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Abstract

An adsorbent was developed from the mature leaves of the Nagadi(achta indica) tree for removing Pb(ll) from water. Adsorption
was carried out in a batch process with several different concentrations of Pb(ll) by varying amount of adsorbent, pH, agitation time and
temperature. The uptake of the metal was very fast initially, but gradually slowed down indicating penetration into the interior of the adsorbent
particles. Both first-order and second-order kinetics were tested and it was found that the latter gave a better explanation. The experimental
data closely followed both Langmuir and Freundlich isotherms. The adsorbent had a considerably high Langmuir monolayer capacity of
300 mg/g. A small amount of the adsorbent (1.2 g/L) could remove as much as 93% of Pb(ll) in 300 min from a solution of concentration
100 mg/L at 300 K. The adsorption continuously increased in the pH range of 2.0-7.0, beyond which the adsorption could not be carried out
due to the precipitation of the metal. The adsorption was exothermic at ambient temperature and the computation of the pakdyieters,
andAG, indicated the interactions to be thermodynamically favourable.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Heavy metals in aqueous solution are usually removed
by adsorption, ion exchange, coagulation, floatation,
Lead enters into the human system through a numberhyper-filtration, chemical precipitation, reverse osmosis,
of processes like breathing workplace air (lead smelting, etc. Use of ion exchange resins requires considerable cost
refining, and manufacturing industries), eating lead-basedand adsorption on activated carbon is beset with problems
paint chips, drinking water that comes from lead pipes or related to regeneration of the adsorbent and recovery of the
lead-soldered fittings, breathing or ingesting contaminated contaminants. These technologies, apart from being expen-
soil, dust, air, or water near waste sites, breathing tobaccosive, create secondary problems with metal-bearing sludge
smoke, eating contaminated food grown on soil contain- [3]. This has initiated research in new, low-cost materials
ing lead or food covered with lead-containing dust, breath- for possible use as adsorbentalfle 3. Such materials can
ing fumes or ingesting lead from hobbies that use lead be broadly classified into three categories: (i) natural min-
(leaded-glass, ceramics). The health hazards due to the preserals and similar materials like coal, peat, clays (kaolinite,
ence of lead in water are of extreme concern to the pub- wollastonite, sepiolite, etc.), red mud, sand, hydrous ferric
lic, government and industry. Lead has toxic effects on the oxide, etc., (ii) industrial wastes like fly ash, saw dust, bio-
neuronal system and on the function of brain c¢ll®]. gas slurry, chrome sludge, electric furnace slag, etc., and
This underlines the need for developing methods for effec- (iii) biological materials like coconut shell, banana pith,
tive removal of lead from water at least below the regulatory beech leaves, orange peel, waste tea, water hyacinth, moss,
level. algae, chitin, bagasse, tree fern, soya cake, olive cake, al-
mond shells, cactus leaves, fly larva, cypress, chinchona and
pine leaves, and in many cases their carbonized products.
* Corresponding author. Tek:91-361-2571529. The efficiency of various bacteria, yeast, fungi, algae and
E-mail address; krishna2604@sify.com (K.G. Bhattacharyya). bioadsorbents for heavy metal uptake has been observed
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Table 1
Low-cost adsorbents and their typical applications (plant-based adsorbents are shown in bold type)
Type Typical removal Reference
Giridih coal and coconut shell Cd(In) [36]
Fly ash/wollastonite Cr(VI) [37]
Fly ash Cu(ll) [38]
Peat Cu(lly, Cd(1), Ni(lly, Zn(11) [7]
Hydrous ferric oxide Cd(In) [39]
Fly ash Victoria Blue [40]
Wollastonite Fe(ll) [41]
Peat Pb(l1) [12]
Fly ash and impregnated fly ash Phermkresol, m-cresol, p-cresol, o-nitrophenol, [42]
m-nitrophenol andp-nitrophenol
Fly ash Fluoride [43]
Peat CN, Cr(VI), Ni(Il) [44]
Wollastonite Ni(ll) [45]
China clay Ni(ll) [46]
Groundnut husk carbon Cr(VI) [47]
Banana pith Acid Violet [48]
Beech leaves Cd(lr) [49]
Coconut shell carbon Cr(VI1) [50]
Biogas residual slurry Congo red [51]
Biogas residual slurry Rhoda mine-B, Acid Brilliant Blue, Direct Red [52]
12B, Cr(VI), Pb(ll)
Peanut hull carbon Hg(ll), Cd(l1), Pb(l1), Ni(ll), Cu(ll) [53]
Waste tea, Turkish coffee, Exhausted coffee, Cr(VI1), Cd(Il), Al(lIT [54]
Nut shell and Walnut shell
Leaf mould Cr(VI) [8]
Water hyacinth roots Methylene Blue [55]
Moss and copper-coated moss Cr(l1), Cr(V1) [56]
Algae Lauryl benzyl sulphonate [57]
Orange peel Congo Red, Procion Orange, RhodamineB [58]
Chrome sludge Acid Blue 29, Reactive Blue 2 [56]
Chitin Acid Blue 193, Acid Blue 40, Direct yellow 44, [59]
Direct Blue 78
Red mud Congo Red [60]
Fishery wastes (chitosans) Cu(ll), RR222 [31]
Bagasse pith Hg(ll) [61]
Tree fern Zn(ll), Cu(ll), Pb(Il) [62]
Used tea leaves Pb(ll) [34]
Kaolinite Mn(Il), Co(ll), Ni(ll), Cu(ll) [63]
Soya cake Cr(VI) [64]
Crab shell Pb(ll), Cd(l), Cu(ll), Cr(VI) [65]
Goethite-coated sand Cd(ll) [66]
Wool, olive cake, sawdust, pine needles, almond Cr(VI1) [28]
shells, cactus leaves, charcoal
Fly larva shells Mn(Il), Zn(I1), Ni(ll), Cu(ll), Fe(ll) [67]
Chitosans Zn(Il), Ni(l1), Cu(ll) [68]
Chitin Cd(ll [69]
Sepiolite Co(ll) [70]
Electric furnace slug Pb(l1), Cu(ll) [32]
Cypress, cinchona, pine leaves Pb(ll) [34]

