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Abstract In this study, the adsorption efficiency of
epichlorohydrin modified fresh water green algal biomass
was assessed for Pb(Il) and Cd(II) uptake from aqueous
solution. The process parameters such as contact time,
dose, initial metal concentration, solution pH and temper-
ature were optimized. The Langmuir, Freundlich, Temkin
and Dubnin—Redushkevich isotherm model was applied to
the equilibrium data, which best fitted the Langmuir iso-
therm indicating homogenous distribution of adsorption
sites. The monolayer adsorption capacity was 100.00 for Pb
(II) and 72.46 mg/g for Cd(II) adsorption. The kinetic data
was best described by pseudo-second order model, with
intraparticle and liquid film diffusion controlled mecha-
nism. The negative values of Gibbs free energy change
(4G") and positive enthalpy change (1H') showed that
adsorption process was spontaneous and endothermic. The
functional groups, surface morphology and elemental
composition of adsorbent, before and after adsorption, was
evaluated using FTIR spectra, SEM and EDS studies. The
study revealed that the modified algal biomass can effec-
tively and efficiently remove the title metal ions from
aqueous solution.
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Introduction

The aquatic contamination due to discharge of industrial
wastewater containing toxic and non-biodegradable metals,
which tend to traverse through the food chain is causing
severe physiological or neurological damage to human and
aquatic system (Mohan and Sreelakshmi 2008). The
wastewaters generated from electroplating, NiCd batteries,
smelting, mining and refining process, and plastics are
major sources of cadmium(Il) contamination. Lead(Il) is
released into the aqueous streams by printing, lead smelting
and mine tailings, lead batteries and glass manufacturing
industries. Human exposure to Pb(Il) and Cd(II) above the
permissible limits (0.005 mg/L for Pb>" and 0.015 mg/L
for Cd** (USEPA, 2009) are potentially toxic and may
cause kidney and liver damage, decrease in hemoglobin
formation, infertility, mental retardation, chills, diarrhea,
anemia, abnormalities in pregnant women and failure of
central nervous system (Khan and Singh 2010; Martins
et al. 2004). Consequently, the treatment of effluents con-
taining Pb(II) and Cd(I) is quite imperative. Various
treatment techniques such as precipitation (Ku and Jung
2001), electrochemical (Cooper et al. 2007), ion-exchange
(Dabrowski et al. 2004), coagulation/electrocoagulation
(Ali et al. 2012; El-Samrani et al. 2008), and electrodialysis
(Sadrzadeh et al. 2008) are rather inept and/or cost pro-
hibitive. Biosorption, using sustainable resources, is
considered a promising process due to its high removal
efficiency, low cost, mild operating conditions and good
performance in the removal and recovery of heavy metal
ions/dyes from dilute aqueous solution (Khan et al.
2012, 2014; Lou et al. 2015). Among various wastes bio-
mass for metal removal such as yeast (Goksungur et al.
2005; Han et al. 2006), bacteria (Halttunen et al. 2007,
Loaic et al. 1997; Teemu et al. 2008) and fungi (Kapoor
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et al. 1999), algal biomass is favorite adsorbent because of
its low cost and widespread abundance (Carlsson et al.
2003; He and Chen 2014). Algal biomass used for
adsorptive removal of heavy metal ions from wastewater
include green algae (Cu**, cd**, As**) (Ghoneim et al.
2014; Jayakumar et al. 2015; Tuzen et al. 2009), brown
algae (aluminum, molybdenum and rhenium, Cd**, Zn?*,
Pb**, Cr®, Cu**, Co®") (Akbari et al. 2015; Sar and
Tuzen 2009; Lou et al. 2015; Freitas et al. 2008; Javadian
et al. 2013), marine green algae (Cr%h) (Jayakumar et al.
2014), dead green algal biomass (Cu”, Zn2+, Cd** and
Pb2+) (Areco et al. 2012), macro algae (Cd2+) (Sarada
et al. 2014), red algae (total chromium, Cd”) (Sar and
Tuzen 2008a, b), fresh water algae (cadmium and lead)
(Abdel-Aty et al. 2013).

