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Abstract

Purpose The purpose of the research is to investigate the
applicability of the low-cost natural biosorbents for the
removal of Pb(Il) ions from aqueous solution and effluent
from battery industry.

Methods Six different biosorbents namely rice straw, rice
bran, rice husk, coconut shell, neem leaves, and hyacinth
roots have been used for the removal of Pb(II) ions from
aqueous solution in batch process. All the biosorbents were
collected from local area near Kolkata, West Bengal, India.
The removal efficiency was determined in batch experiments
for each biosorbent.

Results The biosorbents were characterized by SEM, FTIR,
surface area, and point of zero charge. The sorption kinetic data
was best described by pseudo-second-order model for all the
biosorbents except rice husk which followed intraparticle dif-
fusion model. Pb(II) ions adsorption process for rice straw, rice
bran, and hyacinth roots were governed predominately by film
diffusion, but in the case of rice husk, it was intraparticle
diffusion. Film diffusion and intraparticle diffusion were equal-
ly responsible for the biosorption process onto coconut shell
and neem leaves. The values of mass transfer coefficient
indicated that the velocity of the adsorbate transport from the
bulk to the solid phase was quite fast for all cases. Maximum
monolayer sorption capacities onto the six natural sorbents
studied were estimated from the Langmuir sorption model
and compared with other natural sorbents used by other
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researchers. The Elovich model, the calculated values of effec-
tive diffusivity, and the sorption energy calculated by using the
Dubinin—Radushkevich isotherm were indicated that the sorp-
tion process was chemical in nature. The thermodynamic stud-
ies indicated that the adsorption processes were endothermic.
FTIR studies were carried out to understand the type of func-
tional groups responsible for Pb(I) ions binding process. Re-
generation of biosorbents were carried out by desorption studies
using HNOj;. Battery industry effluents were used for the
application study to investigate applicability of the biosorbents.
Conclusion The biosorbents can be utilized as low-cost
sorbents for the removal of Pb(II) ions from wastewater.

Keywords Batch process - Pb(I) ions - Biosorbent -
Hyacinth roots - Diffusivity - Sorption energy

Nomenclature

a; Elovich constant which gives an idea
of the reaction rate constant

b Langmuir constant (in liters per milligram)

B Time-dependent factor

b, Elovich constants and represents the rate
of chemisorption at zero coverage

C Intraparticle diffusion constant

C, Pb(II) ions concentration on the sorbent
at equilibrium (in milligrams per liter)

C.ps The amount of Pb(II) adsorbed onto sorbent
surface (in moles per gram)

C, Pb(I) ions concentration in solution at equilibrium
(in milligrams per liter)

Co Initial Pb(IT) ions concentration (in milligrams
per liter)

C, Pb(II) ions concentration at time ¢ (in milligrams
per liter)
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D, Effective diffusion coefficient of adsorbates
in the sorbent phase (in square meters per second)

E Mean sorption energy (in kilojoules per mole)

F(f) Ratio of amount of Pb(Il) ions adsorbed per gram
of sorbent at any time to that of at equilibrium time

AG®  Gibbs free energy (in kilojoules per mole)

AH°  Enthalpy (in kilojoules per mole)

K Lagergren rate constant (per minute)

K> Pseudo-second-order rate constant (in milligrams per
gram per minute)

K; Intraparticle rate constant (in milligrams per gram
per square root of minute)

Ky, The constant obtained by multiplying gm.x and b

K? Thermodynamic equilibrium constant

K! Apparent equilibrium constant

M Mass of the sorbent per unit volume (in grams
per liter)

my Amount of sorbent added in gram

n Freundlich constants intensity of sorption (in
milligrams per gram)/(in milligrams per liter)"”

ny An integer

qe Amount adsorb per gram of the sorbent at
equilibrium

dmax ~Maximum sorption capacity (in milligrams per
gram)

q: Amount (in milligrams) adsorb per gram of sorbent

qm  Amount (in milligrams) adsorb per gram of sorbent
from model

g Amount (in milligrams) adsorb per gram of sorbent
at infinite time

r Correlation coefficient

R Ideal gas constant in kilojoules per mole per kelvin
R, Separation factor

R, Radius of the sorbent particle (in meter)

Ss External surface area of the sorbent per unit volume

(per meter)
AS°  Entropy (in kilojoules per mole kelvin)

t Time (in minutes)
T Temperature in kelvin
TDS Total dissolves solid

Elovich constant equals to 1/(a;-b;)
Volume of the solution (in liters)
Maximum sorption capacity of sorbent
(in millimoles per gram)

EAE

Greek letters

[ Mass transfer coefficient (in centimeters per second)

A Constant related to sorption energy (in square moles
per square kilojoule)

e  Polanyi potential (in square kilojoules per square mole)

2
Chi-square value (> = Z(q’;%m))

1 Introduction

Heavy metals in aqueous system such as copper, lead, cadmi-
um, chromium, zinc, mercury, etc. are not biodegradable and
tend to accumulate in living organisms, causing various dis-
eases and disorders (Liao et al. 2010; Mahmoud et al. 2010).
Increasing concentration of these metals in the water consti-
tutes a severe health hazard for their toxicity, persistent in
nature particularly when it exceeds the permissible limits.
These metal ions exist in wastewater from many industries
such as smelting, metal plating, mining, galvanizing, glass
operations, paints, pigments, lead batteries, insecticides, elec-
troplating, cosmetics, stabilizer, alloy manufacturing, and
agricultural activities (Naiya et al. 2009a; Wang et al. 2010).

