®) are calculated from Egs. (11) and (12).
The standard enthalpy change (AH") and the standard
entropy change (AS®) were intended from the slope
and the intercept of the linear plot of log K. vs. 1/T
(Fig. 4¢).

Table 3 shows the thermodynamic parameters for
the adsorption of metal ions onto the adsorbent (RT).
The negative value of Gibbs free energy (AG®) is
increased with an increase in temperature from 25 to
40°C stated that more number of adsorption sites
(pores) were available at higher temperature, i.e. the
surrounding layers of the adsorbent material is
reduced as the temperature increased. The negative
value of Gibbs free energy (AG®) can conclude that the
adsorption of Ni(Il) ions onto the adsorbent material
(RT) is a spontaneous process [21]. The positive value
of standard enthalpy change (AH") indicated that the
adsorption of Ni(II) ion onto the algae biomass (RT) is
an endothermic process [22]. The positive value of
standard entropy change (AS°) showed that the
adsorption of Ni(Il) ions onto the algae biomass (RT)
is an enthalpy driven. The thermodynamic parameter
studies demonstrated that the algae species—R. fortuo-
sum (RT) have more capability for the adsorption of
Ni(II) ions from aqueous solution.

3.6. Adsorption kinetic studies

Adsorption kinetics plays a significant role on the
design of an adsorption system. The adsorption rates
of metal ions from the aqueous solution onto the
adsorbents were determined by adsorption kinetic
data.

Pseudo-first-order kinetic model [23] equation is
given as follows:

q: = qe(1 — exp(—kit)) (8)

where k; is the pseudo-first-order kinetic rate constant
(minY), ¢ is the time (min).
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Table 3
Thermodynamic parameters for the adsorption of metal ions onto RT

AG° (k]/mol)

Metal ions AH® (k] /mol) AS° (J/mol/K) 25°C 30°C 35°C 40°C
Pb(1I) 20.085 75.689 —4.736 -5.332 —5.940 —6.416
Ni(II) 123.959 436.746 —-0.511 —0.749 —0.968 -1.312
Cr(VD) 15.310 52.463 -1.780 —2.156 —2.569 —2.594

Pseudo-second-order kinetic model [24] equation is
given as follows:

E]gkzt

1= 1+ qckzt

©
where ¢ is the time (min) and k; is the pseudo-second-
order kinetic rate constant (g/mg min).

The Elovich kinetic model [25] equation is given as
follows:
qt = (1+ Pe) In(1 + opfet) (10)
where fg (g/mg) is the desorption constant related to
the activation energy of chemo sorption and ag is the
initial adsorption rate mg/(g min).

The experimental kinetic data provide the useful
information to understand the mechanism of the
adsorption process. Figs. 5a-5c shows the adsorption
kinetic results of Pb(I), Ni(I), and Cr(VI) ions at
various 1initial concentrations (250, 500, 750, and
1,000 mg/L).

Initially, the adsorption rate for all the metal ions
will be high because more number of active sites were
available at the starting period, which increase the
concentration gradient between the metal ions in the
solution and the surface of the adsorbent [26]. The
equilibrium time was increased with the increase of
initial metal ion concentrations, which provide a larger
driving force to overcome all mass transfer resistances
between the liquid and the solid phase [27]. The
adsorption kinetics of metal ions onto the adsorbent
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Fig. 5a. Adsorption kinetic model fits for removal of Pb(Il) ions by RT.
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Fig. 5c. Adsorption kinetic model fits for removal of Cr(VI) ions by RT.
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material (RT) was carried out using pseudo-first-order,
pseudo-second-order and Elovich kinetic models. The
pseudo-first-order kinetics constant (k;) and g., the
pseudo-second-order kinetic constant (k) and g, the
Elovich kinetic model constant (ag) and fr and the
parameters such as correlation coefficient values (R?)
and error values (sum of squared errors (SSE), root
mean squared values (RMSE)) were determined by
nonlinear regression analysis, using a MATLAB
R2009a software. Tables 4a—4c shows the predicted
kinetic parameter data for the Pb(II), Ni(Il) and Cr(VI)
metal ions.

The experimental results were used to identify the
best-fitted adsorption kinetic model. The calculated
adsorption capacity (geca) values were compared with
the experimental equilibrium adsorption capacity
(geexp) values of pseudo-first-order, pseudo-second-
order, and Elovich kinetic model of the algae biomass
(RT). The comparison statement clearly confirmed that
the calculated adsorption capacity (geca) Values of
the pseudo-second-order kinetic model were closer to
the experimental adsorption capacity (feexp) Vvalues.
The correlation coefficient values (0.9913, 0.9958, 0.995,
and 0.9969 at 250, 500, 750, and 100 mg/L, respec-
tively, for Pb(Il) ions and 0.993, 0.9905, 0.9911, and
0.9901 at 250, 500, 750, and 100 mg/L, respectively, for
NidI) ions and 0.998, 0.9971, 0.9958, and 0.9912 at 250,
500, 750, and 100 mg/L, respectively, for Cr(II) ions)
for the pseudo-second-order kinetics were superior
than the pseudo-first-order kinetic and Elovich kinetic

Table 4a

Kinetic parameters for the adsorption of Pb(Il) ions onto RT

25125

models. The pseudo-second-order kinetic data stated
that the adsorption process involves chemisorption
mechanism and the rate of site occupation is propor-
tional to the square of the number of unoccupied sites.
This result indicated that the pseudo-second-order
kinetic is the best-fitted adsorption kinetic model for
the adsorption of Pb(Il), Ni(Il), and Cr(VI) ions from
the aqueous solution onto the adsorbents.