over two decadepl]. The interesting features of the newly 2. Experimental
developed bioadsorbents are their high versatility, metal

selectivity, high uptake, no concentration dependence, high2.1. Reagents and materials

tolerance for organics and regeneratibh These properties

coupled with rapid kinetics of the biosorption systems have  All the chemicals used in the experiments were of analyt-
allowed engineering of new and highly effective yet simple ical grade and they were used without further purification.
industrial biosorbents for heavy metal removal processes.Pb(NQ;)2 (Qualigens Fine Chemicals, Mumbai; minimum
The present work has used an easily available plant-basedassay 99%) was used as the source of Pb(Il) and all the solu-
renewable resource, dry Neem leaf powder, as an adsorbentions were made in double-distilled water. The solutions of
for removal of toxic heavy metals such as Ph(ll). Pb(Il) were made from a stock solution containing 1000 mg
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of Pb(ll) in 1L. The pH of the aqueous solution wa$.0,
which did not change much with dilution. For experiments
at different pH, the acidity of Pb(ll) solutions were adjusted
by addition of drops of 0.1 M HN@and 0.1 M NaOH so-
lutions.

2.2. Preparation of adsorbent
Mature Neem leaves, collected from a number of tall

Neem trees (District Morigaon, Assam, India) were washed
repeatedly with water to remove dust and soluble impurities

99

NLP taken for 1L of Pb(ll) solution. The extent of adsorp-
tion in percentage is found from the relation

. Co—C
adsorption%) = —>——' % 100

2.4. Kinetics of adsorption

The mechanism of adsorption often involves chemical re-
action between functional groups present on the adsorbent
surface and the metal ions. This involves, in most cases,
formation of metal-organic complexes or cation exchange

and were allowed to dry at room temperature in a shade. The,aactions due to high cation exchange capacity of the ad-

leaves were then kept in an air oven at 333—-343K for 30 h

till the leaves became crisp. The dried leaves were then con-

verted into fine powder (Neem leaf powder, NLP) by grind-
ing in a mechanical grinder. The powder was sieved and the
53-74um fraction was separated. This fraction was washed
several times with double-distilled water till the washings
were free of color and turbidity. After drying for several

sorbents. Other possible mechanisms involve mass-transport
processes, bulk transport in the liquid phase, diffusion across
the liquid film surrounding the solid particles, and diffusion
into micropores and macropores. The important character-
istics of the adsorbent that determine equilibrium capacity
and rate are the surface area, the physicochemical nature
of the surface, the availability of that surface to adsorbate

hours at room temperature, the powder was preserved inmgjecules or ions, the physical size and form of the adsor-

glass bottles for use as an adsorbent.
2.3. Adsorption experiments

The adsorption experiments were carried out in a batch
process under the following experimental conditions:

Initial Pb(Il)
concentration (mg/L)
Amount of adsorbent

50, 75, 100, 125, 150

0.2,0.4,06,08,1.2

(mg/L)
pH 2.0-7.0
Agitation time (min) 20, 40, 60, 120, 180, 240, 300
Adsorption 308, 313, 318
temperatureT (K)
Particle size m) 53-74

The adsorption was carried out in 100 mL borosil conical
flasks by agitating a pre-weighed amount of the powder with
50 mL of the aqueous Pb(ll) solution in a constant tempera-
ture, water bath shaker (NSW, Mumbai) for a pre-determined
time interval at a constant speed. After adsorption, the mix-
ture was centrifuged (Remi Research Centrifuge, R24) when
the adsorbent settled quickly and Pb(ll) remaining unab-
sorbed in solution was determined with atomic absorption
spectrometry (Varian SpectrAA 220, Lamp current 5maA,
air-acetylene oxidizing flame, 217.0 nm, slit width 1.0 nm
working range 0.1-3(.g/mL).

The amount of Pb(ll) adsorbed per unit mass of the ad-
sorbent ¢ in mg/g) was computed by using the following
expression:

)

CO—Ct
q:—
m

whereCq and C; are Ph(Il) concentrations in mg/L before
and after adsorption for timg andm (g) is the amount of

bent particles. System parameters such as temperature and
pH can also markedly influence adsorption as they affect
one or more of the above parameters.

The order of adsorbate—adsorbent interactions has been
described by using various kinetic models. Traditionally, the
pseudo-first-order model derived by Lagergj@jhas found
wide application. On the other hand, several autlierd.0]
have shown that second-order kinetics can also very well
describe these interactions in certain specific cases.