The metal binding capacity of algae depends on the
composition of cell wall, which consist of polysaccha-
rides, proteins and lipids containing several functional
groups such as -COOH, —-OH, -NH,, and —-SH, which
may take part in biosorption (Anastopoulos and Kyzas
2015; Ivanova et al. 2012; Crist et al. 1981). The major
active groups for sorption are alginates and sulfates
(Anastopoulos and Kyzas 2015). Chojnacka et al. (2005)
reported that algal cell wall consists of polysaccharides,
proteins peptidoglycan, teichoic acid, teichuronic acid,
containing carboxyl, phosphate, hydroxyl or amine
groups (Anastopoulos and Kyzas 2015). The red algae
cell wall consists of cellulose, but their adsorption
capacities is largely because of sulfated polysaccharides
made of galactans (Anastopoulos and Kyzas 2015; He
and Chen 2014). It has been reported (Montazer-Rahmati
et al. 2011) that raw algae has limited applicability in
treatment process because of leaching of alginate and
other organic constituents from the biomass, which may
cause secondary pollution and lower the biosorbent sta-
bility. However, chemical surface modification may
prevent the leaching of adsorptive components from
biomass and increase the stability of the biosorbent
(Montazer-Rahmati et al. 2011). Surface modifications of
algal biomass using glutaraldehyde, formaldehyde,
polyethyleneimine, HCIl, CaCl, (Montazer-Rahmati et al.
2011), NaOH (Yang and Volesky 1999), epichlorohydrin
and potassium permanganate (Liu et al. 2009) have been
reported. The adsorption efficiency of pretreated biomass
depend largely upon the nature of chemicals used for
modification. The acid treatment open up active sites on
the surface (Kratochvil et al. 1998), while treating with
Ca”" enhance the metal ion exchange ability (Kratochvil
et al. 1998). Polyethyleneimine introduces amine group
improving the metal binding capacity, whereas NaOH
treatment enhance the negative surface charge (Yang and
Volesky 1999). Epichlorohydrin treatment increases both
stability by crosslinking with carbohydrate in the cell
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wall and the adsorption capacity with increase in the
hydroxyl groups, which provide the better binding ability
with metal ions. Potassium permanganate was used to
oxidize marine brown algae Laminaria japonica to
increase carboxylic groups (Liu et al. 2009), which have
been identified as the main metal binding site. Although
the adsorption of metal ions using epichlorohydrin
modified brown algae (Liu et al. 2009; Montazer-Rah-
mati et al. 2011) are reported in the literature, the studies
on the adsorptive removal of metal ions using
epichlorohydrin pretreated freshwater green algae are
limited to the best of our knowledge.

In the present work, the removal of Pb(Il) and Cd(II)
from aqueous solution with epichlorohydrin modified fresh
water green algae is reported. Various process variables
affecting the adsorption process have been optimized. The
isotherm, kinetic and thermodynamic parameters have been
evaluated.

Materials and method
Materials

The algal biomass was collected from Hauz Khas pond,
New  Delhi, India. Cd(NOj3),-4H,O, Pb(NO;),,
cetyltrimethylammonium bromide (CTAB), epichlorohy-
drin, 2-propanol, dimethylsulfoxide (DMSO) and dithizone
(all Merck, India, NaOH and HCI (Fisher Scientific, India)
were used as supplied.

Preparation of adsorbent

The sun-dried algal biomass was washed with double
distilled water to remove adhering impurities, oven dried
at 50-60 °C, crushed and sieved to 90-120 pm size.
Chemical modification was carried out according to Liu
et al. (2009). In brief, 100 g of biomass was taken in a
1000 mL tri-necked round bottom flask containing
450 mL of DMSO and vigorously stirred for 24 h at
303 K. Epichlorohydrin (200 mL) was added slowly with
stirring for 2.5 h at 293 K. The temperature was increased
thereafter to 323 K, followed by addition of 200 mL of
NaOH (5 mol/L) and the stirring continued for 5 h. The
reaction mixtue was allowed to cool to room temperature,
filtered using Buchner funnel and washed with aqueous
2-propanol (1:1), HCI (0.5 mol/L) followed by aqueous
2-propanol to remove excess of DMSO and unreacted
epichlorohydrin. The washing was continued till the pH
of filtrate reached neutral. The resulting treated biomass
was finally dried overnight in hot air oven at 333 K,
sieved to <75 pum particle size and stored in a
polypropylene air tight bottle.
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Preparation of adsorbate solution

The stock solution (100 mg/L) of Cd(II) and Pb(IIl) was
prepared by dissolving 0.2103 g of Cd(NOj3),-4H,0 and
0.1598 g of Pb(NO3;), in double distilled water (1L). The
test solutions of different concentrations were prepared by
diluting the stock solution.