3.7. Effect of pH and adsorption isotherm studies

The initial metal ion concentration plays a signifi-
cant role in the adsorption of metal ions onto the algae
biomass (RT). The initial concentration of Pb(II), Ni(II),
and Cr(V]) ions solutions were ranged from 250 to
1,000 mg/L. The isotherm experimental data (g. and
Ce) were fitted to the following adsorption isotherm
models such as two-parameter equations (Langmuir
and Freundlich equation) and three-parameter equa-
tions (Redlich-Peterson and Sips model).

Langmuir [28] adsorption isotherm model equation
is given by:

quLCe
.= 11
q 1+ K.Ce (an
where g, is the adsorption capacity at equilibrium
(mg/g), gm is the maximum monolayer adsorption
capacity (mg/g), Ky is the Langmuir equilibrium

Concentration of Pb(II) ion solution (mg/L)

Kinetic model Parameters 250 500 750 1,000
Pseudo-first-order equation Ky (min™) 0.05221 0.06376 0.07067 0.0804
Je,cal (Mg/g) 85.88 85.23 87.14 90.5
R® 0.9812 0.9888 0.9909 0.9927
SSE 145.4 88.81 77.16 69.01
RMSE 3.113 2.433 2.268 2.145
Pseudo-second-order equation k; (g/mg min) 0.00052 0.0007174 0.0008234 0.0009469
Je,cal (Mg/g) 64.01 66.88 69.99 74.25
Jeexp (ME/ Q) 59.35 64.49 68.82 73.62
R? 0.9913 0.9958 0.995 0.9969
SSE 67.53 33.7 42.74 29.43
RMSE 2.122 1.499 1.688 1.401
Elovich kinetic equation a (mg/g min) 0.01711 0.03319 0.04558 0.06228
B (g/mg) 10.3 9.079 8.769 8.639
R? 0.9691 0.9772 0.9801 0.9789
SSE 238.9 181.2 168.3 197.8
RMSE 3.991 3.476 3.349 3.632

Note: The bold values indicate that the given model is a best obeyed model for the present adsorption system.
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Table 4b
Kinetic parameters for the adsorption of Ni(II) ions onto RT

Concentration of Ni(Il) ion solution (mg/L)

Kinetic model Parameters 250 500 750 1,000
Pseudo-first-order equation ky (min™?) 0.1159 0.1237 0.1314 0.1372
fe,cal (Mg/g) 99.41 101.5 104.9 106.2
rR? 0.9899 0.9892 0.9864 0.9813
SSE 115.8 126.8 169 234.6
RMSE 2.779 2.907 3.357 3.955
Pseudo-second-order equation k; (g/mg min) 0.00145 0.001567 0.001655 0.001748
fe,cal (mg/g) 88.32 91.95 95.65 98.4
Jeexp (ME/ ) 86.45 89.18 93.23 95.17
R? 0.993 0.9905 0.9911 0.9901
SSE 80.55 111 110.4 124.7
RMSE 2.317 2.72 2.713 2.883
Elovich kinetic equation a (mg/g min) 0.1876 0.2396 0.2941 0.3558
B (g/mg) 7.891 7.738 7.736 7.601
rR? 0.9677 0.9704 0.9719 0.9735
SSE 368.6 347.3 347.7 331.7
RMSE 4.957 4.812 4.815 4.703

Note: The bold values indicate that the given model is a best obeyed model for the present adsorption system.

Table 4c
Kinetic parameters for the adsorption of Cr(VI) ions onto RT

Concentration of Cr(VI) ion solution (mg/L)

Kinetic model Parameters 250 500 750 1,000
Pseudo-first-order equation ky (min™Y) 0.05111 0.06486 0.06846 0.0747
e cal (mg/g) 58.48 58.1 62.68 65.44
R? 0.9931 0.9971 0.9904 0.9791
SSE 23.69 10.52 40.18 96.09
RMSE 1.257 0.8375 1.637 2.531
Pseudo-second-order equation k; (g/mg min) 0.0007605 0.001099 0.001123 0.001242
fe,cal (mg/g) 43.78 46.99 52.4 57.69
Jeexp (MG/ ) 41.22 45.18 50.06 54.12
R? 0.998 0.9971 0.9958 0.9912
SSE 6.82 10.44 17.48 40.59
RMSE 0.6743 0.8344 1.079 1.645
Elovich kinetic equation a (mg/g min) 0.02734 0.05745 0.06713 0.08975
B (g/mg) 6.608 5.74 5.982 5.912
R? 0.9852 0.9906 0.9936 0.9938
SSE 50.54 34.36 26.87 28.56
RMSE 1.836 1.514 1.338 1.38

Note: The bold values indicate that the given model is a best obeyed model for the present adsorption system.

constant related to the affinity of metal ions to the "
biosorbent (L/mg), and C, is the concentration of the 4. = KrCe (12)
metal ions in the solution at equilibrium (mg/L).