In the case of adsorption preceded by diffusion through
a boundary, the kinetics in most cases follows the
pseudo-first-order rate equation of Lagergren:
% = kad(ge — q1) 1)
whereq, andge are the amount adsorbed at tit@nd at equi-
librium, andkyg is the rate constant of the pseudo-first-order
adsorption process. The integrated rate law, after applying
the initial condition ofg, = 0 att = 0, is

kad "
2.303

Plot of log@e — ) versust gives a straight line for
first-order kinetics, which allows computation of the ad-
sorption rate constankyy. If the experimental results do
not follow Egs. (1) and (2)they differ in two important
aspects: (iKag (de — o) then does not represent the number
of available adsorption sites, and (ii) Iqgis not equal to
the intercept of the plot of logg — q;) againstt. In such
cases, pseudo-second-order kinefi;41] given by

dg;
e 3
wherek is the second-order rate constant, is applicable. For
the boundary conditions= 0 tot = tandg; = 0 toq; = g,

the integrated form of the equation is

100(de — @) = oG ge — ( @

k(qe — q1)?



100
1 1
= — +kt 4)
de — 4t de
which can also be written as
1 t
G =rs+— 5)
Tk ge
or, in the linear form,
t 1 1
O EST ®
qr h qde

whereh = kqg can be regarded as the initial sorption rate
ast — 0. If the pseudo-second-order kinetics is applicable,
the plot oft/g, versust gives a linear relationship, which
allows computation ofje, k andh without having to know
any parameter beforehand.

The adsorption data may also be analyzed using the

Elovich equation, which has the form:
d
= aexp—pa) ™

where « is the initial sorption rate constant amlis the
desorption rate constant during any one experiment. The
Elovich equation can be simplified by assumii@] that

aft > 1 and by applying the boundary conditiogs= 0 at

t =0 andg, = g, att = t, when the equation becomes

qr = BIn(ep) + BIn(1) (8)

The constants can be obtained from the slope and the in-

tercept of the plot ofy, versus Inf). The variation in the
amount of adsorption with time at different initial metal ion
concentrations can be used to evaluate the role of diffusion
in the adsorption process. The intra-particle diffusion rate
constant k) is given by the equation

qr = kpl‘o'5

(9)

If a linear relation is observed betwegnandt®® [13,14]
ko is given by the slope.

2.5. Adsorption isotherms

The fractional coverageq, on an adsorbent surface at
constant temperature is represented by Langmuir isotherm
the most widely used two-parameter equation for a single
component system. This isotherm has the simple form

o= de _ bCe
gm 1+DbCe

whereCg is the concentration of the adsorbate at equilibrium,
Oe is the amount adsorbed at equilibrium in unit mass of
the adsorbentgy, is the monolayer capacity, aruis the
equilibrium constant, given by the ratiku/ky, kg and ky

(10

being the rate constants of the adsorption and desorption

processes respectivelyg. (10)can be rearranged to

Ce 1 <1>
—_— =4 — C
ge bom dm e

(11)
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and a plot of Ce/ge) versusCe should give a straight line.
The slope and the intercept of this line give the values of
Om andb.

A further analysis of the Langmuir equation can be made
on the basis of a dimensionless equilibrium param&er,
[15] or the separation factor, defined as

_ 1
B 1+ bCref

whereCes is any equilibrium liquid-phase concentration of
the solute. For favorable adsorption<(R_ < 1, whileR_ >
1 represents unfavorable adsorption, &yd= 1 represents
linear adsorption while the adsorption process is irreversible
if RL =0.

The empirical isotherm due to Freundlich is also used to
describe adsorption. This has the form

de = KfCZ

Ry (12)

(13)

whereKs andn are known as Freundlich coefficients ob-
tainable from the plots of loge versus lodCe on the basis
of the linear form of the equation

logge = l0g Kt + nlog Ce (14)

2.6. Thermodynamics of adsorption

Adsorption is usually an exothermic process and as the
temperature increases, the amount adsorbed at a given con-
centration decreases in accordance with Le Chatelier’s prin-
ciple. The thermodynamic criteria for the adsorption process
were evaluated through computation of Gibbs energ$),
enthalpy of adsorption’H), and entropy of adsorptioAS)
by carrying out the adsorption experiments at three different
temperatures and using the following equatifiy:

AG = AH — TAS (15)
g AH AS

log( 22 = 16

g (ce> 230RT | 2303k (16)

where (e/Ce) is called the adsorption affinity and is the
ratio of ge, the amount adsorbed per unit mass at equilibrium
to Ce, the equilibrium concentration of the adsorbate. The
values of AH and AS were determined from the slope and

the intercept of the plots of logé/Ce) versus 1T. The AG

values were calculated usirity. (15)
2.7. Desorption and regeneration

For carrying out desorption and regeneration studies, NLP
was first saturated with Pb(Il) by taking 4g of NLP in a
pyrex glass column (1.5 cm internal diameter) and continu-
ously passing a solution of Pb(ll) (60 mg/L) through it while
keeping a constant head of 2 cm till the concentration at the
outlet equaled the initial concentration. Desorption was car-
ried out by passing successively (i) deionised water (pH 7.0)
and (ii) dilute nitric acid (pH 4.0) through the column till
Pb(ll) could not be detected in the outlet in each case.
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Fiber (%) 6.2

Minerals (%) 3.4

Phosphorous 80mg/100g

Thiamine 0.04mg/100g

Vitamin C 218 mg/100g

Calorific value (kcal/kg) 1290

Tyrosine 31.50mg/100g

Alanine 6.40mg/100g
Fig. 1. Structure of azadirachtin. Glutamine 1.00mg/1009

FTIR measurements (Perkin EImer Spectrum RX1) for the
Neem leaf powder showed the presence of a large number of
functional groups, notably —OH (3597-3600¢Hy —NH,
(3399cntl), =CH (3297cm?l), >C=N- (1656cnTl),