The tolerance limits of Pb(I) ion concentration in drinking
water and discharge in inland surface water are 0.05 and
0.10 mg/L, respectively, according to the Indian Standard (IS
10500 1992). The Environmental Protection Agency and
World Health Organization have suggested 0.015 and
0.01 mg/L, respectively, for safe drinking water containing Pb
(D) ions (http://www.epa.gov/safewater/contaminants/index.
html, 09 Aug 2007; http://www.who.int/water sanitation
health/dwq/gdwq3rev/en/index.html, 09 Aug 2007). Therefore,
the removal of Pb(Il) in wastewater has received much atten-
tion in recent years.

Many methods have been developed to remove heavy
metals from wastewater, namely adsorption, precipitation,
ion exchange, flotation, membrane-related process, electro-
chemical technique and biological process, etc. Among these
methods, adsorption is quite promising due to its high effi-
ciency, easy handling, availability of different sorbents, and
cost-effectiveness (Naiya et al. 2009b). Lead-ion removal
from aqueous solution has been reported in many recent
publications where different inexpensive and locally abun-
dantly available biosorbents such chaff, hazelnut shells, rice
husk, sawdust, crab shell, arca shell, olive stone, coir, coca
shells, apple residues, hazelnut husk, barley straws, and
de-oiled allspice husk, etc. were used (Lee et al. 1998; Cimino
et al. 2000; Khalid et al. 2001; Meunier et al. 2003; Han et al.
2005; Conrad and Hansen 2007; Li et al. 2007; Dahiya et al.
2008; Imamoglu and Tekir 2008; Pehlivan et al. 2009;
Blazquez et al. 2010; Cruz-Olivares et al. 2010). Studies have
been reported in literature for the removal of heavy metals
using different industrial waste and algae as adsorbents
(Ali and Gupta 2007; Ali 2010; Gupta etal. 1997, 1998, 1999,
2001, 2004, 2007, 2009, 2010a, b, 2011; Gupta and
Andimranali 2008; Gupta and Ali 2004; Gupta and Rastogi
2008a, b, 2009; Gupta and Sharma 2003; Khan et al. 2009;
Srivastava et al. 1997).

The objective of this study was to investigate the feasibility
of Pb(Il) ion removal from aqueous solution onto six natural
biosorbents namely rice straw, rice bran, rice husk, hyacinth
roots, neem leaves, and coconut shell as low-cost adsorbent in

@ Springer


http://www.epa.gov/safewater/contaminants/index.html
http://www.epa.gov/safewater/contaminants/index.html
http://www.who.int/water_sanitation_health/dwq/gdwq3rev/en/index.html
http://www.who.int/water_sanitation_health/dwq/gdwq3rev/en/index.html

2214

Environ Sci Pollut Res (2012) 19:2212-2226

the batch process. The desorption study and application study
using battery industry effluents were also reported.

2 Materials and methods
2.1 Sorbent

Rice straw, rice bran, rice husk, coconut shell, neem leaves,
and hyacinth roots were used as low-cost natural or agricul-
tural wastes for Pb(II) ion removal from aqueous solution. All
the sorbents were collected from local area near Kolkata, West
Bengal, India.

Rice straw, rice bran, rice husk, and hyacinth roots were
boiled for 6 h to remove color materials. Coconut shell was
crashed in roll crusher and then grinded. Neem leaves and
coconut shell were treated with 0.1 N NaOH to remove
lignin-based color materials followed by 0.1 N H,SO,.
Finally all the sorbents were washed with distilled water
several times and dried at 105°C for 6 h. After drying, all the
sorbents were sieved to obtain particle size of 250-350 um
prior to use for sorption studies.

2.2 Sorbate

The stock solution containing 1,000 mg/L of Pb(II) ions was
prepared by dissolving 1.61 g of lead nitrate [Pb(NO3),] in
1,000 mL of double distilled water. The range of Pb(II) ions
concentration was varied from 5 to 300 mg/L by diluting
stock solution.

2.3 Reagent and equipment

All the necessary chemicals used in the study were of analyt-
ical grade and obtained from E. Merck Limited, Mumbai,
India. The pH of the solution was measured with EUTECH
make digital microprocessor-based pH meter previously cali-
brated with standard buffer solutions. Analysis of Pb(Il) ions
and other metal ions were carried out using atomic absorption
spectrophotometer (AA 240 VARIAN, Australia). Scanning

electron microscope (S-3400N; Hitachi, Japan) study was
conducted to observe the surface texture of the sorbents.
Fourier transform infrared spectroscopy (FTIR; Jasco FT/IR-
670 Plus) studies were carried out to determine the type of
functional group responsible for Pb(I) ions sorption. The
surface area was measured by Micromeritics surface area
analyzer (ASAP 2020). The moisture content determination
was carried out with a digital microprocessor-based moisture
analyzer (Metteler LP16). The point of zero charge was
determined by solid addition method (Srivastava et al. 2006)
and reported in Table 1.