Freundlich [29] adsorption isotherm model equa- where Kg is the Freundlich constant [(mg/g)
tion is given by: (L/mg)"/™] related to the bonding energy and n is
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the measure of the deviation from the linearity of
adsorption (g/L). The significance of “n” is as follows:
n =1 (linear); n <1 (chemical process); n>1 (physical
process).

The Redlich-Peterson [30] adsorption isotherm
model equation is given by:

KrpCe ) (13)

fe = (1 + agpClr

where Kgp is Redlich-Peterson isotherm constant
(L/g), agp is Redlich-Peterson isotherm constant
(L/mg)/fre and pgrp is the exponent which lies
between 0 and 1. The significance of “f” is as follows:
p=1 (Langmuir adsorption isotherm model is a
preferable adsorption isotherm model); f=0 (Fre-
undlich adsorption isotherm model is a preferable
adsorption isotherm model).

Sips [31] adsorption isotherm model equation is
given by:

g = KsCPs
¢ 1+ aSCi/ﬁs

where Ks is the Sips model isotherm constant (L/g)s,
as is the Sips model constant (L/g)'/%s and fs is the
Sips model exponent. The constant fs is often
regarded as the heterogeneity factor, with values
greater than 1 indicating a heterogeneous adsorption
system. Values close to (or exactly) 1 indicate that the
material has relatively homogenous binding sites. For
Ps=1, the Sips model reduces to the Langmuir
equation.

The interaction behavior between the adsorbent
material (RT) and the solutes can be explained by the
above isotherm models. These isotherm models were
applied to examine the effect of initial metal ion con-
centration at different pH in the range of 3.0-4.5 for
Pb(I) and Nidl) ions, pH 2.0-3.5 for Cr(VI) ions and
the results are shown in Figs. 6a—6f. The pH of the
solution plays an important role in the adsorption of
metal ions from aqueous solutions. Pb(II), Ni(Il), and
Cr(VI) ions is to be present as ionic form in the aque-
ous solutions. pH values changes the ionization state
of functional groups such as amino, carboxyl and
phosphate groups present at the cell walls and affect
the chemical speciation of metal ions [32].

The percentage removal of Pb(Il) and Ni(I) ions is
increased with an increase in the pH range of 3.0-4.5,
similarly for Cr(VI) ions in the pH range of 2.0-3.5,
which clearly stated that the rate of adsorption capac-
ity is increased under acidic condition. At acidic con-

(14)
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dition, the surface of the adsorbent to be positively
charged, which attracts the negatively charged metal
ions because of the electrostatic force of attraction [33].
Beyond the pH range of 4.5, the percentage removal
of Pb(Il) and Ni(I) ions is gradually decreased, simi-
larly beyond the pH of 3.5, the percentage removal of
Cr(VI) ions is gradually decreased because of the pres-
ence of hydroxyl ions which causes the formation of
metal hydroxide complexes, which decrease the
adsorption capacity of adsorbent material (RT). From
the results the maximum percentage removal of Pb(I),
Ni(Il), and Cr(VI) ions from aqueous solutions was
found to be at pH 4.5 and 3.5, respectively. The exper-
imental values g. and C. are primarily treated with
the adsorption isotherm models, the adsorption iso-
therm data are shown in Tables 5a-5c.

3.7.1. Two and three parameter adsorption isotherm
models

Two parameter adsorption isotherm model
(Langmuir and Freundlich) were used to investigate
the adsorption rate of Pb(Il), Ni(II), and Cr(VI) ions
onto the adsorbent material (RT). Figs. 6a, 6c and 6e
shows that the two parameter isotherm model was
very fitting for the adsorbents. Figs. 6b, 6d and 6f
shows that the three parameter isotherm model was
very fitting for the adsorbents. The parameters of
these models such as the Langmuir maximum adsorp-
tion capacity (4m) and the equilibrium constant (Ky),
the Freundlich equilibrium constant (Kg), the Redlich—
Peterson equilibrium constant (Kgp) and the Sips equi-
librium constant (Ks) and the correlation coefficient
values (R?), and error values (SSE and RMSE) were
examined by nonlinear regression analysis, using a
MATLAB R2009a software. Best-fitted adsorption iso-
therm model were identified using the correlation
coefficient values (R?). The Sips model shows that the
higher correlation coefficient values (0.9816, 0.9914,
0.9914, 0.9956 and 0.9828, 0.9733, 0.9863, 0.983, and
0.9982, 0.9975, 0.9989, 0.9988 at the metal ion concen-
tration of 250, 500, 750, and 100 mg/L for Pb(ID),
Ni(I), and Cr(VI) ions, respectively) and the lower
error values (SSE = 83.06, 38.43, 35.39, 24.31, and 143.1,
235.8, 136.6, 167.1 and 6.87, 8.245, 2.975, 2.792 at the
metal ion concentration of 250, 500, 750, 100 mg/L for
Pb(D), Ni(l) and Cr(VD) ions, respectively)
RMSE = 2.882, 1.96, 1.881, 1.559 and 3.783, 4.856, 3.696,
4.088 and 0.8288, 0.908, 0.5454, 0.5006 at the metal ion
concentration of 250, 500, 750, 100 mg/L for Pb(ID),
Ni(I) and Cr(VI) ions, respectively). Tables 5a-5c
clearly demonstrate that the experimental isotherm
data are well depicted, from that values three parame-
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Table 5a