=C_C= = = 1
The Neem treeAzadirachta Indica) is well known in In- =C-C=, =C-N< and—CZT?I— (1160 cm), >(f:01(1633:
dia and neighbouring countries for more than 2000 years. 1656, 1672, 1688, 1714 cm), >C=C< (1656cm ), and

— 1 [ . .
The Neem is a fast growing, usually evergreen plant, which >¢=S (1105¢cnmm). This is in conformity with the pres-
reaches a height of 15-20 m and a trunk girth of 1.5-3.5m €Nce of various constituents of Neem leaves. Further, it was

[17]. The unpaired, pinnate leaves are 20-40 cm long con-OPserved that if NLP was agitated with water for 6-8h,
taining about 30 leaflets on both sides. The leaflets aredried and IR spectra taken again, no significant change in

5-8cm long with dark green colour and are asymmetrical peak distribution and intensity was observed. The surface
in nature. The importance of Neem has been recognized b)ﬁtructure of the NLP particles thus remained stable through

the US National Academy of Sciences, resulting in a 1992 10ng periods of agitation with water. 3
report entitled “Neem — a tree for solving global problems”  XRF analysis of the dried Neem leaf powder (Philips PW

[17]. The Neem tree survives in the city atmosphere con- 1480, Rh anode and LiF 200 Crystal Analyzer) showed the

taminated with pollutants emitted by vehicla8]. The tree ~ Presence of Ca, Cu, Fe, K, and Mn. However, due to absence
helps growing of other trees in barren land by improving soil of suitable standard, quantitative estimation could not be

fertility [17,19] and it prevents the loss of valuable topsoil done.
by wind-erosion, especially during the winter. Determination of the surface area of the Neem leaf pow-

The main chemical ingredients, present in various seg- 96" by the methylene blue adsorption metlj2d] yielded
ments of the Neem tree. consist of a few related com- @ Value of 21.45 r%g—l_for the specific surface area (aver-
pounds belonging to the “triterpene”, or more specifically @9€ monolayer capacity for methylene blue adsorption on
“limonoid” group of natural products. The main components Neem leaf powder was 8.76 m?ég gross?sectlonal area
in Neem are azadirachtin, salannin, meliantriol, nimbin and ©f the dye molecule 1.30< 107"*m*). With respect to
nimbidin. The structure of azadirachtin, which was the first PP(Il) (average monolayer capacity 300 mg/g on Neem leaf
active ingredient isolated from Neem and which has been povx;c(j)erzat 300K, cross-sectional area of Ph(ll) ion 5:56
projected as the main agent in Neem for fighting insects, is 10~ ™M [2‘11])’ the specific surface area was computed to be
shown inFig. 1 [20] Other important constituents of Neem 48'50”¥9_ ' )
include a number of fatty acids like oleic acid, steric acid, ~_Scanning electron microscopy (SEM, JEOL JSM-35CF)
palmitic acid, linoleic acid, etq21]. The presence of polar  ©f the Neem leaf powderH{g. 2) showed that the powder
groups on the surfade,9,11]is likely to give considerable ~ Was an assemblage of fine particles, which did not have
cation exchange capacity to Neem leaf powder. regular, fixed shape and size. The particles were of var-

The physicochemical characteristics of fresh Neem leaves!0US dimensions and all of them contained a large num-
have been reportef@2] as follows: ber of steps and kinks on the external surface, with broken

3. Results and discussion

3.1. Characterization of the adsorbent

edges.
Moisture (%) 59.4
Fat (%) 1.0 3.2. Effect of pH
Carbohydrates (%) 22.9
Calcium 510 mg/100g pH is an important factor controlling the process of ad-
Iron 17 mg/100g sorption. In the present work, adsorption could not be car-
Niacin 1.40mg/100¢g ried out beyond pH 7.0 due to precipitation of Pb(@ldhd
Carotene 1998.9/100¢g therefore, the experiments were done in pH range 2.0-7.0.
Glutamic acid 73.30mg/100g  For a typical experiment with Pb(ll) solution of concentra-
Aspartic acid 15.50mg/100g tion 100 mg/L, adsorbent dose of 0.4 g/L, and agitation time
Proline 4.00mg/100g of 3 h, the extent of adsorption at 300 K increased from 0.92

Proteins (%) 7.1 t078.56% in the pH range of 2.0-7.8i¢. 3). It was seen
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Fig. 2. SEM photographs of Neem leaf powder at 490@op) and 2000& (bottom) magnification.

that adsorption increased continuously with decrease in acid-3.3. Effect of agitation time and kinetics
ity till it reached an almost constant value between pH 4.5
and 5.5, after which the extent of removal of Pb(ll) again  The kinetics were investigated with a constant Pb(ll)
showed an increase which might be due to onset of precip-concentration of 100mg/L at 300K with five different
itation. Low pH depresses adsorption of Pb(ll), which may NLP amounts of 0.2, 0.4, 0.6, 0.8 and 1.2g/L in the
be due to competition with # ions for appropriate sites interaction time intervals of 20-300min. A gradual in-
on the adsorbent surface. However, with increasing pH, this crease in the extent of adsorption with time was observed
competition weakens and Phb(ll) ions replace iens bound (Fig. 4). Pb(ll) adsorption increased from 16.1 to 60.8%
to the adsorbent or forming part of the surface functional and 67.7 to 93.0% in the given time interval for NLP
groups such as OH, COOH, etc. It is also possible that theamounts of 0.2 and 1.2g/L respectively. Such behaviour
adsorption of the metal ion may take place through binding is expected in a batch reactor with either constant adsor-
of both P+ and Pb(OHJ ions to the adsorbent surface bent amount and varying initial adsorbate concentration
[25]. or vice versa[27]. An increase in the adsorbent amount
Similar trend was reported for adsorption of Pb(ll) on should result in a decrease in the agitation time to reach
silica gel[26] when the extent of adsorption increased from apparent equilibrium while the fraction of the metal re-
0 to 90% in pH range of 2.0-6.0. The authors interpreted the moved from the aqueous phase should increase with an
process as due to ion exchange and the large discrepancies atcrease in the adsorbent amount. The nature of the adsor-
higher pH were attributed to metal removal by other possible bent and its compactness affected the time needed to reach
mechanisms such as precipitation. equilibrium. In the present case, the adsorbate—adsorbent
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Fig. 3. Effect of pH on adsorption of Pb(ll) on Neem leaf powder at
300K (Pb(ll): 100 mg/L, adsorbent: 0.4 g/L, agitation time: 3 h).