2.4 Characterization of sorbents

Scanning electron micrographs of all the biosorbents are
shown in Fig. la—f. These figures show that the sorbents
were irregular and porous in nature. FTIR study was also
carried out to identify the functional groups presents in the
biosorbents at 4,000-400 cm ' range. Surface area, bulk
density, dry matter, moisture content, point of zero charge,
and ash content of all the biosorbents were measured and
shown in Table 1.

2.5 Batch sorption studies

Batch sorption experiments were carried out to determine the
optimum Pb(II) ion sorption conditions onto biosorbents in a
250-mL stopper conical flask. The pH of the solutions was
adjusted by adding HCI or NaOH solution as per required at
the beginning of the experiment. Necessary amount of sorbent
was then added, and content in these flasks was shaken for the
desired contact time in an electrically thermostated reciprocat-
ing shaker at 110-125 strokes/minute at 30°C. The time
required to reach the equilibrium was estimated by withdraw-
ing conical flask containing treated solution at regular inter-
vals of time. After completion of the sorption process, the
sorbent was separated from the solution using filter paper
(Whatman no. 42, pore size—2.5 um) and the supernatant
was analyzed for residual Pb(II) concentration by atomic
absorption spectrophotometer at the wavelength of 283.3 nm

Table 1 Different physical

characteristics of natural Sorbents Surface area  Bulk density ~ Dry Moisture Point of Ash
sorbents (m*/g) (g/cm?) matter (%)  content (%)  zero charge  content (%)
Rice straw 1.21 0.36 92.74 7.26 6.85 9.40
Rice bran 0.12 0.42 89.32 10.68 6.10 11.72
Rice husk 0.54 0.54 90.98 9.02 6.05 11.80
Coconut shell 0.52 0.82 93.84 6.16 6.62 9.23
Neem leaves 0.57 0.71 91.67 8.33 6.94 13.58
Hyacinth roots ~ 5.78 0.48 88.75 11.25 6.59 10.74
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Fig. 1 Scanning electron
micrograph of a rice straw, b
rice bran, ¢ rice husk, d
hyacinth roots, e neem leaves,
and f coconut shell

(APHA 1998). The percentage of removed Pb(Il) ions in
solution was calculated using following equation:

(G —G)
0

% removal of Pb(II) ions = x 100% (1)

The amount of Pb(II) ions adsorbed (g) per unit of empty
biosorbents at any time was obtained by the following
equation:

Q:M (2)

ms

All the investigations were carried out in triplicate, and
average result was reported to avoid any discrepancy. The
reproducibility and the relative deviation were of the order
of£0.5% and+2.5%, respectively.

3 Results and discussion

3.1 Effect of initial pH

The acidity of the solution is one of the most important factors
affecting the sorption process (Lalhruaitluanga et al. 2010). In
general, the sorption of cation is favored at pH>pH,,.. Figure 2
shows the effect pH on the removal of Pb(Il) ions from
aqueous solution. The results showed that the sorption capac-
ities of Pb(Il) ions increased significantly as pH increased from
2.0 to 5.0 for all the sorbents. At low pH (pH 2-3) less metal
ions sorption occurred, this may be explained on the basis of
the binding sites being protonated, resulting in a competition
between H' and Pb(II) ions for occupancy of binding sites
(Naiya et al. 2009a; Hasana et al. 2010; Reddy et al. 2010). As
the pH increases and biosorbents surface functional groups are
activated, it results in increased Pb(II) ions sorption. The Pb(II)

@ Springer
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Fig. 2 Effect of pH on the sorption of Pb(Il) ions (Pb(Il) ions, 25 mg/L;
sorbent dosage, 10 g/L; contact time, 5 h)

ions may undergo hydrolysis and salvation in aqueous solution
as follows (Naiya et al. 2009b):

Pb** 4 nH,O = Pb(H,0)>" (3)
Pb(H,0)2" = [Pb(H,0), ,(OH)|" + H* (4)

PV + nH,0 = [Pb(H,0), ,(OH)]" +H*  (5)

In the present study, maximum removal was occurred at
pH 5. With further increase of pH, Pb(Il) ions started to
precipitate out from the solution as lead hydroxide. So at
pH>5, removal efficiency increased may be a combination of
both sorption onto biosorbents surface and precipitation of
lead hydroxide from the solution. Therefore experiments were
not conducted at pH>5. A similar trend has also been reported
in the removal of Pb(I) ions onto other biosorbents (Low et al.
2000; Saeeda et al. 2005). After sorption the final pH was
changed from 5 to 6.45, 6.23, 5.97, 6.20, 6.15, and 6.69 for
rice straw, rice bran, rice husk, coconut shell, neem leaves, and
hyacinth roots, respectively.

3.2 Effect of contact time, initial Pb(II) ions concentration,
and biosorbent dosage

The effect of contact time on the sorption of Pb(II) ions onto

different biosorbents is shown in Fig. 3. The initial rate of
adsorption was rapid, it indicated to give away a very slow

@ Springer
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Fig. 3 Effect of contact time on the sorption of Pb(II) ions (Pb(1l) ions,
25 mg/L; pH, 5; sorbent dosage, 10 g/L)

approach to equilibrium and accounted for the major
part in the total Pb(II) ions sorption. Then sorption
reached a plateau value, i.c., equilibrium which showed
that the saturation of the active sites of the biosorbent.
The time required to reach equilibrium for the sorption
of Pb(Il) ions were 2.5 h for rice straw, rice bran, and
rice husk, and 2.0 h for hyacinth roots, neem leaves,
and coconut shell.