Isotherm constants of two-parameters and three-parameters models for the removal of Pb(Il) ions by the RT

Adsorption isotherm models pH 3.0 3.5 4.0 4.5

Two-parameters model constants

Langmuir qm (Mg/g) 60.15 59.65 57.22 66.08
K, (L/mg) 0.01629 0.02235 0.03656 0.03154
R? 0.9588 0.9587 0.9427 0.9047
SSE 186 183.7 236.2 528.1
RMSE 4113 4.087 4.634 6.929

Freundlich Kr (mg/g) (L/mg)"™)) 7.308 9.548 12.86 14.05
n 3.105 3.522 4.225 4.097
R? 0.9732 0.9851 0.9864 0.9956
SSE 120.9 66.35 55.89 24.3
RMSE 3.315 2.456 2.254 1.486

Three-parameters model constants

Redlich—Peterson Kgp (L/g) 2.348 4.317 9.389 1.256
agp (L/mg)/fr)) 0.1604 0.2867 0.5527 0.1012
Prp 0.7823 0.7856 0.8068 0.7565
R? 0.9808 0.9908 0.9909 0.9956
SSE 86.76 40.93 37.39 24.34
RMSE 2.946 2.023 1.934 1.56

Sips Ks (L/g)Ps 1.801 3.438 7.86 0.728
as (L/mg)s) 0.1363 0.2429 0.4762 0.0835
Bs 1.122 1.117 1.103 1.129
rR? 0.9816 0.9914 0.9914 0.9956
SSE 83.06 38.43 35.39 24.31
RMSE 2.882 1.96 1.881 1.559

ter Sips adsorption isotherm model better than the
other parameter model: Langmuir, Freundlich, and
Redlich-Peterson. Sips adsorption isotherm model
markedly stated that the adsorbent material (RT) sur-
face is heterogeneity. The results strongly reported
that the adsorbent surface is made up of heteroge-
neous patches which are very constructive for adsorp-
tion process. The Langmuir monolayer capacity (gm)
of the RT for the elimination of metal ions was com-
pared with the other low-cost adsorbents. The com-
parison details were presented in Table 5d. The
results indicate that the highest value of Langmuir
monolayer capacity of RT was observed as compared
with the other cheap adsorbents.

3.8. Column adsorption studies

The adsorption efficiency of adsorbent material
and its behavior were studied using the batch experi-
mental results. However, the batch adsorption experi-
ment data could not give the scale-up data for
industrial treatment systems, whereas continuous flow
system (column) studies were normally employed for

scale-up process [47]. Column adsorption studies are
an effective process for metal adsorption. From the
beginning, at the inlet the saturated solid sorbent
zones slowly widen throughout the column and then
the adsorbent material is breaking throughout the col-
umn. The record of breakthrough gives usually a typi-
cal S-shaped breakthrough curve whose shape and
slope is mainly the result of the equilibrium sorption
isotherm. In the column experiment study, relatively
low initial metal concentration (100 mg/L) was used
because low concentrations of metals were present in
industrial effluents. In the present study, the adsorp-
tion competence of RT increases in the following series
nickel > lead > chromium. Therefore, nickel was
selected as the model metal ions for investigate the
performance of RT on continuous removal.

3.8.1. Effect of bed height

The adsorption capacity of adsorbent material (RT)
was tested using diverse bed heights (20, 25, 30 cm) at
the different flow rate (10, 15, 20 mL/min) and differ-
ent initial Ni(II) ions concentration (50, 75, 100 mg/L).
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Table 5b

Isotherm constants of two-parameters and three-parameters models for the removal of Ni(I) ions by the RT

Adsorption isotherm models pH 3.0 3.5 4.0 4.5

Two-parameters model constants

Langmuir qm (Mg/g) 79.04 80.46 85.09 84.25
Ky (L/mg) 0.02069 0.03383 0.03921 0.06392
R? 0.976 0.968 0.9743 0.9669
SSE 199.2 282.9 255.7 326.1
RMSE 4.256 5.072 4.821 5.445

Freundlich Kr (mg/g) (L/mg)"™)) 11.09 16.06 18.12 23.08
n 3.292 3.935 4.063 4.759
rR? 0.9552 0.9365 0.9581 0.9536
SSE 372.4 560.9 416.7 456.4
RMSE 5.819 7.141 6.155 6.442

Three-parameters model constants

Redlich—Peterson Kgp (L/g) 2.195 3.421 5.074 8.783
agp (L/mg)1/Fre) 0.0545 0.06665 0.1152 0.19
Prp 0.8939 0.9277 0.8937 0.9013
R? 0.9817 0.9723 0.9854 0.9822
SSE 152 245.1 145.8 175.5
RMSE 3.898 4.95 3.819 4.189

Sips Ks (L/g)Ps 1.93 3.182 4.592 8.164
as (L/mg)Fs) 0.05468 0.06778 0.1122 0.1852
Ps 1.064 1.044 1.06 1.054
rR? 0.9828 0.9733 0.9863 0.983
SSE 143.1 235.8 136.6 167.1
RMSE 3.783 4.856 3.696 4.088

The adsorption of metal ions in the continuous flow bed height. Even though, to some extent high

system highly depends on the bed height of R. fortuo-
sum (RT) in the column. The effect of bed height on
the adsorption capacity of the algae biomass (RT) for
metal ions at pH 4.5, 100 mg/L of Ni(Il) ions solution,
10 mL/min of flow rate, and at constant temperature
of 25°C was determined. In order to yield different
bed heights 6.25, 8.3, and 9.8 g of algae biomass (RT)
were added to the column to attain the bed heights of
20, 25, and 30 cm, respectively. Fig. 7a shows the effect
of bed height on the removal of Ni(Il) ions using
adsorbent material (RT).

