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Abstract

In this study adsorptive removal of Pb(II) and Cu(II) from aqueous solution by using
environmental friendly natural polymers present in exhausted tea leaves has been
studied. The biosorbent was modified with dimethylamine to introduce N-functional
groups on the surface of adsorbent. The modified adsorbent was characterized by
elemental analysis, zeta potential analysis, SEM, DRFTIR, XRD and TG/DTA analy-
sis to conform the modification. Adsorption capacity of the adsorbent was deter-
mined as the function of pH of the solution, initial concentration of the solution and
contact time. The adsorption experiments were performed using batch experiments.
The maximum adsorption capacities of the adsorbent were found to be 91.68 and
71.20 mg/g for Pb(II) and Cu(Il), respectively. To minimize the process cost, regene-
ration of the biosorbent and recovery of metal ions was explored by desorption
study. The results indicate that the adsorbent holds great potential for the sequestra-
tion of Pb(II) and Cu(II) from their aqueous solution. Hence the modified exhausted
tea leaves (MTL) have been investigated as a new cost effective and efficient biosor-
bent for removal of Pb(II) and Cu(II) from their aqueous solution.
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1. Introduction

The rapid industrial development causes environmental contamination with heavy
metals. The industries like electroplating, alloy formation, leather tanning, textiles, dye,

and mining discharge a large amount of heavy metal contaminated waste water to the
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aquatic environment. As heavy metals are non-biodegradable and soluble in aquatic
environment, they are absorbed by living organisms. Once they enter the food chain
they tend to accumulate in living organisms causing serious health disorders [1]. Lead
is one of the most toxic environmental pollutants which cause health hazards even in
trace concentration. Copper is one of the most important heavy metals used in elec-
troplating and brass manufacture. Compounds of copper are used in agriculture. It de-
posits in skin, brain, liver, pancreas and myocardium causing serious toxicity [2].
Therefore the metal contaminated waste water must be treated prior to their discharge
to the environment.

The conventional methods to remove heavy metals include chemical precipitation,
oxidation reduction, electrochemical treatment, ion exchange, co-precipitation and
membrane filtration. These processes become inefficient and expensive when the met-
als are present only in trace concentration, in order of 1 - 100 mg/L [3]. For such solu-
tion the adsorption by activated carbon is more effective for metal removal. But the
method becomes highly expensive for treatment of waste water [4]. In such case bio-
sorption provides an attractive alternative to the conventional methods [5]. The advan-
tages of biosorption include their cost effectiveness, high efficiency and minimization
of sludge production, regeneration of biosorbent and possibility of metal recovery [6].

Biosorbents are prepared from naturally abundant waste biomass. They contain dif-
ferent types of functional groups on their surface including carboxylate, hydroxyl,
amine, amide and phosphate which are found to be responsible for metal sorption. But
the sorption capacities of native biosorbents have been reported unsatisfactory with low
sorption capacity [7].

The surface modification of biomass increases the sorption capacity. The common
chemical modification methods are acid or alkali treatment, crosslinking with glutaral-
dehyde, epichlorohydrin [8] [9]. Similarly the surface of the biosorbent can be chemi-
cally modified to introduce more effective functional groups like N-functional groups
(amino, hydrazine, amide and imidazoline groups), phosphate group, and xanthate
group [10]-[12]. It is obvious that the metal sorption capacity increases after the intro-
duction of a large number of effective groups on the surface of the biosorbent. The N
atoms of functional groups would have a greater tendency to donate a pair of electrons
for sharing with metal ions to form metal complexes [13]. It has been reported that ad-
sorbents with N-functional groups favor the metal ion adsorption through the chelation
mechanism. Such N-functional groups on the surface of biosorbent have been found to
be more effective chelating group for adsorption of heavy metals from aqueous solution
[14]. Hence there has been considerable interest in surface modification to introduce
N-functional groups so as to enhance the adsorption capability of biosorbent.

Many researchers have been used various biosorbents in less effective way [15]-[18].
In present study exhausted tea leaves—a biowaste, have been used as biosorbent. After
water tea is the most widely consumed beverage in the world. The tea leaves (Camellia
sinensis), once the beverage has been brewed become a waste. The exhausted tea leaves

were then chemically modified to introduce N-functional group. The modified biosor-
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bent was characterized using spectral and elemental analysis. The adsorption behaviors
including effect of pH, sorption isotherm and kinetics of adsorption were investigated

for the adsorption of Pb(II) and Cu(II) from their aqueous solution.