Percent removal decreases with the increase in initial Pb
(II) ions concentration from 5 to 300 mg/L. At the lower
concentration, all the Pb(I) ions in the solution would react
with the binding sites and thus facilitated almost complete
sorption (Naiya et al. 2009a, b). At higher concentration
more Pb(Il) ions left unsorbed in the solution due to the
saturation of the binding sites. This indicates that the ener-
getically less favorable sites become involve with increas-
ing Pb(Il) ions concentration in aqueous solution. Sorption
capacity increases from the range of 0.4 to 21.0 mg/g
when initial concentration of Pb(Il) ions increases from
5 to 300 mg/L.

The effect of sorbent types and dosage (1-15 g/L) for the
removal of Pb(II) ions from aqueous solution using initial
metal ion concentration at 25 mg/L were carried out. The
removal efficiency was found to increase rapidly and
decreases sorption capacity at optimum pH for all the cases
which may be attributed to increase surface area of the
biosorbent and availability of more sorption sites due to
increase amount of biosorbent. Table 2 represents the range
of variables and optimum condition obtained from batch
experiment for the process.
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Table 2 Range of variables

investigated and optimum con- Rice Rice Rice Coconut ~ Neem Hyacinth
dition obtained from batch straw bran husk shell leaves roots
experiment
Range of variables
pH 2-17 2-7 2-7 2-7 2-7 2-17
Contact time (min) 0-180 0-180 0-180 0-180 0-180 0-180
Adsorbent dosage (g/L) 1-15 1-15 1-15 1-15 1-15 1-15
Initial Pb(II) ions 5-300 5-300 5-300 5-300 5-300 5-300
concentration (ppm)
Optimum condition
pH 5 5 5 5 5 5
Contact time (min) 150 150 150 120 120 120
Adsorbent dosage 10 10 10 10 10 10
Pb(II) ions concentration (ppm) 25 25 25 25 25 25

3.3 Sorption kinetics

In order to determine kinetic parameters and to explain the
mechanism of biosorption process, pseudo-first-order mod-
el, pseudo-second-order model, and intraparticle diffusion
model are used (Lagergren 1898; Weber and Morris 1963;
Ho et al. 2000). The mechanism of sorption depends on the
physical and chemical characteristics of the sorbent as well
as on the mass transfer process (Naiya et al. 2009b). The
results obtained from the effect of contact time variation
were used to study the kinetics on the Pb(II) ions sorption.
The conformity between experimental data and the model
predicted values was expressed by statistical parameter. The
results of different rate constants along with statistical pa-
rameter are listed in Table 3.

The linearity of the Lagergren, pseudo-second-order, and
intraparticle diffusion model indicated the applicability of
these models. The high correlation coefficients (+%) and low
chi-square (y?) values indicate that the sorption of Pb(Il)
ions onto biosorbents follow the pseudo-second-order

model except rice husk. Sorption of Pb(Il) ions onto rice
husk better follows the intraparticle diffusion model.

3.4 Reichenberg model

The rate of sorption also determined by applying well-
known equation for the diffusion and mass transfer phe-
nomena. For the fast reaction, the sorption may be due to
film diffusion (Reichenberg 1953) and occur within the
micropore of the sorbents. The Reichenberg equation is

as follows:
6\ 5
F(t)z(l—;)e ! (6)
The above equation may be written as
Bt = —0.4977 In[1 — F(¢)] (7)

Where, F(?) is the ratio of amount of Pb(II) ions adsorbed
per gram of biosorbent at any time to that of at equilibrium

Table 3 Different kinetic model

parameter Model constants ~ Rice straw  Rice bran ~ Rice husk ~ Coconut shell =~ Neem leaves ~ Hyacinth
roots

Lagergren model : % =ki(qe — q1)
K, (min™h) 0.0385 0.0396 0.0365 0.0495 0.0397 0.0427
” 0.8320 0.8045 0.7656 0.9276 0.9476 0.9869
X2 2.3842 3.8807 1.5316 1.1030 6.5157 9.4391
Pseudo — second — ordermodel : %’ = k(g — q,)2
K, (mg/g/min) 0.0628 0.0821 0.0495 0.0792 0.1527 0.1658
” 0.9992 0.9995 0.9887 0.9998 0.9999 0.9999
P 0.0256 0.0206 0.0311 0.0039 0.0026 0.0008
Intra particle diffusion model : g, = k;#*° + C
K; (mg/g/min'?)  0.0501 0.0399 0.0593 0.0490 0.0270 0.0294
” 0.9741 0.9751 0.9899 0.9016 0.9151 0.8478
X2 0.0522 0.0813 0.0025 0.0094 0.0086 0.0051
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time. B is the time-dependent factor. The plot of Bt versus ¢
was linear with a correlation coefficient of 0.8320, 0.8045,
0.7655, 0.9276, 0.9476, and 0.9869 for the sorption of Pb
(IT) ions on rice straw, rice bran, rice husk, coconut shell,
neem leaves, and hyacinth roots, respectively, as shown in
Fig. 4. The higher correlation coefficient for hyacinth roots
indicates that the sorption process was controlled by film
diffusion.