Table 6 shows the column data and their parame-
ters obtained at different bed heights onto the adsor-
bent (RT) which clearly stated that the both
breakthrough and exhaustion time increases as the
bed height increases because of the increase in the sur-
face area of the adsorbent material (RT). The slope of
the S-curve from #, to ¢ is decreases as the bed height
increased from 20 to 30 cm indicating that the break-
through curve becomes steeper as the bed height
decreases. The adsorption competence of the algae
biomass (RT) remained relatively constant for different

biosorption capacities were observed at the highest
bed height (30 cm). In the column with the increased
bed height could be useful to treat high volume of
metal ion solution and also the percentage removal of
metal ions could be higher.

3.8.2. Effect of flow rate

Flow rate plays an important role for the
estimation of adsorption capacity of adsorbent mate-
rial in the continuous treatment of wastewater on
industrial level. The effect of different flow rates (10,
15, 20 mL/min) on the sorption of Ni(II) ions using R.
tortuosum (RT) at optimum bed height (30 cm) and
100 mg/L initial Ni(Il) ion concentration at constant
temperature of 25°C in column was investigated.
Fig. 7b shows the effect of flow rate on the removal of
Ni(II) ions using adsorbent material (RT). Table 6
shows the column data and their parameters obtained
at different flow rate onto the adsorbent (RT) which
clearly stated that the both breakthrough and exhaus-
tion time decreases as the bed height increases
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Table 5c¢

Isotherm constants of two-parameters and three-parameters models for the removal of Cr(VI) ions by the RT

Adsorption isotherm models pH 2.0 2.5 3.0 3.5

Two-parameters model constants

Langmuir qm (Mg/g) 58.96 61.45 51.41 60.42
K, (L/mg) 0.00713 0.00425 0.00471 0.00203
R? 0.9874 0.9937 0.9909 0.9987
SSE 45.9 20.71 21.87 2.792
RMSE 2.043 1.372 1.41 0.5038

Freundlich Kr (mg/g) (L/mg)"™)) 3.36 1.847 1.778 0.5689
n 2.389 2.009 2.082 1.574
rR? 0.9938 0.9934 0.996 0.9906
SSE 22.61 21.85 9.678 20.06
RMSE 1.434 1.409 0.938 1.351

Three-parameters model constants

Redlich-Peterson Kgp (L/g) 0.9806 0.4402 0.5487 0.1215
agp (L/mg)/fre) 0.1141 0.04817 0.106 0.00203
Brp 0.7159 0.7244 0.6682 0.9982
R? 0.9981 0.9975 0.9988 0.9987
SSE 7.336 10.05 3.393 2.506
RMSE 0.8565 1.003 0.5825 0.5038

Sips Ks (L/g)fs 0.7024 0.2933 0.3658 0.1772
as (L/mg)s) 0.1072 0.05578 0.1045 0.00055
Bs 1.172 1.188 1.208 0.8991
rR? 0.9982 0.9975 0.9989 0.9988
SSE 6.87 8.245 2.975 2.792
RMSE 0.8288 0.908 0.5454 0.5006

because the adsorption competence of the adsorbent
material is decreased with the increasing flow rate in
column operations. The reason for this behavior can
be explained in two ways: (1) when the flow rate
increases the residence time of the solute in the col-
umn decreases which causes the metal solution to
leave the column before equilibrium occurs, (2) when
the process is intra particle, mass transfer controlled a
slower flow rate favors the sorption and when the
process is subjected to external mass transfer control a
higher flow rate decreases the film resistance. Also the
lowest flow rate (10 mL/min) displayed a relatively
high percentage removal of Ni(Il) ions.

3.8.3. Effect of Ni(Il) ion concentration

The effect of initial Ni(II) ion concentration (50, 75,
100 mg/L) on the sorption of Ni(ll) ions using R. tor-
tuosum (RT) at optimum bed height (30 cm) and opti-
mum flow rate (10 mL/min) at constant temperature
of 25°C in column was investigated. Fig. 7c shows the
effect of initial Ni(I) ion concentration on the removal

of Ni(Il) ions by using adsorbent material (RT). Table 6
shows the column data and their parameters obtained
at different Ni(I) ion concentration onto the adsorbent
(RT). At the lower Ni(Il) ion concentration, the per-
centage removal is low due to the delayed break-
through curves, lower concentration gradient, and
slower transport of adsorbents [48]. At the higher Ni
(II) ions concentration (100 mg/L) the adsorbent mate-
rial R. fortuosum (RT) saturated quickly leading to ear-
lier breakthrough and exhaustion time. However, the
higher adsorption of metal ions were attained at the
Ni(Il) ions concentration of 100 mg/L. Thus, the
results stated that the higher Ni(II) ion concentration
(100 mg/L) provide a larger driving force to overcome
all mass transfer resistances between the liquid and
the solid phase which shows the better performance
for adsorption in the column study.