Instrumentation

The characterization of the adsorbent, before and after
adsorption, was carried out using FTIR spectrometer (400—
4000 cm™') (Affinnity-1-Simadzu, Japan), and scanning
electron microscope, (FEI-Nano-NOVA SEM). Elemental
composition was determined by BRUKER SEM with
energy dispersive X-ray analyzer attachment (EDX). The
adsorbate concentration was determined using a UV-visible
spectrophotometer (PG T80+4).

Adsorption experiments

Batch adsorption studies were conducted with algal bio-
mass (15 mg) equilibrated with various concentrations of
metal solution (20 mL) for varying contact time (5—
120 min) in different stoppered conical flasks (50 mL) in a
thermostatic water bath shaker at 303 K between 2 and 10
pH. The aliquots were withdrawn after 10 min intervals
using a syringe and the remaining metal concentration was
determined colorimetrically using dithizone method at £sq¢
for Pb(Il) and As40 for Cd(II). Initial pHs of the solution
was adjusted using 0.1 mol/L NaOH or HCI by using a pH
meter (Decibel DB-1011, India). The adsorption capacity
(ge, mg/g) and percent removal of metal ions were calcu-
lated using the following Eqgs. 1 and 2:

[ o

° w
% Removal = {(C%_Ce) X 100} (2)

where C, and C, (mg/L) are the initial and equilibrium
concentrations of the metal ions, V is the volume of the
solution (L), and W is the mass of adsorbent (g). All the
experiments were performed in triplicate and mean values
are reported.

The isotherms studies were performed by shaking
20 mL of metal solution (30-60 mg/L) with fixed adsorbent
dose (0.75 g/L) for 60 min at 303-323 K. The kinetic
studies were carried out at 10 min interval up to 60 min
keeping the dose, initial metal concentration and pH 7
constant.

The adsorption capacity at time ¢ (g,) was estimated by
Eq. 3:

q:= [V x(C, — C;)/M] (3)

where C, (mg/L) is the Pb(II) and Cd(II) concentrations at
time f.

Results and discussion
Characterization of absorbent
FTIR studies

FT-IR spectrum of the algal biomass exhibits broad band at
3600-3000 cm™ ' characteristics of —OH and —NH vibra-
tions. The peak at 2920 and 2850 cm ' are due to
assymmetric and symmetric C-H stretching vibrations,
respectively of the alkyl groups. The sharp peak at
1663 cm ! is assignable to amide-I bond, and that at
1546 cm ' represents the amide-II absorption of the protein
fraction (Hu et al. 2014). The peak at 1408 cm ' corre-
sponds to deformation vibration of —-C-OH with
contribution of O-C-O symmetric stretching vibration of
carboxylate group. The peak at 1237 cm ™' is assigned to
P=0 stretching vibration of phosphate and O-C-O vibra-
tion of ester groups. The sharp peak at 1034 cm ™' is
ascribed to carbohydrate fraction (Ferreira et al. 2011).
After modification, the peaks at 1408 and 1237 cm ! dis-
appear and a new peak at 1383 cm™ ' due to C—O stretching
of ether group appears (Fig. 1), which indicates that the
carbohydrate moiety in algae is crosslinked with
epichlorohydrin.

% Transmittance(a.u.)