2. Materials and Methods

2.1. Adsorbent, Chemicals, Reagents and Instrumentations

The exhausted tea leaves (ETL) were washed with hot distilled water for several times
till the filtrate became clear. After thorough washing, it was dried in an oven at 80°C for
24 hrs. The dried biosorbent was powdered and sieved to pass through the 212 um
sieve. About 100 g of the powdered sample was treated with acid which removes the
water soluble substances and the polymeric network of the adsorbent is also exposed
for further treatment. The acid treated tea leaves was washed several times with distilled
water till neutrality and dried in an oven at 80°C for 24 hrs. The adsorbent was then
aminated with dimethylamine. The procedures used are similar to those earlier re-
ported [19]. The prepared sample was called Modified tea leaves (MTL).

The biosorbent was characterized by elemental analysis (Elementar Vario Macro
elemental analysis instrument-Italy), SEM images (S-3000 N Scanning Electron Micro-
scope of HITACHI, Japan), DRFTIR spectra (Harrick scientific corporation-Italy), XRD
(X-Ray diffractometer, Rigaku-Japan), TG/DTA analysis (TG (/DTA 6200-Japan).

To prepare Pb(II) and Cu(Il) solutions, their Stock solutions of 1000 mg/L were
prepared by dissolving calculated amount of lead nitrate and copper sulphate in 0.1 M
HNO,. Working solutions of various concentrations were prepared by diluting the
stock solution with 0.1 M HNO,. In all the experimental works pH of the solutions were
maintained by using 0.1 M HNO; and 0.1 M NaOH. For pH measurement Hanna In-
strument was used. The 0.1 M solution of 2-[4-(2-hydroxymethyl)-1-piperazinyl] etha-
nesulphonic acid [HEPES] was used as buffer. All the chemicals used were of analyti-
cal grade (AR) and double distilled water was used wherever necessary for the experi-
mental works. During the experiments the concentration of metal ions were analyzed
using Atomic Absorption Spectroscopy (Agilent technologies, AAS, model-240FSAA,
USA).

2.2. Adsorption Experiments

2.2.1. Effect of pH

The adsorption capacity of the adsorbent was studied as the function of pH keeping the
concentration of metal ions constant by using batch experiment. 20 mL of 50 mg/L
metal solutions with pH 1 to 7 were added to 50 mL conical flasks, each with 25 mg
adsorbent. The flasks were shaken for 24 hrs in a mechanical shaker at 150 rpm main-
taining the temperature at 25°C. After shaking, the mixtures were filtered. The pH of
filtrates was measured and concentration of metal ions was analyzed using AAS. The

adsorption efficiency, A% can be calculated by using following equation

ngp =G Ce

%100 (1)
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where C,is initial concentration and C., is equilibrium concentration of metal ions.

2.2.2. Isotherm Study

Isotherms of adsorption were determined by taking 20 mL of metal solutions of various
concentrations ranging from 25 to 800 mg/L in conical flasks containing 25 mg of ad-
sorbent in each. The optimum pH of the solutions was maintained using 0.1 M NaOH
and 0.1 M HNO,. The flasks were shaken for 24 hrs in a mechanical shaker at 150 rpm.
After shaking the mixtures were filtered and the residual concentration of respective

metal ions was analyzed in AAS.

2.2.3. Kinetic Study

To determine the optimum time for the adsorption, 20 mL of 50 mg/L solutions were
taken in several conical flasks containing 25 mg of adsorbent in each. The optimum pH
of solutions was maintained by adding 0.1 M NaOH and 0.1 M HNO,. The flasks were
shaken in a mechanical shaker at 50 rpm. The flasks were taken out from the shaker af-
ter each predetermined intervals of time and filtered. The filtrates were analyzed for

concentration of metal ions in AAS.

3. Results and Discussion

3.1. Characterization

To enhance the adsorption capacity of the biosorbent, it was chemically modified with
dimethylamine. During the chemical modification it is supposed that the alcoholic and
phenolic OH groups present in lignin, cellulose and hemicelluloses of the biosorbent
were substituted with N-functional group. The introduction of N-functional groups is
indicated by the elemental analysis of the adsorbent before and after modification. The
percentage of nitrogen in tea leaves is 1.03, which is increased to 5.5 after modification.
The modified biosorbent was further characterized by Scanning electron microscope
(SEM), Diffused reflectance fourier transform infrared spectroscopy (DRFTIR), X-ray
diffraction analysis (XRD) and Thermogravimetric analysis (TG/DTA).