3.8.4. Bed depth service time model

The adsorption capacity of the bed at different
breakthrough values was measured using the bed



S. Suganya et al. | Desalination and Water Treatment 57 (2016) 2511425139

0

60 |-

RT - Pb(ll)

T 50 )
o
E_
4
-
§ 40 E
=
i
E 30 | o
=
5
s
o
w
20 B
o pH3.0
+ pH35
o pH4.0
10§ & pHA4S 7
Predicted by Langmuir model
= = = Predicted by Freundlich model
0 il L L L L il L
0 100 200 300 400 500 600 700

Equillibrium metal lon concentration [Ce, mgiL)

Fig. 6a. Adsorption isotherm model (2 parameter) fits for removal of Pb(Il) ions by RT.

70 F

60 |-

40

30

Equilibrium metal uptake (e, Malg)

20

10 @

RT - Pb(ll)

o pH3.0
+ PH35
o pH4.0
O pHAS
Predicted by Redlich-Peterson model

= = = Predicted by Sips model
L ] L ] L ) ]

100 200 300 400 500 600 T00
Equilibrium metal ion concentration (Ce, mg/L)

Fig. 6b. Adsorption isotherm model (3 parameter) fits for removal of Pb(Il) ions by RT.

25131



25132 S. Suganya et al. | Desalination and Water Treatment 57 (2016) 25114-25139

RT - Ni(ll)

80 |-

70

60

Equilibrium metal uptake (¢, mg/g)
2

o pH3.0
+ PpH35
O pH40
O pH4S i

= Predicted by Langmuir model

= = = Predicted by Freundlich model
] | | | ] ] ]

0 100 200 300 400 500 600 700
Equilibrium metal ion concentration (Ce, mgiL)

10 |

Fig. 6¢c. Adsorption isotherm model (2 parameter) fits for removal of Ni(Il) ions by RT.

90
e L RT -Ni(ll)
70
=]
E‘ 60
g
@
s 50
o
3
3
L
E 40
)
w
i o pH3.0 i
28 + pH35
o pH4.0
10 B O pHAS ]
Predicted by Redlich-Peterson model
= = = Predicted by Sips model
0 I Il Il 1 1 1 1

0 100 200 300 400 500 600 700
Equilibrium metal ion concentration (Ce, mg/L)

Fig. 6d. Adsorption isotherm model (3 parameter) fits for removal of Ni(Il) ions by RT.



S. Suganya et al. | Desalination and Water Treatment 57 (2016) 2511425139 25133

T T I I Ll T T ]
o -
50 | e Sz
O =" “‘__--'
RT - Cr(Vl) = e S
a5 | v o i
s b 4
“-‘ ‘,-“ ____.-"‘-
_ s} g e e - =
=y ¢a"‘ - = n = -"’-‘
g 3 | 0, el s o
! /"‘ ﬂ"‘.‘ ,-""--‘ .
: ‘,f‘ - Ly reCias
‘E 30 - “r' L’ & ” g -
3 ‘-9' ,J' P .’,-'
§ “f ""4 .g”,o , .."‘.'
] // o L i .
E - -7 -
g : a"' ';l‘" 0 -““
2 2} o gt 4
= o O ’_-’
IS‘ . A ’,o'
4 e
st T} 7 :
PR o pH20
1 (d" 5 l/ + PpH 25
7 & ’ Y O pH3.0 ]
r’, O pH3S5
5 = Predicted by Langmuir model
?f . = = = Predicted by Freundlich model
o ] | | L ] ] ]
0 100 200 300 400 500 600 700

Equilibrium metal ion concentration (Ceg, mg/L)

Fig. 6e. Adsorption isotherm model (2 parameter) fits for removal of Cr(VI) ions by RT.

I 1 T I T I T
50 = © .
2 +
RT - Cr(VI)
45 | o -
+
_ ol Q + - I:I4
% u]
E_ = #
& 351 0 O /
‘; L)
g WF ° o 3
B F] .
g »t _ ‘ !
£
2 Pl
2 2o} . v .
3 {0
3
i) ¥ ; .
15 | f; -
g /B o pH2.0
H + pH25
10 /4 O O pH3.0 ]
é . o pH3.S5
5 i 5 < = Predicted by Redlich-Peterson model -
_fJ = = = Predicted by Sips model
0 ] ] ] | ] | ]
0 100 200 300 400 500 600 700

Equilibrium metal ion concentration (Ce, mglL)

Fig. 6f. Adsorption isotherm model (3 parameter) fits for removal of Cr(VI) ions by RT.



25134 S. Suganya et al. | Desalination and Water Treatment 57 (2016) 2511425139

Table 5d

Comparison of Langmuir monolayer capacity of the different adsorbents

Metal ions Biosorbents dm (mg/g) Refs.