interactions approached pseudo-equilibrium at around
300 min.

Lagergren plotsKig. 5 of log(ge — q;) versus agitation
time for adsorption of Pb(Il) (NLP 0.8 g/L) at 300K for six
different Pb(ll) concentrations were linear in nature. The

Agitation time (min)
O 50mg/L M75mg/L A 100mg/L A 125mg/L O 150mg/L

Fig. 5. Lagergren plots for adsorption of Pb(ll) on Neem leaf powder at
300K (powder amount: 0.8g/L).

ber of case$9,12] despite its failure to provide a concrete
mechanism of the adsorption process. It was observed in the

rate constants, calculated from the slopes of the best-fit linesP'€Sent work that loge values computed from the experi-

(correlation coefficientR = 0.99 in all the cases), were in
the range of 8.75¢< 103 to 13.82x 10 3min~! with a
mean value of 12.1& 10~3 min~1. Ho and McKay[9] have
found first-order rate constant for adsorption of Pb(ll) on
peat in the range of (3.66—4.48)10~2 min—1. Dakiky et al.
[28] have reported similar rate constant values for adsorption
of Cr(VI) on a variety of novel adsorbents (wool, 3.96
103 min~1; cactus leaves, 6.8& 10-3min~!; sawdust,
9.00x 103 min~1; almond, 8.80< 10~3 min~1; olive cake,
8.99 x 10 3min1).

The pseudo-first-order equation of Lagergren has been
adequate to describe the adsorption process in a large num

100

80

60

40

Extent of adsorption (%)

20

T T T T
50 150 200 250
Time (min)
—{3-0.2 g/L - 0.4g/L —&—0.6g/L —&—0.8g/L —6—1.2g/L

T
100 300

Fig. 4. Effect of agitation time on adsorption of Pb(ll) on Neem leaf
powder at 300K (Pb(ll) concentration: 100 mg/L).

mentalge values did not agree with lag values obtained
from Lagergren plots. This indicates that pseudo-first-order
kinetics might not be sufficient to describe the mechanism
of Pb(I1)-NLP interaction$2,11]. The pseudo-second-order
model based oieg. (6) which considers the rate-limiting
step as the formation of chemisorptive bond involving shar-
ing or exchange of electrons between the adsorbate and the
adsorbent, was therefore applied. The plot/gf versust
(Fig. 6) yields very good straight lines (correlation coeffi-

4.5

4 4

3.5

3

2.5

t/gt{min/mg/q)

150
t (min)

200 250 300

O50mg/L M75mg/L A 100mg/L A 125mg/L O 150mg/L

Fig. 6. Pseudo-second-order plots for adsorption of Pb(ll) on Neem leaf
powder at 300K (powder amount: 0.8 g/L).
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Table 2 130 -
Kinetic order of interaction between different adsorbents and metal ions
Adsorbent Adsorbate Order Reference
Peat Ph(ll) Second  [2,44] 110 1
Peanut hull carbon Pb(Il) First [71]
Granular activated carbon Pb(Il) First [71]
Biogas residual slurry Pb(Il) First [72]
Kaolinite clay Ph(ll) First [73] __ 901
Biopolymers Pb(Il) First [74] 2
Peat Cu(ll) Second [29] E
Peanut hull carbon Ni(ll) First [71] T
Peat Ni(IT) Second  [75] 701 0
Leaf mould Cr(VI) Second [8]
Peanut hull carbon Cd(ll) First [77]
Biogas residual slurry Cr(VI) First [72] 50 |
Peat Cu(ll) Second [7]
Cpl(ll) o
Ni(I1)
Zn(l 30 i , , , , ' ,
25 3.0 35 4.0 45 5.0 55 6.0
In t (min)
cient,R = 0.99). The second-order rate constant was in the O50mg/L M75mg/L A100mg/L A 125mg/L O 150mg/L

range of 1.78< 10~*to 1.80x 10~3gmg 1 min—1.