3.5 Elovich model

The Elovich model (Low 1960) is initially proposed for the
description of the kinetics of the chemisorption of gases on
solids. In this model, a variation in the energy of chemi-
sorption is attributed to a change in the surface coverage or
to a continuous and specific range of site reactivities (Teng
and Hsieh 1999). The equation is formulated as

1 1
q; = — ln(albl) + — 1Il(l + l()) (8)
by by

where a;, by, and fy = ﬁare constants. Parameter a, gives
an idea of the reaction rate constant, b; represents the rate of
chemisorption at zero coverage, and £, is an adjustable param-
eter that makes the plot liner over the entire range (Fig. 5). In
these cases of sorption process, the linear correlation coeffi-
cients were 0.9842, 0.9803, 0.9909, 0.9737, 0.9811, and
0.9442 for the sorption onto rice straw, rice bran, rice husk,
coconut shell, neem leaves, and hyacinth roots, respectively,

4.5
- Symbol Adsorbents v
40| = Rice straw °
L o Rice bran
35 a Rice husk
e RS Coconut shell
F © Neem leaves
30 LL_¢ Hyacinth roots
m 25|
20 |-
15
1.0 |
0.5
0 40 80 120 160

time, t, min

Fig. 4 Reichenberg plot for the sorption of Pb(Il) ions (Pb(Il) ions,
25 mg/L; pH, 5; sorbent dosage, 10 g/L)
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Fig. 5 Elovich plot for the sorption of Pb(Il) ions (Pb(II) ions, 25 mg/L;
pH, 5; sorbent dosage, 10 g/L)

which indicated the process of sorption was chemical in nature
(Ho and McKay 2002).

3.6 Prediction of rate limiting step

Fick’s equation is used (Eq. 9) to describe the diffusion
process of Pb(Il) ions onto different biosorbents surface

1.00
0.98 |-
0.96 -
o 094
(o}
=
(o L
0.92 |-
0.90 |-
| Steps  Adsorption process (hyacinth roots)
I Film diffusion
0.88 |- )il Intraparticle diffusion
| il Adsorption on active group
0.86 1 . 1 . 1 . 1 . 1 . 1
4 6 8 10 12 14
%5

Fig. 6 Curve of ¢,/q. versus > for the sorption of Pb(Il) ions onto
hyacinth roots (Pb(II) ions, 25 mg/L; sorbent dosage, 10 g/L; pH, 5)
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Fig. 7 Mass transfer plots for the sorption of Pb(II) ions (Pb(II) ions,
25 mg/L; pH, 5; sorbent dosage, 10 g/L)

(Seeber et al. 1998; Zaki et al. 2000; Qin et al. 2007).
Generally, the sorption rate is controlled by film diffusion
(outer diffusion) or intraparticle diffusion (inner diffusion)
or both (Kalavathy et al. 2005).

6 [Dt
U el (9)

9o Ry T

The plot of % (¢ was replaced by ¢.) versus /7 is
shown in Fig. 6 for hyacinth roots. The first linear portion
indicated to the film diffusion, the second linear portion
related the intraparticle diffusion, and the last linear portion
suggested sorption—desorption equilibrium. Figure 6
showed that the diffusion took about 75 min while the
intraparticle diffusion took 45 min. The ratio of the time
taken by film diffusion to intraparticle diffusion was 5:3. A
similar type of result is also found for other biosorbents. The
ratio of time taken by film diffusion to intraparticle were
4:1,4:1, 1:2, 1:1, and 1:1 for rice straw, rice bran, rice husk,
coconut shell, and neem leaves, respectively. So in the case
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Fig. 8 Diffusivity plots for the sorption of Pb(Il) ions (pH, 5; sorbent
dosage, 10 g/L; Pb(Il) ions, 25 mg/L)

of rice straw, rice bran and hyacinth roots film diffusion was
predominated over the intraparticle diffusion but in case of
rice husk it was reverse. Film diffusion and intraparticle
diffusion were equally responsible for coconut shell and
neem leaves.

3.7 Mass transfer analysis

Mass transfer analysis for the sorption of Pb(Il) ions from
aqueous solutions by the six different natural sorbents are carried
out by using the following equation (McKay et al. 1981):

C 1 MKy,
In(—t—— ) =In(——
Co 1+ MKy, 1+ MKy,

1 + MK),
- <MKbq> BSst (10)

Figure 7 represents the plot of In (g—(’] ) versus ¢

1
T+ MKp,

resulted a straight line of slope of (%) BSs. Table 4

Table 4 Determination of mass

transfer coefficients and Rice straw  Rice bran  Rice husk  Coconut shell Neem leaves Hyacinth roots
diffusion coefficients

Mass transfer analysis

5 (cm/s)x 10° 8.6172 7.2843 8.9961 7.3663 2.3340 1.1854

” 0.8034 0.8202 0.9061 0.97046 0.9267 0.9998

Diffusivity analysis

D, (m*/s)x10'  2.0264 1.9362 1.5453 3.6201 2.9448 4.0683

” 0.9262 0.9423 0.9715 0.8923 0.9431 0.9832
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Table 5 Different sorption isotherm constants