3.1.1. Scanning Electron Microscope (SEM) Analysis

The surface morphology of the biosorbent was examined by its SEM images. The im-
ages are given in Figure 1. Initially the surface of the exhausted tea leaves is found
smooth with uniform micro porous structure which becomes rough after modification
indicating the chemical modification of the adsorbent. The surface of tea leaves after
modification shows irregularly distributed pores, which are supposed to be formed due
to the increase of effective diffusion surface area derived from pore formation [20]. The
enhancement of metal sorption after modification may be due to the rough surface of
MTL with pores [21].

3.1.2. Diffused Reflectance Fourier Transform Infrared Spectroscopy (DRFTIR)
In this experiment, acid treated biosorbent was modified by using dimethylamine. In-

troduction of this N-functional group can be analysed by infrared spectroscopy. In
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Figure 1. SEM images (a) and (b) of ETL and MTL, respectively.

DRFTIR analysis, each specific chemical bond often shows a unique energy absorption
band and it has been used as a useful tool to identify the presence of certain functional
groups on the surface of the biosorbent [22] [23].

The DRFTIR spectra of ETL and MTL are shown in Figure 2. The spectra are com-
plex due to numerous different types of functional groups on the surface of adsorbent.
In the spectrum of ETL, the peaks can be assigned as follows, 3388 cm™ was due to OH
stretching, 2924 cm™ due to CH stretching in CH, CH, and CH, groups, 1646 cm™" due
to C=0 stretching in carbonyl group and 1078 cm™ due to C-O stretching. After
chemical modification the spectrum exhibits some significant changes. The broad band
ranging from about 3118 to 3650 cm™ corresponds to the combination of stretching
vibration bands of both OH and NH groups suggesting that N-functional groups are
introduced on the surface of the biosorbent. The peaks at 1450 cm™ and 1033 cm™ are
due to the C-H bending and C-N stretching, respectively.

3.1.3. X-Ray Diffraction Analysis (XRD)
X-ray diffraction profiles of exhausted tea leaves and modified tea leaves are shown in
Figure 3.

In the profile there are broad peaks with strongest reflection at 26 around 22°. The
MTL shows less intense and broader peak than ETL which corresponds to the less
crystalline structure. The increasing amorphous nature of biosorbent is highly suitable

for metal adsorption.

3.1.4. Thermogravimetric Analysis (TG/DTA)
The thermal stability and degradation behavior of the biosorbents were evaluated by
TGA under nitrogen atmosphere using a thermal analyser with increase in temperature
of 10 min~". The TGA and DTA curves for the adsorbents are shown in Figure 4.

The raw material degraded mainly in two stages. The first stage of decomposition
started at around 260°C and finally at 450°C. The first stage corresponds to decomposi-
tion of lignocellulosic materials and the second corresponds to complete decomposition.
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Figure 2. Drftir spectra of ETL and MTL.
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Figure 3. XRD profile of ETL and MTL.
Similarly in modified adsorbent the first stage degradation begins at about 100°C with

weight loss of 5% - 10%. It is due to loss of residual or physically adsorbed water mole-
cules. The second stage degradation occurs with rapid weight loss at 300°C - 560°C
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Figure 4. TG/DTA analysis (a) and (b) of ETL and MTL, respectively.

reaching a maximum value at 485°C. It indicates the increasing thermal stability of the

biosorbent after modification.

3.2. Adsorption Characters

3.2.1. Effect of pH

The percentage adsorption of Pb(II) and Cu(II) as the function of equilibrium pH are
shown in Figure 5. The plot shows that the adsorption of metal ions increases with in-
crease of pH. The optimum pH for uptake of Pb(II) and Cu(II) onto MTL were found
to be at 4 and 5, respectively. The adsorption increases rapidly near the optimum pH

range.
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Figure 5. Adsorption of Pb(II) and Cu(II) onto MTL as the function of equili-
brium pH. Adsorbent dose 25 mg, vol. of metal solution 20 mL and initial metal
concentration 50 mL/L.

As the surface charge of the adsorbent changes with pH of solution and degree of io-
nization as well as the adsorbate species also depends upon solution pH, the adsorptive
removal of metal ions depends upon the pH of the solution [24] [25]. The increase of
sorption capacity with increase of pH of the solution can be explained on the basis of
surface charge of the adsorbent and the degree of ionization. At low pH, highly mobile
H" would compete with metal ions for the active binding sites. Hence at low pH all the
binding sites may be protonated which tends to decrease the metal sorption on the sur-
face of the adsorbent. At higher pH, concentration of H* as well as solubility of metals
decrease which enhance the metal sorption on the surface of the adsorbent. Further in-
crease in pH causes precipitation of metals as their hydroxide.