Success with the second-order kinetics suggests chemisor
tion as the rate-controlling stdp2]. Second-order kinetics
was earlier reported for adsorption of Pb(ll), Cu(ll), and
Ni(ll) on peat[11] with rate constants of 8.68 102 to the film to the adsorbent surface leading to surface adsorp-
4.59 x 1071, 8.97 x 1073 to 9.64 x 1072, and 1.59x tion, and (iii) diffusion from the surface to the internal sites
1072 to 1.75x 10" *gmg ' min~%, respectively.Table 2 followed by binding of the adsorbate on the active sites.
shows a few systems of metal ion-adsorbent systems show-The slowest of these steps determines the overall rate of
ing both first-order and second-order kinetics. The kinetics the adsorption process. If intra_partide diffusion has Signif-
are not SpeCiﬁC to the type of materials used while in many jcant presence in the adsorption procgﬁ’ the approach
cases, the kinetics might not have been explored beyondtowards equilibrium is governed by the functiabt{r2)%-5,

Fig. 7. Plots of Elovich equation for adsorption of Pb(ll) on Neem leaf
E)powder amount: 0.8g/L).

pseudo-first-order. wherer is the radius of the particle ard is the diffusiv-
Kinetics of adsorption of Pb(ll) on Neem leaf powder ity within the particle. The initial rates of intra-particle dif-
also followed the Elovich equation with the plotsafver- fusion are obtained with the help of thgg. (9) by plot-

sus Int yielding straight linesKig. 7) with high correlation  ting g, versust®® (Fig. 8). The plots show multi-linearity
coefficient of 0.99 in all the cases. The Elovich equation [31] with two or more steps. The first, Sharper portion rep-
does not predict any definite mechanism, but it is useful resents adsorption on the external surface, which is almost
in describing adsorption on highly heterogeneous adsor-instantaneous. The second portion indicates a comparatively
bents[29] similar to the Neem leaf powder. Applicability  slower adsorption when the adsorbate diffuses gradually
of the Elovich equation shows the adsorption of Pb(ll) on into the interior surfaces of the particles and the adsorp-
NLP to be predominantly chemical in natuiz9,30} The  tion becomes intra-particle diffusion controllggl]. In a
Elovich constants computed from the plots are given in few of the curves, a third portion could also be distin-
Table 3 guished as the final equilibrium stage when the intra-particle

An adsorption process is normally controlled by three dif- diffusion starts to slow down due to saturation of most
fusion steps: (i) transport of the solute from the bulk solu- of the adsorption sites. The multi-linear curves might be
tion to the film Surrounding the adsorbent, (II) transfer from due to adsorption on the irregu]ar, non-uniform sites in

the steps and edges of the particles as evidenced by SEM

Table 3 photographs.

Calculated values af and g in the Elovich equation for the sorption of

Pb(I1) on Neem leaf powder 3.4. Effect of adsorbent amount and Pb(I1) concentration

Pb(Il) (mg/l) o (mgg min 1) B (g/mg) R

50 34.604 553 0.99 The variation in the extent of adsorption with the amount
75 0.453 12.22 0.99  of adsorbent for a constant Pb(Il) concentration (100 mg/L)
100 0.028 21.90 099  at 300K is presented ifiable 4 The adsorption increased
125 0.013 25.56 0.99 rapidly as more and more of the adsorbent was added. The
150 0.005 32.02 0.99

adsorption increased from 16.1 to 67.7% when the adsorbent
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140 Table 5
Variation in the extent of adsorption of Pb(ll) at 300K for different
concentrations of Pb(ll) (Neem leaf powder 0.8 g/L)
120 A 9 g Time (min)  Extent of adsorption (%) for Pb(ll) concentration of
8 A 50mg/L  75mg/L  100mg/L 125mg/L 150 mg/L
100 - 20 74.9 62.2 48.5 34.9 21.6
'y 40 80.5 68.6 54.8 38.6 27.9
- ] 60 82.3 76.7 62.8 46.8 36.1
n 120 88.0 84.4 77.6 61.6 50.9
__ 80 ] 180 92.7 89.6 84.8 68.7 58.1
g ﬁ 240 96.6 94.1 88.9 72.8 62.2
£ o 300 99.7 96.9 90.7 747 64.1
ko2 A} ]
60 é A o m]
A O
g O 0.7
(]
- (o}
40 06 4
0.5 1
20
0.4 4
3
0 ’ - . 3
0 5 10 15 20 0.3 4
t(min)*0.5
050 mg/L @75 mg/L A100 mg/L A 125 mg/L O 150 mg/L 0.2 1
Fig. 8. Plots ofg, vs. t° for adsorption of Pb(H) on Neem leaf powder
at 300K (powder amount: 0.8 g/L). 0.1 1
08 T - —
0 25 50 75

amount was increased from 0.2 to 1.2g/L for an agitation
time of just 20 min. Increasing the amount of the adsorbent Ce
makes a large number of sites available leadingto anincreas¢@029/L  W04glL  A06glL AO8gL 0129/
in adsorption. Fig. 9. Langmuir plots for adsorption of Pb(ll) on Neem leaf powder
With an increase in the concentration of Pb(ll) at constant (ive different amounts) at 303K (Pb(ll) concentration of 50, 75, 100,
amount of adsorbent, the adsorption came down for the samel25 and 150 mg/L for each adsorbent concentration, agitation time: 4h).
agitation time Table 5. The extent of adsorption decreased
from 88.0 to 50.9% (time: 120 min) as Pb(ll) concentra-
tion was increased from 50 to 150 mg/L for NLP amount of
0.8 g/L. Considering the heterogeneities of NLP surface and
the possibility of multi-layer adsorption, these results could
be explained on the basis of water—Pb(Il), Pb(I)-NLP, and
water—NLP interactions.