Model constants Rice straw  Rice bran  Rice husk ~ Coconut shell ~ Neem leaves  Hyacinth roots
Langmuir isotherm model : S— = qm}“ 5 qizx

Gmax (M/g) 24.1721 20.5380  21.3766 242424 22.3264 24.9376
b (L/mg) 0.0384 0.0568 0.0455 0.0366 0.0207 0.0701
” 0.9481 0.9055 0.8680 0.8693 0.8380 0.9259
X 1.1226 2.8769 2.7715 2.3035 1.4180 2.1659
Separation factor or equilibrium parameter : R, = ﬁ

Ry value at initial Pb(II) concentration 5 mg/L 0.8389 0.7788 0.8146 0.8453 0.9062 0.7404
R; value at initial Pb(Il) concentration 300 mg/L 0.0798 0.0554 0.0682 0.0834 0.1386 0.0453
Freundlich isotherm model : log g, = log K +% log C,

Kf(mg/g)/(mg/L)”" 1.1988 1.6433 1.3248 1.2423 0.8322 2.0363
n 1.5345 1.8331 1.6560 1.5871 1.5988 1.7185
P 0.9949 0.9940 0.9953 0.9981 0.9901 0.9977
X 1.0217 0.4765 0.2522 0.0940 0.2060 0.2660

shows the values of mass transfer coefficients, and it indi-
cated that the velocity of the adsorbate transport from the
bulk to the solid phase was quite fast.

3.8 Determination diffusivity

Experimental kinetic data could be treated by the Boyd et al.
(1947) model. With the diffusion rate-controlling sorption
process in the sorption of Pb(Il) ions onto biosorbents, the
solution of the simultaneous set of differential and algebraic
equation leads to

6 & 1 D.t%n,?
Ft)y=1-— _2€Xp<_T> (11)

Assuming spherical shape of the sorbents, the Vermeulen’s
approximation (Vermeulen 1953) of Eq. 11 fits the whole
range 0<F(f)<1 as

In [1;172(0} = ”—zDet (12)

The plot of In {#Z(z)} versus ¢ (Fig. 8) is a line whose

slope, R”—;uDe, thus the diffusion coefficient, D,, can be calcu-
lated. The value of diffusion coefficient as calculated is shown
in Table 4. The values of D, falls well within the values
reported in literature, especially for chemisorptions system
107°-10""7 m%/s (Srivastava et al. 2009).

3.9 Isotherm studies

The interaction between sorbate and sorbent are frequently
interpreted using the Langmuir and the Freundlich isotherm
models (Langmuir 1918; Freundlich 1906). The Langmuir

@ Springer

model is based on the assumption of a structurally homoge-
neous sorbent where all sorption sites are identical and
energetically equivalent and assuming monolayer sorption
onto the sorbent surface. The Langmuir isotherm model is
represented by the first equation in Table 5.

Webi and Chakravort (1974) expressed the essential char-
acteristics and feasibility of the Langmuir isotherm in terms of
a dimensionless constant, separation factor, or equilibrium
parameter, R; (second equation in Table 5). If this value

90 }
L Sybbol Adsorbents
o Rice straw
-9.5
o Rice bran
I a Rice husk
-10.0 |- v Coconut shell
- o Neem leaves
105 | < Hyacinth roots
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Fig. 9 Dubinin—Radushkevich isotherm plots for the sorption of Pb(II)
ions (pH, 5; sorbent dosage, 10 g/L; contact time, 2.5 h for rice straw,
rice bran, and rice husk, and 2.0 h for hyacinth roots, neem leaves, and
coconut shell)
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Table 6 Thermodynamic parameters for Pb(I) biosorption

Temperature (K) Rice straw Rice bran Rice husk Coconut shell Neem leaves Hyacinth roots
AG® (kJ/mol) 303 —0.765 —-1.178 -1.508 —0.836 —0.140 —3.008

313 —2.407 —2.716 —2.371 —2.213 —-0.237 —5.148

328 —3.465 —4.052 —4.061 —5.574 -1.793 —6.735
AH® (kJ/mol) 31.197 25.707 29.632 57.312 20.658 41.299
AS°(KkJ/(mol K)) 0.106 0.091 0.102 0.191 0.067 0.147

ranges in between 0 and 1, then the sorption process is
favorable. For all the experimental data, the values of R; that
were lying between 0 and 1 indicated favorable sorption
(McKay et al. 1982).

The Freundlich isotherm model is applied to describe het-
erogeneous systems characterized by a heterogeneity factor of
1/n.This model describes reversible sorption and is not
restricted to the formation of the monolayer. The Freundlich
isotherm model is expressed by the third equation in Table 5.
Table 5 indicates the Langmuir and Freundlich constants
along with the statistical parameters. The values of # in the
Freundlich constant lies between 1 and 10 for all biosorbents
represent favorable sorption (Bhattacharya et al. 2008). From
the Table 5 it can be concluded that the sorption of Pb(II) onto
all the biosorbents follows the Freundlich adsorption isotherm
model. Hyacinth roots had maximum Pb(II) ions sorption
capacity (24.9376 mg/g) than other biosorbents studied.