The pH

at which the adsorbent surface has net electrical neutrality. The zeta potential of the

e Of an adsorbent is a very important characteristic that determines the pH
ETL and MTL in the solution of different pH values are shown in Figure 6.

The zeta potentials of ETL are positive at pH < 5.9 and negative at pH > 5.9. After
modification, the zeta potentials of MTL are negative at pH > 10 and positive at pH <
10. It indicates that the point of zero zeta potential for the ETL at 5.9 was changed to
that for MTL around 10, due to surface modification [26]. The higher point of zero zeta
potential for the adsorbent after modification may be due to protonation of N-atoms in

the amine group introduced on the surface of the adsorbent.

3.2.2. Adsorption Isotherm
The study of adsorption isotherm evaluates the adsorption capacity of the adsorbent.

Adsorption capacity is the concentration of metal ions on the adsorbent and can be
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Figure 6. Zeta potentials of the ETL and MTL as the function of solution pH
values.

calculated on the basis of mass balance principle as follows
C, -C, L

—_— 2
W 1000 @

q

where ¢ is the amount of metal adsorbed per unit mass of the adsorbent, L is volume of
metal solution, W is dry mass of the adsorbent and C;and C, are initial and final con-
centration of metal ions, respectively.

Langmuir adsorption isotherm has been widely used for many adsorption processes.
The basic assumption of Langmuir adsorption theory is that the driving force of ad-
sorption is concentration of metal ions in solution and the bare binding sites available
on the surface of adsorbent. The adsorption takes place at specific binding sites availa-
ble on the surface of the adsorbent and once the site is occupied by metal ions no fur-
ther sorption can occur. Figure 7 shows the adsorption isotherms for Pb(II) and Cu(II)
onto MTL.

In the plot, initially the adsorption of metal ions increases with increase in equili-
brium concentration of metal ions. Eventually the uptake of metal ions is limited by the
occupied binding sites and results in a plateau. It showed that the active sites of the ad-
sorbent remaining constant, the adsorption are independent of the concentration of
metal ions at high concentration of metal ions [27] [28]. The maximum adsorption ca-
pacities from the experimental results are 91.68 and 71.2 mg/g for Pb(II) and Cu(II),
respectively.

The adsorption isotherms were evaluated using linearized Langmuir model by using
Equation (3)

C 1 C

- L& 3
d 9.0 a, ®
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Figure 7. Effect of concentration on adsorption of Pb(II) and Cu(II) onto MTL.
Adsorbent dose 25 mg, vol. of metal solution 20 mL at pH = 4 and 5 for respec-
tive metal ions.

where ¢, is amount adsorbed (mg/g), C, is equilibrium concentration of metal ions
(mg/L), g, (mg/g) is the maximum adsorption capacity and b (L/mg) is the binding
constant. The linear plot of C/q, verses C, as shown in Figure 8 suggests the applica-
bility of Langmuir adsorption isotherm and indicates the formation of monolayer cov-
erage of metal ions on the surface of adsorbent. Langmuir parameters g,, and b were
calculated from the slop and intercept of the plot. The values are given in Table 1 along
with correlation coefficient R*.

The higher R* values confirm the best fitting of Langmuir isotherm model. The
comparable theoretical maximum adsorption capacity based on Langmuir adsorption
equation with the experimental values suggests that the adsorbent can be used for effec-

tive sequestration of Pb(II) and Cu(II) from their aqueous solution.

3.2.3. Kinetics of Adsorption
The study of adsorption kinetics helps to evaluate the efficiency of adsorption. The ef-
fect of contact time on adsorption of Pb(II) and Cu(II) onto MTL is shown in Figure 9.
The plot consists of initial rapid phase where the rate of adsorption is fast. This rapid
phase is related to external surface adsorption and occurs instantaneously. The initial
high rate is due to the existence of the bare surface for metal binding. There is a slower
second phase which is a gradual adsorption stage and equilibrium uptake was achieved.
In this phase the adsorption of metal ions is limited due to the occupied surface of the
adsorbent. The time to reach equilibrium is 100 - 150 min for the metal ions.