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1 FTIR spectra of raw (a) and modified algae (b)
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Scanning electron microscopy (SEM) and energy dispersive
x-rays (EDX) studies

The SEM images, before and after modification, are shown
in Fig. 2. It is evident that after modification the surface
becomes more heterogenous and porous due to crosslink-
ing. The smooth surface, after adsorption, is indicative of
adsorption of metal ions onto the adsorbent surface. The
EDS spectra (Fig. 3) reveal that the algal biomass consists
(at %) mainly of C (69.31), and O (17.41), with traces of
other elements such as Ca (4.21), Si (3.58), P (1.99), Al
(1.21), Fe (0.94), K (0.84), S (0.72), Cl1 (0.13), Na (0.09),
and Mg (0.06). After treatment, the at % changes to C
(62.46), O (21.39), S (5.38), Si (2.79), Fe (2.35), Ca (2.06),
CI (1.44), K (0.88), Al (0.71), P (0.41), Na (0.07), and Mg
(0.05). The change in at % of Cl may largely be attributed
to crosslinking of algal biomass with epichlorohydrin. The
EDS spectra of the biomass, after adsorption, shows the

adsorption of Pb (0.07 %) and Cd (0.04 %) on the adsor-
bent surface.

Influence of contact time on Pb(Il) and Cd(Il) adsorption

The effect of contact time on the adsorptive removal of Pb
(II) and Cd(I) at 303 K is shown in Fig. 4, which reveals
that the percent uptake of metal ions increases rapidly from
58 to 86.8 for Pb(Il) and from 53.8 to 80.3 for Cd(Il), with
no significant increase, thereafter. The equilibrium is
achieved at 80 and 60 min for Pb(Il) and Cd(II), respec-
tively. About 86.8 and 80.3 % of Pb(Il) and Cd(I) is
adsorbed at equilibrium time.

Influence of algal biomass dose

The percentage adsorption of metal ions increases from
75.2 to 89.6 for Pb(II) and from 63.5 to 81.7 for Cd(Il) with

Fig. 2 SEM images of raw (a), modified algae (b), after Pb (c), and after Cd (d) adsorption
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Fig. 3 EDS spectra of raw (a), modified algae (b), after Pb (c¢), and after Cd (d) adsorption

increasing adsorbent dose from 0.25 to 1.0 g/L at fixed
initial metal concentration (50 mg/L) and equilibrium time
(80 min for Pb(II) and 60 min for Cd(I). However, the
adsorption capacity decreases from 151.20 to 44.60 mg/g
for Pb(II) and 127.16 to 40.86 mg/g for Cd(II) (Fig. 5). This
may be due to increase in the number of available vacant
sites with increasing dose resuting in higher removal effi-
ciency. At optimum dose, the adsorption becomes stagnant
because of agglomeration of adsorbent and resulting
decrease in active sites. The maximum percent removal is
achieved at 0.75 g/L adsorbent dose.

Influence of initial adsorbate concentration
The initial concentration is considered a vital driving force

to overcome all mass transfer resistance of adsorbates
between solution and the solid adsorbent. The adsorption of

Pb(I) and Cd(II) onto the adsorbent at optimized adsorbent
dose (0.75 g/L) and equilibrium time with varying adsorbate
concentrations (30-70 mg/L) at 303 K shows that the per-
centage Pb(Il) and Cd(II) adsorption decrease from 93.3 to
84 % and 92.7 to 81 %, respectively with increasing initial
concentration from 30 to 50 mg/L, and remain constant
thereafter (Fig. 6). At lower concentration, percentage
removal of metal ion is high due to abundance of active sites
on adsorbent surface while percent adsorption is almost
constant at higher concentration due to non-availability of
the surface sites for further adsorption. Equilibrium is
achieved at 50 mg/L for Pb(II) and Cd(II) concentration.

Influence of initial pH

The extent of adsorption of Pb(II) and Cd(II) on algal
biomass largely depends upon the effect of initial solution

@ Springer
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Fig. 6 Effect of Pb(II) and Cd (II) ion concentration

pH on the surface adsorption sites and on the speciation of
metal ions at different pHs. The percent uptake of Pb(Il)
and Cd(II) increases from 45.2 to 90.0 and 67.3 to 96.0,
respectively with increase in pH from 2 to 10. It has been
reported that at lower pH, the metal ion uptake is less
because of the H;O' vying with metal ions for the
adsorption sites. However, with increasing pH, the surface
becomes more negatively charged attracting the Pb(II) and
Cd(II) ions, and further increase in solution pH leads to
decrease in Pb(II) and Cd(II) concentration due to the
formation of M(OH); complex anions (M = Pb(I) or Cd
(IT) resulting in decreased adsorption. Maximum removal
of Pb(Il) is observed at pH 5 while for Cd(II) it occurrs at
pH 6 (Fig. 7).