3.10 Sorption energy calculation

The Langmuir or Freundlich isotherm does not give any
idea about the sorption processes whether it is chemical or
physical, but the Dubinin—Radushkevich (Dubinin et al.

1947) isotherm was used to predict the nature of sorption
processes by calculating sorption energy. The linear from of
the model is described as

In Cops = InX,, — A’ (13)
From Fig. 9 a plot of InCyy versus €? gave a straight line

from which the values of A and X, for all the sorbents were

calculated. Mean sorption energy (£) was calculated using

(14)

where E is the energy required to adsorb 1 mol of Pb(II) ions
from aqueous solution. The mean sorption energy, E is below
8 kJ/mol, then the sorption process can be explained by
physical sorption, between 8 and 16 kJ/mol it can be explained
by chemical sorption (Dubinin et al. 1947; Sawalha et al.
2006). The estimated values of E were 10.174, 11.293,
10.672,10.391, 10.358, and 11.251 kJ/mol for rice straw, rice
bran, rice husk, coconut shell, neem leaves, and hyacinth
roots, respectively, which suggested the sorption process
was chemical in nature.

Fig. 10 FTIR spectra of a raw
coconut shell and b Pb(II)
loaded coconut shell (Pb(II)
ions, 25 mg/L; pH, 5; sorbent
dosage, 10 g/L; contact time,
2.0 h)
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3.11 Thermodynamic study " 8
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To study the thermodynamic behavior of Pb(Il) ions, the ’5§ - oo =8 8 ol
= [}
thermodynamic parameters such as change in Gibbs free = I B S et S [ S
energy (AG®), enthalpy (AH?), and entropy (AS°) are E
calculated. The thermodynamic equilibrium constant (K?) g 5 Q NI = 5
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From the slope and intercept of the plot In K° versus 1/7, : S
the values of AH%nd AS° had been computed, while AG° §
was calculated using Eq. 17 and reported in Table 6. The f
results indicated that the biosorption processes were endother- 8 e I 38 g2 ®
mic in nature. The heat of sorption values that were lying g< § S § a =
between 20.658 and 41.299 kJ mol ' suggested that the pro- g &2 SRS N = I R R
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negative value of AG® at all temperatures indicated the = £ 7 § § E ] @ E o §
feasibility of biosorption process. The positive value of AS° g ~ i oo - B
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Figure 10 shows the FTIR plot for fresh and Pb(II) ions E &
loaded coconut shell. Table 7 represented the shift from the g @ o = o
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surface —OH group was one of the functional group responsi-
ble for sorption. Aliphatic C=O group was responsible for
sorption of Pb(I) onto coconut shell only which was inferred
from the shift of the peak more than 10 cm™'. Unsaturated
group like alkene was also active on rice straw, rice bran, and
rice husk.

Aromatic C-NO, stretching was found to have major
shift of wave number from 1,515.77 cm ' (raw rice husk)
to 1,532.46 cm ! (metal loaded rice husk), 1,514.81 cm !
(raw hyacinth root) to 1,541.10 cm ' (metal loaded hya-
cinth root), and 1,515.46 cm ' (raw neem leaves) to
1,557.15 cm™"' (metal loaded neem leaves) for the sorption
of Pb(Il). Alkane group was only responsible for Pb(II)
ions sorption onto coconut shell as indicated in Table 7.
Rice straw FTIR spectrum also showed intense bands
around 1,321.00 cm ! which shifted to 1,338.60 cm !
for Pb(Il) ions loaded rice straw. This was attributed that
the carboxylate anion was responsible for the sorption on
rice straw.

Si-O stretching was also responsible for Pb(II) sorption
onto rice waste as indicated in Table 7. Sulfonic acid S=O
stretching was found be to responsible for Pb(II) sorption
onto hyacinth roots only.

Table 7 also indicated that the minor shift for the other
band (aliphatic C-H, aldehyde C—H stretching, phosphate
ester group, —SO3 group, and sulfonyl chloride group)
which showed that these groups were not involved in the
sorption process. Atomic radius of Pb(II) ions is 1.75 A, and
it fits well into the binding site of the biosorbents.

3.13 Desorption studies

The Pb(II) ions loaded biosorbents creates a serious disposal
problem as it is hazardous for environment. This problem
may be minimizing by regeneration process. In this process
adsorbed Pb(II) ions elutriate to the solution and regenerated
the biosorbents. The concentrated metal solution may be
suitable for the recovery of Pb(Il) ions. The regenerated

biosorbent may be recycled for reuse to reduce the waste-
water treatment cost. So regeneration process, i.e., desorp-
tion study was important and was carried out at different
concentration of HNO;. Desorption experiments were per-
formed maintaining the process condition similar to the
batch experiments. It was evident from Table 8 that the
maximum desorption efficiency was 95.76% for coconut
shell. In the desorption process, H' ions replace the Pb(II)
ions on the metal-loaded biosorbents, thus acting as a cation
exchanger.

3.14 Comparison studies

The sorption capacity of Pb(II) ions onto different biosorbents
were compared with other biosorbents reported in literature
and is shown in Table 9. The sorbents capacities vary due to
the properties of each sorbent such as structure, functional
groups, and surface area, etc.