Pb(I) Tea industry waste 2.0 [34]

Pb(ID) Chitosan—polyacrylonitrile blend 20.08 [35]

Pb(I) Cashew nut shell 17.82 [9]

Pb(I) Hazelnut shell 28.18 [36]

Pb(ID) Saw dust 21.05 [37]

Pb(I) Heartwood of Areca catechu powder 11.723 [38]

Pb(I) Sugarcane bagasse treated by H,5O, 7.30 [39]

Pb(II) Sugarcane bagasse 6.37 [39]

Pb(II) Rhizoclonium tortuosum 66.08 This study
NidI) Polyporous versicolor 57 [40]

NidI) Chlorella miniata 14 [41]

NidI) Chlorella vulgaris 0.6 [41]

NidI) Tea industry waste 5.0 [34]

NidI) Surface modified Strychnos potatorum seeds 74.55 [10]

NidI) Mango peel 39.75 [42]

Ni(ID) Modified coir pith 389 [43]

NidII) Rhizoclonium tortuosum 85.09 This study
Cr(VD) Scenedesmus obliquus 15.6 [44]

Cr(VD) Synechocystis sp. 19.2 [44]

Cr(VI) Fly ash 23.86 [45]

Cr(VD) Rice husk ash 25.64 [45]

Cr(VD Raw rutin 26.3 [46]

Cr(VD Rutin resin 41.6 [46]

Cr(V]) Rhizoclonium tortuosum 61.45 This study

Note: The bold values indicate that the prepared material is for the present adsorption system.
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Fig. 7a. Effect of bed height on the removal of Ni(Il) ions
by RT.

depth service time (BDST) model. The column service
time was selected as time when the effluent Ni(Il) ions
concentration reached 1mg/L. Fig. 8a shows the
BDST model plot for the removal of Ni(Il) ions by
algae biomass R. tortuosum (RT). The plot was drawn
between the service time (h) and the bed height (cm)
at a flow rate of 10 mL/min. The adsorption capacity
of the bed per unit bed volume N, was calculated
from the slope of BDST plot. The rate constant K,
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Fig. 7c. Effect of initial Ni(Il) ion concentration on the
removal of Ni(Il) ions by RT.

calculated from the intercept of BDST plot. The rate of
solute transfer from the liquid phase to the solid
phase was characterized by the rate constant K,. The
computed N, was 4,016 mg/L for Ni(Il) ions. The rate
constant K, was recorded as 0.0229 L/mgh. If K, is
large even a short bed will avoid breakthrough but as
decreases a progressively longer bed is required to
avoid breakthrough. The BDST model parameters can
be useful to scale up the process for other flow rates
without further experimental run.
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3.8.5. Thomas model

Thomas model plays an important role in the con-
tinuous flow conditions of column study to illustrate
the dynamic behavior of column performance. The
Thomas model is suitable for studying adsorption pro-
cesses where limitations on external and internal dif-
fusion were absent. Fig. 8b shows that the plot of In
[(Co/Cp — 1] vs. t for the adsorption of Ni(II) ions onto
adsorbent material R. tortuosum (RT) at different bed
depths. By fitting the experimental values in this
model, Ky, and g, values were calculated and the esti-
mated values were shown in Table 7. From Table 7, it
was observed that the adsorption capacity (g,) of the
NidD) ions is much higher for the column process
compare to batch process, because higher concentra-
tion deferential between the metal ions in the liquid
phase and the absorbent in the solid phase [49].
Table 7 shows that the value of Ky, decreased with the
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increase of the bed depth, indicating that the mass
transport resistance had increased and the correlation
coefficients (R?) are all greater than 0.90, theoretical
and experimental g, values are in accordance with
each other. From the experimental data stated that the
adsorption process have been well described by using
the Thomas model.

3.9. Application to real effluents

The untreated nickel bearing electroplating effluent
was collected from plating industry in Chennai, India.
This effluent was characterized by considerable
amount of light metals along with trace amount of
heavy metals such as lead and copper. In the present
study, the compatibility of adsorbent material R. tortu-
osum (RT) was tested with real industrial effluents. Ini-
tial solution pH plays an important role in the
adsorption process. The adsorption of metal ions is
increased with an increase in pH up to 4.5 and then
decreased with further increase in pH. This may be
due to the nature of binding groups present in the
algae and solution chemistry of the metal ions used
for the adsorption process [50]. The optimized algae
material (RT) was employed for the treatment of plat-
ing effluent in the column mode experiment. This
strategy was adopted to facilitate large scale applica-
tion. Nickel bearing effluent with a Ni(II) ions concen-
tration of 120 mg/L was adjusted to pH 4.5 and
allowed to pass through the column containing the
adsorbent material (RT). In order to regenerate the
biosorbent an elution step was carried out (with 2 N
NaOH) when the column reached saturation. In the

Table 6

Column data and their parameters obtained at different bed heights, flow rates and initial Ni(II) ions concentrations onto
RT

Bed height (cm) Flow rate (mL/min) C, (mg/L) t, (h) t.(h) At (h) Vg (L) gexp (mg/g) Ni(ll) ions Removal (%)
Effect of bed height

20 10 100 6 30 24 18 23.7 54

25 10 100 8 34 26 20.4 25.0 57

30 10 100 10 40 30 24 26.4 60

Effect of flow rate

30 10 100 10 40 30 18 26.4 60

30 15 100 4 22 18 19.8 24.6 56

30 20 100 2 14 12 16.8 22.8 52

Effect of initial Ni(II) ion concentration

30 10 100 10 40 30 18 26.4 60

30 10 75 12 34 22 21 25.5 58

30 10 50 18 28 10 28 24.2 55
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Fig. 8b. Thomas model plot for the removal of Ni(Il) ions
by RT.