3.5. Adsorption isotherms

Langmuir and Freundlich plots for the present work are
shown inFigs. 9 and 10and the adsorption coefficients
computed from these are given Table 6 All the curves

Table 6
Table 4 Adsorption coefficients for Pb(Il)-NLP interactions at 303K (agitation
Variation in the extent of adsorption of Pb(ll) at 300K on different ~time: 240min, Pb(ll) concentration: 50, 75, 100, 125, 150 mg tfor
amounts of Neem leaf powder (Pb(ll) concentration 100 mg/L) each different amount of NLP)
Time (min) Extent of adsorption (%) for adsorbent amount of NLP ) Langmuir Isotherm Freundlich Isotherm
(L™
0.2g/L 0.4g/L 0.6g/L 0.8g/L 1.2¢/L R Gm ) Kq . RR R Kt ) n
20 16.1 29.4 38.2 48.5 67.7 (mog) (Lmg_) (Lo )
’ ’ ’ ' ' 0.2 0.99 833.3 0.013 043 0.99 227 0.68
40 22.6 38.2 447 54.8 725
0.4 0.99 270.3 0.045 0.18 0.98 329 0.44
60 30.0 45.2 50.8 62.8 76.6
0.6 0.99 196.1 0.091 0.10 0.89 46.0 0.31
120 447 58.0 65.7 77.6 85.6
0.8 0.99 119.0 0.700 0.01 091 624 0.18
180 56.7 63.7 57 84.8 89.4 1.2 0.99 82.0 2.104 0.01 093 60.1 0.09
240 60.5 66.9 78.3 88.9 92.3 ' ’ ' ' ' ' ' ’

300 60.8 67.3 78.8 90.7 93.0 Mean 0.99 300.1 0.591 0.15 0.94 448 0.34
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2.6 Table 7
Monolayer adsorption capacity for adsorption of Pb(Il) on various adsor-
2.5 bents[76]
Materials Om (Mg/g)
2.4 -
Waste slurry 1380
23 | Amberlite IR-120 1039
Focus vesiculosus 600
Ascophyllum nodosum 478
221 Sargassum fluitans 378
Absidia orchidis 351
o 211 Oxidized anthracite 259
2 Ascophyllum nodosum 257
T 20 Algae 251
Spruce sawdust 224
1.9 - Rhizopus nigiricans 166
Peat 150
18 - Zoogloea ramigera 110
’ Resting cells 110
Blast furnace sludge 79.9
1.7 1 Inactivated cells 79.5
Tea leaves 78.7
1.6 Montmorillonite 71.8
Penicillium chrysogenum 63
15 : . . . Sphaghum moss peat 61.9
0.0 05 1.0 15 20 Rhizopus arrhizus 55
log Ce High carbon content sludge 55.0
Groundnut husks 394
. . . Coke 19.1
Fig. 10. Freundlich plots for adsorption of Pb(ll) on Neem leaf pow- Soruce sawdust 15
der (five different amounts) at 303K (Pb(ll) concentration of 50, 75, IIIP
. S ite clay 14.1
;00, 125 and 150mg/L for each adsorbent concentration, agitation Soil 126
time: 4h). Linden saw dust 12
Kaolinite 9.37
Kaolinite 6.46
had good linearity (correlation coefficierR ~ 0.99) in- Kaolinite 3.93
dicating strong binding of Pb(ll) ions to the surface of Wollastonites 1.68
NLP particles. Langmuir monolayer adsorption capac- Clh'”ahc'ay 0.411
ity (gm) decreased from 833.3 to 82.0mg/g when NLP Ega‘?s 12%368
amount was varied from 0.2 to 1.2g/L. The adsorption y p (this work) 300.1

equilibrium parameterb, showed an increasing trend of
0.013-2.104 L/mg in the same range of adsorbent amount.
The dimensionless paramet&;, remained between 0.01 Freundlich plotsEig. 10 have high linearity R = 0.89—
and 0.43 (0< R_ < 1) for the whole range of amounts of 0.99) indicating the process to have conformed to the em-
adsorbent. pirical Freundlich pattern of adsorption on non-specific, en-
Values of Langmuir coefficients obtained in the present ergetically non-uniform, heterogeneous surface. Freundlich
work are in general agreement with values reported by other coefficient,n, remained between 0.09 and 0.69 (mean value
authors for a variety of materials. Curkovic et @2] have 0.34), fulfilling the condition of O< n < 1 for favourable ad-
reported Langmuir monolayer capacity,) and equilibrium sorption. The other Freundlich coefficiel, representing
coefficient p) values of 33.78-37.04 mg/g and (2.68—4.79) adsorption capacity, increased from 22.7 to 62.4 L/g with an
x 10~3 L/mg respectively for adsorption of Pb(ll) on electric  increase in NLP amount. The values showed a trend similar
furnace slag in the temperature range of 293-313 K. Ghoul to that of Langmuir coefficient). For adsorption of Pb(ll)
et al. [33] reportedqgm values of 82.64 and 50.76 mg/g and on electric furnace slag in the temperature range 293-313K,
b values of 2.80 and 1.78 mL/mg for adsorption of Pb(ll) the Freundlich coefficients were reportedras: 0.42—0.56
on silica gel coated with polyethyleneimine and crosslinked andK; = 0.57-1.82 L/d32]. NLP had similam values, but
with glutaraldehyde. NLP had similar values tp, but con- its Ks values were larger. For adsorption of Pb(ll) on leaves
siderable differences exist for the valuesbhoalues ofgm of cypress, cinchona and pine trees, Al-S{®4] has found
for a few unconventional adsorbents are presentddlite 7 Freundlich coefficientsn and K¢, to have values of 0.97,
from which it is seen that the value for NLP (mean value: 0.61, and 1.57, and of 0.42, 1.35, and 0.02 respectively.
300.1 mg/g) is better than most of the adsorbents reportedAgain, with respect to, NLP appears to be a better adsor-
in the literature. bent than cypress, cinchona and pine leaves.
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Fig. 11. Variation of extent of adsorption of Pb(ll) on Neem leaf powder
with temperature for different concentrations (adsorbent amount: 0.8 g/L, 0.00314  0.00316  0.00318  0.0032  0.00322 0.00324
agitation time: 2 h). 1T (K)

050 mg/L W75 mg/L A 100 mg/L A 125 mg/L 0150 mg/L

3.6. Thermodynamic studies Fig. 12. Plots of log§/Ce) for adsorption of Pb(ll) on Neem leaf pow-

. . der against I/ for different concentrations (adsorbent amount: 0.8 g/L,
Adsorption of Pb(Il) on NLP decreased when the interac- agjtation time: 2h).

tion temperature was increased from 308 to 31&kj(11).