Influence of temperature and thermodynamic studies

Temperature is an important parameter affecting the
removal of Pb(Il) and Cd(I) from aqueous solution. Batch
adsorption studies were performed at different tempera-
tures from 303 to 323 K. The results are depicted in the plot
of log(q./C.) vs 1/T (Fig. 8). It is observed that with
increase in temperature, the adsorption capacity increases
from 56.8 to 58.4 for Pb(Il) and 37.1 to 37. 7 mg/g for Cd
(II), indicating more favourable adsorption at higher tem-
perature and endothermic adsorption process. The high
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uptake at higher temperature may be result of increase in
(a) adsorbent pore size, (b) affinity of adsorbate towards the
adsorbent surface, or (c) driving force to overcome mass
transfer resistance of adsorbate between solution and
adsorbent surface (Lu et al. 2009).

The thermodynamic parameters such as enthalpy change
(AHO), and entropy change (ASO) were evaluated from the
slope and intercept of Fig. 8 using Eq. 4, while Gibbs free
energy change (AG") using Eq. 5.

qe AS° AH®
log (F) T 2303R  2.303RT “)

AG® = AH® — TAS® (5)

where 7 is the temperature in Kelvin, and R is the gas
constant (8.314 J/mol/K).

The parameters are tabulated in Table 1. The negative
AG’ values suggest spontaneity of the adsorption process.
The AG  values become more and more negative with
increasing temperature, reflecting that the adsorption is
more favored at higher temperature. The positive values of
AH’ and AS® imply endothermic process and increasing
randomness at adsorbate-adsorbent interface.

Table 1 Thermodynamic parameters

Adsorbate  AH 48 4G (kJ/mol)
(kJ/mol)  (J/mol/K)
303K 313K 323K
Pb(ID) 8.36 44.60 4.42 473 5.05
Cd(n 5.17 31.65 5.16 5.60 6.05

Biosorption isotherms modeling

Langmuir, Freundlich, Temkin and Dubinin—Radushkevich
(D-R) isotherm models were used to correlate the experi-
mental data, and to evaluate various isotherm parameters.
The values of different parameters along with correlation
coefficients (Rz) are reported in Table 2.

Langmuir isotherm model suggests monolayer biosorp-
tion of adsorbate onto energetically homogenous
adsorption sites. The Langmuir isotherm is expressed as:

C. 1 C.

de ban  dn ©
where ¢, and b are the maximum monolayer adsorption
capacity (mg/g) and Langmuir constant (L/mg). The ¢,
and b were calculated from the slope and intercept of C./q.
vs C, plots at 303, 313 and 323 K (Fig. 9). The ¢, for Pb
(II) is 100.00 and 72.46 mg/g for Cd(Il), which are greater
than that for other biosorbents (Table 3), which suggests
that epichlorohydrin modified algal biomass is an efficient
biosorbent for Pb(II) and Cd(II) removal from industrial
effluents. The dimensionless separation parameter (Rp),
which a measure of favorable adsorption was calculated
using Eq. 7:

1

R =———
P 460,

(7)

The adsorption is considered unfavorable (R > 1),
favorable (0 < Ry < 1), linear (R = 1) or irreversible
(Ry. = 0). The RL values in the range 0.062-0.072 for Pb
(II) and 0.042-0.031 for Cd(II) suggests highly favorable
adsorption process.