To describe the kinetics of adsorption, pseudo-second order kinetic model is applied
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Figure 8. Langmuir isotherm for adsorption of Pb(II) and Cu(II) onto MTL.
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Figure 9. Adsorption kinetics of Pb(II) and Cu(II) onto MTL. Adsorbent
dose 25 mg, vol. of metal solution 20 mL at pH = 4 and 5 for respective
metal ions.

[29]. The model can be expressed as

—= +— (4)

KD
+%%, Scientific Research Publishing 535



B. Shrestha et al.

Table 1. Langmuir adsorption isotherm model parameters and experimental q,,,,.

Metal ions g (expt.) 9 (graph) b L/mg) R?
(mg/g) (mg/g)
Pb(II) 91.68 98.04 0.017 0.993
Cu(ID) 71.20 74.07 0.024 0.995

where g, is the amount of metal ions adsorbed at time t (min) and K, (g/mg/min) is the
rate constant of pseudo-second order kinetics of adsorption. The plot of #/ g, verses t is a
straight line as shown in Figure 10.

The plot with high R? values as given in Table 2, indicates the applicability of pseu-
do-second order model and chemisorptions of the adsorption of Pb(II) and Cu(II).

3.2.4. Comparison of the Adsorption Capacities

The metal adsorption capacity of MTL was compared with other biosorbents described
in the literature. The different capabilities are due to presence of different functional
groups on the surface of adsorbent. The values are given in Table 3. From the table

MTL is found as an efficient biosorbent with higher metal binding capacity.

3.2.5. Desorption

For the use of cost effective biosorption process as an alternative in the waste water
treatment scheme, the regeneration of biosorbent becomes crucially important for
keeping the process cost down. For this purpose the adsorbed metals should be de-
sorbed from the biosorbent and regenerated for another cycle of application [30]. After
desorption, the metals can be recovered by extraction from the liquid phase.

In this experiment 0.1 g of the adsorbent was used for adsorption of lead at 100 ml/L
in 80 ml of solution for 6 hrs. The adsorbent was regenerated with 0.1 M HNO; and
rinsed with double distilled water. After drying at 80°C for 24 hrs, the adsorbent was
used in subsequent adsorption experiment. In the first sorption cycle the adsorption
capacity was found to be 58 mg/g for Pb(II) which was decreased to 56.40 mg/g in
second cycle. Then the value remains almost constant for other successive adsorp-
tion-desorption cycles. It is observed that the regenerated adsorbent maintained high
metal uptake capacity for lead. The metal desorbed by 0.1 M HNO, from the adsorbent
was found to be above 91% which remained almost constant over six cycles. It also in-
dicates the chemical stability of adsorbent after modification. During the desorption

experiments, the loss in dry weight of the adsorbent was less than 10%.

4. Conclusions

A new and efficient biosorbent has been investigated successfully by chemical modifi-
cation of exhausted tea leaves. The surface of biosorbent was modified by introduction
of N-functional groups using dimethylamine. The adsorbent was characterized by
elemental analysis, SEM, DRFTIR, XRD and TG/DTA analysis. The optimum pH was
found to be 4 and 5 for Pb(II) and Cu(II), respectively. The study of isotherms was well
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Figure 10. Pseudo-second order kinetic model for adsorption of Pb(II)
and Cu(II) onto MTL.

Table 2. Pseudo-second order kinetics for adsorption of Pb(II) and Cu(II) onto MTL.

Metal ions q. (mg/g) K, (g/mg/min) R?
Pb(ID) 25.71 0.003 0.999
Cu(Il) 22.88 0.002 0.996

Table 3. Comparision of adsorption capacities (mg/g) of different biosorbents for the removal

of metal ions reported in the literatures.

Adsorbents Pb(II) Cu(II) References

Modified tea leaves (MTL) 91.68 71.2 This study
Peanut husk 29.41 _ [31]
Alfalfa biomass 89.2 _ [32]
Nipah palmshoot biomass _ 66.71 [33]
Azolla filiculoides 62 [34]

fitted with Langmuir model. The metal adsorption process was found to follow pseudo-
second order kinetic model with higher R* values. The maximum sorption capacities
for Pb(II) and Cu(II) were found to be 91.68 and 71.2 mg/g, respectively. After adsorp-
tion the biosorbent was successfully regenerated by 0.1 HNO;. The regenerated biosor-
bent can be used repeatedly for metal adsorption. These experimental results revealed
that MTL can be used as an efficient biosorbent for the sequestration of Pb(II) and

Cu(II) from their aqueous solution.
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