The process was thus exothermic in nature. The plots of
log ge/Ce versus 1T (Fig. 12 were used to compute the
values of the thermodynamic parametefat{e §. The en-  PEP" + 2P~ = PbR 0]
thalpy changeAH, varied from—82.5 to—10.9 kJmottin

Pb(ll) concentration range of 50-150 mg/L while the entropy or

changeAS varied from—240.3 t0—29.6 Jmot1 K1, The Pt 4+ 2HP = PbR; + 2H* (ii)
decrease in enthalpy was in conformity with exothermic and )

spontaneous nature of the adsorption process. The distribu{" Which P~ and HP are polar groups on the surface of NLP.
tion of Pb(Il) ions in solution was obviously more chaotic SUCh mechanisms have been proposed earlier by Ho et al.

compared to Ph(ll) ions bound to NLP surface, and this re- [2] for adsorption of Pb(il) on peat. However, since XRF

the two mechanisms:

sulted in a net decrease in entropy. measurement showed the presence of a number of metal
Spontaneity of the adsorption process was demonstrated®nS (C&, Cu, Fe, K, and Mn) on NLP surface, interaction

further by the decrease in Gibbs energyG (values var- o_f Pb(ll) through an |qn-exchange mechanism can also be
ied from —4.69 to—3.96 kJ mat ! in the temperature range ~ Simultaneously operative. _
308-318K). The negative values ofG indicate that the AG decreased less with increasing temperature (&@.
equilibrium varied from—8.5 to—6.8 kJ mot in the temperature range

of 308-318K for Pb(ll) 50 mg/L), which indicated that
Ph(Il) (aqueous+ NLP = Pixll) - - - NLP the adsorption of Pb(ll) on NLP became less favourable at

) L higher temperature.
shifts to the forward direction in a spontaneous manner lead-  Adsorption of Pb(1l) on chemically treated used tea leaves
ing to binding of Pb(ll) ions on to surface constituents of \yag reported to be endothermic wittH of +10.0 kd/mol,
NLP. Pb(ll) is most likely to bind on polar functional groups  ajthough the process haiG values of—11.55, —11.77,
(-CHO, >CO, -COOH, —OH (phenoalic), etc.) by either of _1200 and—11.50kJmot! at 298, 313, 333 and 343K

Table 8
Thermodynamic parameters for adsorption of Pb(ll) on Neem leaf powder (0.8 difter agitating for 120 min
Pb(ll) (mgdnt3) —AH (kJmol 1) —AS (ImolrtK—1 —AG (kJmol1) at temperature
308K 313K 318K
50 82.49 240.28 8.49 7.28 6.80
75 34.72 92.70 6.17 5.71 5.24
100 17.39 42.86 4.19 3.98 3.76
125 12.07 30.00 2.83 2.68 2.53
150 10.90 29.61 1.78 1.63 1.48

Mean 31.51 87.09 4.69 4.26 3.96
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respectively and\Svalues of 72.3, 69.6, 66.1 and 62.7 J/mol
[35]. Curcovic et al[32] also showed endothermic adsorp-
tion (AH = 24.15kJmot?1) of Pb(Il) on electric furnace
slag with AS of 14.18 Jmol! and AG of approximately
—14.0kJ mot? in the temperature range 293-313 K. Com-
pared to these results, the exothermic adsorption of Pb(ll)
on Neem leaf powder had more potentiality for practical ap-
plication.

3.7. Regeneration of the adsorbent

Desorption experiments showed that 80% of Pb(ll) could
be recovered simply by washing Pb(ll)-loaded NLP with
deionised water (pH 7.0) and the rest with dilute nitric acid
(pH 4.0). The washed NLP after being thoroughly dried first
in air and then in an air oven at 333 K for 4 h could be reused
as an adsorbent with nearly equal activity. The results of
desorption are an indication that most of Pb(ll) were held on
NLP surface by comparatively weak adsorptive interactions
while the rest might be held through strong chemisorptive
or ion-exchange type of binding.

4. Conclusions

Although the Neem is an evergreen tree, it sheds the

mature leaves in the months of February and March every

year and the leaves can be collected at no cost. The con
version of the leaves to powder form requires an air oven
for operation at about 35above ambient temperature fol-

lowed by the use of an electrical grinder, and therefore

does not involve much energy consumption. The leaves can
even be dried to crispness in strong sunshine easily avail-

able in a tropical country like India and could be pow-
dered in a traditional mechanical grinder. Thus, NLP can

K.G. Bhattacharyya, A. Sharma/Journal of Hazardous Materials B113 (2004) 97-109

(iv) The experimental data gave good fits with both Lang-
muir and Freundlich isotherms and the adsorption co-
efficients agreed well with the conditions of favourable
adsorption. NLP had a higher monolayer capacity than
a large number of similar plant-based, low-cost adsor-
bents.

Adsorbed Pb(Il) could be recovered and the adsorbent
could be regenerated by washing the Pb(ll)-loaded NLP
with deionised water and dilute acid successively.

v)
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