Freundlich adsorption isotherm assumes adsorption on
heterogenous surface. The Freundlich isotherm is expres-
sed as:

1
log g, = log ks + n—log C. (8)
%

where k&, ((mg/g)/(mg/L)”“) is the Freundlich adsorption
capacity and n,is adsorption intensity. The values of krand
ny were calculated from the slope and intercept of logg. vs
logC, plot (Fig. 10). Lower than unity values of 1/n,sug-
gest favorable adsorption. The 1/nsvalues are 0.36-0.44 for

@ Springer
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Table 2 Various isotherm

Isotherm Isotherm parameters  Pb(Il) Cd(IT)
parameters
303 K 313 K 323 K 303 K 313K 323 K
Langmuir qm 78.74 85.47 100.00 72.46 72.40 71.94
b 0.302 0.288 0.256 0.455 0.526 0.623
R, 0.062 0.064 0.072 0.042 0.036 0.031
R’ 0.979 0.980 0.984 0.975 0.974 0.973
Freundlich k¢ 25.55 25.65 26.00 30.45 32.14 34.04
1/ns 0.363 0.401 0.437 0.288 0.277 0.265
R? 0.822 0.871 0.924 0.939 0.927 0.912
Temkin K, 2.808 2.422 2.221 6.633 8.294 10.862
b, 144.35 129.45 119.99 196.17 207.17 220.39
R? 0.877 0.922 0.961 0.926 0.915 0.902
D-R qp 65.94 68.41 69.88 59.73 60.53 61.33
E 0.707 0.707 0.707 1.000 1.000 1.118
R? 0.959 0.978 0.978 0.897 0.900 0.902
0.25 where b, is related to heat of adsorption (J/mol), and K, is
Pe(ll) the equilibrium binding constant (L/g). The values of b, and
0.2 1 K, were calculated from the slope and intercept of g, vs
o5 | InC, plots (Fig. 11). The values of b, between 120 and 220
g kJ/mol is indicative of strong interaction between adsorbate
o1l . and adsorbent surface.
7 ©303K The Dubinin—Radushkevich (D-R) isotherm is applied
0.05 m308K to estimate the pore filling mechanism and to predict the
4323K physical or chemical nature of the adsorption process. The
0 T y T T y T y D-R isotherm is expressed as:
0 2 4 6 8 10 12 14 16
C(mg/L) Ing. =Ingp — p €2 (10)
0.25 where ¢p is the maximum adsorption capacity (mg/g), f is
cdm the activity coefficient related to mean sorption energy
02 4 (mol?/kJ?) and ¢ is the Polyani potential. The values of ¢p
and  were calculated from the slope and intercept of linear
0.15 - Ing. vs & (Fig. 12) plot, whereas & value was estimated
§: according to Eq. 11:
01 - !
€= RTln(l—i——) (11)
0.05 - *303K Ce
m313K
4323K The mean sorption energy (E), which is a measure of
0 T T ) " y T physical or chemical nature of adsorption, was determined
0 2 4 6 8 10 12 14

C(mg/L)

Fig. 9 Langmuir adsorption isotherm plots

Pb(II) and 0.27-0.29 for Cd(II), which confirm the process
to be favorable.

The Temkin isotherm assumes that the heat of adsorp-
tion of all the molecules increase linearly with coverage.
The isotherm model is expressed as:

qge = (RT/b;) nK; + (RT/b;) InC, 9)

@ Springer

according to Eq. 12:
1
- (12)
V2p

The mean E values are 0.71 kJ/mol for Pb(II) and 1.0-
1.12 kJ/mol for Cd(II), which fall between the range for
physical adsorption (0-8 kJ/mol). The less than unity val-
ues of gp imply surface heterogeneity due to pore
structures on the adsorbent surface.

Higher R* values (Table 2) is obtained for Langmuir
isotherm model, which suggests that the available sites on
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Fig. 14 Pseudo-second order kinetic plots

adsorbent surface are distributed homogenously, and there
is monolayer adsorption of both metal ions.

Biosorption Kinetic modeling

Various kinetic models were used to understand the
kinetics of Pb(II) and Cd(II) uptake. The pseudo-first order
model implies adsorption of one adsorbate molecule onto
one active site, while pseudo-second order model assumes
that one adsorbate molecule is adsorbed onto two active
sites of the biosorbent.