3.15 Treatment of battery industries effluents

A wastewater containing Pb(II) ions are collected from a
medium-sized battery industry at Kolkata, India. This waste-
water has been used to remove the Pb(II) ions to determine
the suitability of natural biosorbents in batch condition. The
characteristics of the wastewater are shown in Table 10. The
batch sorption studies were carried out under optimum con-
ditions of pH, contact time, and sorbent dosage level for all
the sorbents used in the study. The final results are reported
in Table 10. It is clear from the table that the coconut shell is
the most suitable biosorbent for the treatment of battery
industries effluents containing Pb(II) ions. The coconut shell
and hyacinth root as sorbents give Pb(Il) ions concentration
in the treated effluent below 0.1 mg/L which follows the
norms of Indian Standard of the discharge of the wastewater
containing Pb(Il) ions (IS 10500 1992). The other ions
present in the battery industry wastewater also removed to
a small extent.

Table 8 Desorption of Pb(Il)

from loaded natural sorbents Sorbents Percentage desorbed of Pb(I) from Pb(Il) loaded sorbents

Strength of HNO5

0.025 (N) 0.05 (N) 0.075 (N) 0.10 (N) 0.15 (N) 0.20 (N)
Rice straw 72.57 81.64 83.60 87.07 90.13 90.29
Rice bran 69.32 75.46 81.40 83.85 84.89 86.98
Rice husk 71.23 80.08 83.78 86.12 89.02 89.58
Coconut shell 79.83 83.74 86.26 90.31 94.23 95.76
Neem leaves 31.12 50.12 85.24 90.83 92.71 94.79
Hyacinth roots 32.17 55.71 59.23 64.37 77.49 85.75
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Table 9 Comparison of

sorption capacities of Serial no. Sorbents Sorption capacities Reference
the sorbents for Pb(Il) ions (mg/g)
1 Chaff 12.5 Han et al. (2005)
2 Hazelnut shells 1.78 Cimino et al. (2000)
3 Rice husk 4.00 Khalid et al. (2001)
4 Sawdust 21.1 Li et al. (2007)
5 Crab shell 19.8 Dabhiya et al. (2008)
6 Arca shell 18.3 Dabhiya et al. (2008)
7 Olive stone 6.39 Blazquez et al. (2010)
8 Coir 18.9 Conrad and Hansen (2007)
9 Coca shells 6.23 Meunier et al. (2003)
10 Apple residues 17.8 Lee et al. (1998)
11 Hazelnut husk 13.05 Imamoglu and Tekir (2008)
12 Barley straws 23.20 Pehlivan et al. (2009)
13 De-oiled allspice husk 20.79 Cruz-Olivares et al. (2010)
14 Rice straw 24.172 Present study
15 Rice bran 20.538 Present study
16 Rice husk 21.376 Present study
17 Coconut shell 24.242 Present study
18 Neem leaves 22.326 Present study
19 Hyacinth roots 24.937 Present study

4 Conclusions

Removal of Pb(Il) ions from aqueous solutions and battery
industry wastewater has been carried out using six low-cost
biosorbents in the batch process. The optimum pH was
found to be 5. The statistical parameter indicated that the
adsorption process follows the pseudo-second-order model
for all the sorbents, but it was intraparticle diffusion for rice
husk. Film diffusion and intraparticle diffusion were jointly
responsible for Pb(II) ions sorption. The effective diffusivity
calculated by using Vermeulen’s approximation indicated
that the interaction between Pb(Il) ions on natural sorbents

Table 10 Application study with battery industries waste

was chemical in nature. All the sorption processes follow
the Freundlich sorption isotherm model. Hyacinth roots had
maximum Pb(I) ions (24.9376 mg/g) sorption capacities
than other biosorbents studied. Sorption energy calculated
from D-R showed the chemisorptions process for all the
sorbents. The thermodynamic study indicated the sorption
process was spontaneous and endothermic in nature. FTIR
studies indicated that the different functional groups were
responsible for Pb(Il) binding process. Desorption experi-
ments were performed using different concentration of
HNO; to reuse the biosorbents. The maximum desorption
efficiency was found for coconut shell, and it was comparable

Parameters Untreated effluent  Treated effluent
Rice straw ~ Rice bran  Rice husk  Coconut shell ~ Neem leaves  Hyacinth roots

pH 3.21 4.96 4.90 5.13 5.23 5.21 4.95
Pb(II) (mg/L) 2.64 0.21 0.24 0.23 0.08 0.12 0.09
Fe (mg/L) 0.86 0.71 0.71 0.76 0.77 0.72 0.72
Ca (mg/L) 198.06 170.84 176.45 172.78 186.23 179.35 180.24
Na (mg/L) 23.67 22.86 22.76 21.89 20.13 20.19 21.16
Mg (mg/L) 76.43 69.04 71.23 71.45 70.08 72.64 70.14
Cl (mg/L) 24.89 20.15 22.65 21.48 19.24 20.85 21.85
Conductivity (umho s/cm) 1,834 1,798 1,618 1,812 1,802 1,805 1,795
TDS (mg/L) 86.45 82.50 83.23 83.87 82.12 85.13 79.24
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for other biosorbents. Natural sorbents can be used as an
effective removal Pb(II) ions from industrial wastewater con-
taining Pb(II) ions.
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