Table 7
Thomas model parameters for Ni(II) ions adsorption onto
RT at different bed depths

Bed depth (cm) 20 25 30

R? 0.942 0.946 0.952
Ky, (L/mg h) 0.00328 0.00299 0.00258
9o (Mg/g) 2.842 2.453 2.427

packed bed column, three adsorption-desorption
cycles were completed in a continuous way. Fig. 9
shows the breakthrough curves for the removal of Ni
(I ions from industrial effluent using the adsorbent
material (RT) in different cycles. The breakthrough
time, exhaustion time, and Ni(I) ions uptake capacity
for the three cycles are summarized in Table 8. From
Table 8 results, it was observed that the breakthrough
time and exhaustion time is decreased as the regenera-
tion cycles progressed. The percentage removal of
NidI) ions using adsorbent material (RT) were found
to decrease in the successive cycles due to gradual
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Fig. 9. Breakthrough curves for the removal of Ni(Il) ions
from industrial effluent using RT.

deterioration of adsorbent because of continuous
usage. In the three cycles of adsorption about 4 L of
plating effluent could be treated to reach the nickel
standard (3 mg/L) established by the Central Pollu-
tion Control Board.

The breakthrough curves were attained quickly in
the adsorption of Ni(II) ions using the adsorbent mate-
rial (RT) due to the effect of high BOD and COD con-
centration in the plating effluents. The metal uptake
capacity of the adsorbent material (RT) was reduced
from 26 to 16 mg/L because of the presence of the
organic matter in the plating effluents. After the com-
pletion of the process, the concentration of Ni(Il) ions
in the treated effluent was analyzed using an AAS (SL
176 Model, Elico Limited, Chennai, India), which was
found to be 30 mg/L. To bring the Ni(Il) ions concen-
tration to a permissible limit (3.0 mg/L), the pH of the
treated effluent was adjusted to 5.0 and then fed in
the column setup. After one cycle of adsorption in the
column, Ni(II) ions concentration of the effluent
reached the permissible limit. Metal sorption largely
depends on solution chemistry of the metals and com-
peting ions in the liquid phase. The presence of con-
siderable amount of lead and copper in effluent may
have had a negative effect on nickel uptake as they
compete in occupying the binding sites. For the dura-
tion of sorption experiments up to column exhaustion
(in terms of nickel concentration) the exit concentra-
tions of lead and copper were always below 100 pg/L.
The excess amount of light metal ions (Na* and K*)
and total hardness (in terms of CaCQs;) in effluent
may have influenced the binding of Ni(Il) ion. Other
parameters such as conductivity and total dissolved
solids can also be cited as reasons for the significant
deviation in nickel uptake from effluent. From Table 8§,
it was observed that the breakthrough time was
decreased and the exhaustion time was increased as
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Table 8
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Column data and parameters obtained for plating industry effluents at optimum conditions using RT

Cycles t, (h) te (h) At (h) Ve (L) Jexp (Mg/g) Ni(I) ions removal (%) Desorption efficiency (%)
Cycle 1 6 26 20 15.6 21 47 60.80
Cycle 2 4 22 18 13.2 20 45 60.15
Cycle 3 2 16 14 9.6 18.6 42 59.55

cycles progressed. From the three cycles, it was exam-
ined that the adsorbent material (RT) is a relatively
good adsorbent for the adsorption of Ni(Il) ions from
the effluent and no major decrease in bed height was
observed at the three cycles.

4. Conclusion

In the present research work the adsorption ability
of the algae biomass, R. tortuosum (RT) were tested for
the removal of different toxic metal ions such as Pb
(ID), NidI), and Cr(VI) ions from aqueous solution. The
batch adsorption process was affected by the different
operating parameters such as biosorbent dose, pH, ini-
tial metal ions concentration, contact time, and tem-
perature. These adsorption influencing parameters
were optimized. The adsorption thermodynamics,
kinetics, and equilibrium studies on the removal of
metal ions by RT were explained at optimum condi-
tions. The adsorption experimental data were fitted
with nonlinear adsorption isotherm models such as
Langmuir, Freundlich, Redlich-Peterson and Sips
models. Sips model was identified as well-suitable iso-
therm model based on higher correlation coefficient
and low error values. The maximum monolayer
adsorption capacity of the R. fortuosum were found to
be 66.08, 85.09, and 61.45 mg/g for Pb(l), Ni(Il), and
Cr(VI), respectively. The adsorption kinetic study was
investigated using the pseudo-first-order, pseudo-sec-
ond-order, and Elovich kinetic models. The adsorption
kinetics followed the pseudo-second-order kinetic
model. The thermodynamic parameter studies showed
that the R. tortuosum have more competence on the
adsorption of metal ions from aqueous solution and
the results showed that the system is spontaneous,
endothermic, and enthalpy driven. The column
adsorption influencing parameters such as initial Ni
(II) ions concentration, flow rate and bed height were
optimized. The column experimental data were fitted
with BDST and Thomas models. The RT material was
successfully implemented for the removal of metal
ions from synthetic wastewater. This results was fur-
ther extended to the real industrial effluent treatment,
i.e. the removal of Ni(Il) ions from the nickel plating
industrial wastewater was successfully carried out.

The results from the present adsorption experimental
studies reported that the R. tortuosum can be utilized
as an effective low-cost biosorbent for the removal of
metal ions from aqueous solution.
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