The pseudo-first order and pseudo-second order models
are expressed as:

ky .t

2.303 (13)

log(g. — q:) = logq. —

t 1 t

_|_
g (kagq?)

where g, (mg/g), is the amount of metal ions adsorbed at
time ¢, k; and k, are the pseudo-first order (1/min) and
pseudo-second order rate (g/mg/min) constants. The values
of g, and the rate constants were calculated from the plots
log(g.—q,) vs t (Fig. 13) and t/q; vs t (Fig. 14), which are
reported in Table 4 along with R%. The higher R* values

. (14)
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Table 4 Pseudo-first order, pseudo-second order, liquid film and intraparticle diffusion model parameters

Adsorbate  Conc Pseudo-first order q.(exp)  Pseudo-second order Liquid film Intraparticle
(mg/L) diffusion diffusion
k(I/min)  qJcal) R’ ¥ x 1072 ge(cal) R’ kp R? K; R?
(mg/e) (g/mg/min)  (mg/g)
Pb(II) 40 0.4997 22.12 0.954  46.13 0.352 46.72 0.998  0.0499 0954  2.007 0.977
50 0.4836 23.85 0.927 58.40 0.342 59.17 0.998  0.0485 0.927 2.195 0.984
60 0.4329 25.69 0.907 68.00 0.278 69.93 0.997  0.0432  0.907 2.506  0.982
Cd(n 40 0.0762 111.40  0.728 48.27 0.057 64.10 0.896  0.0762  0.729 5.645 0.947
50 0.0718 11246  0.818 54.17 0.031 88.49 0.895 0.0719  0.818 6.792  0.963
60 0.0527 90.63 0.801 60.99 0.041 77.51 0.906  0.0528  0.861 7.669  0.957
20 45
Pb(Il) 4 4 PR -
70 35 *
60 - ; < 22 A
50 N
i * v2 2
40 - 1.5
+ 40 mg/L 1 * 40 mg/L
30 4 m50 mg/L 05 m 50 mg/L
A 60 mg/L A 60 mg/L
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05 Time(min)
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40 A ™ A
g 43
30 1 * £
20 2
+ 40 mg/L 40 mg/L
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Fig. 15 Intraparticle diffusion plots

suggest that pseudo-second order kinetics is more suit-
able to explain the experimental data.

The mechanism of adsorption was determined by
applying Weber—Moris and Boyd model as:

g =k +C

gt
—In(1——) =ky-t
< Qe> g

where k; (mg/g min®?) is intraparticle diffusion rate con-
stant, C; is a constant (mg/g) which gives an idea about the
thickness of the boundary layer on the adsorbent surface,

(15)
(16)

Time(min)
Fig. 16 Liquid film diffusion plots

kzz (1/min) is the film diffusion rate constant, and F is the
fractional attainment of equilibrium (F = ¢/qg.) at time ¢.
It is considered that a multilinear ¢, vs >° plot passing
through the origin is indicative of the intraparticle diffusion
to be the sole rate limiting step, whereas a straightline plot
of —In(1—q/q.) vs t with zero intercept suggests that the
adsorption is controlled by film diffusion. The intraparticle
diffusion plots, are not multilinear and do not pass through
the origin in case of Pb(Il) and Cd(I) adsorption, therefore
it may not be considered as the sole rate controlling step
(Fig. 15). However, film diffusion plots of Pb(Il) almost
passes through the origin suggesting that the film diffusion

@ Springer
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is rate controlling (Fig. 16). Intraparticle and film diffusion
may be the rate controlling steps in case of Cd(II)
adsorption.

Conclusions

The green algae modified with epichlorohydrin efficiently
removes Pb(II) and Cd(II) from aqueous solution. The
adsorption process variables (contact time, dose, initial
metal ion concentration, initial solution pH, and tempera-
ture) have been optimized. A strong correlation between
the data and Langmur model suggests that the adsorbent
has homogenous distribution of surface energy thereby
inducing monolayer adsorption. Pseudo-second order
kinetics model properly describes the adsorption kinetics of
both the metal ions. The mechanism of adsorption of Pb(II)
is controlled by film diffusion. Intraparticle and film dif-
fusion may be the rate controlling steps in case of Cd(II)
adsorption. The thermodynamics studies suggest the
adsorption process to be spontaneous, endothermic and
entropy driven.
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