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Abstract

In this study, infused tea leaves as a low-cost adsorbent have been used in the removal of the Pb2+,
FeZ* and Cd?* ions from aqueous solution. The adsorption study was carried out in a batch process
and the effects of parameters such as initial pH, adsorbent dose, contact time and initial metal ion
concentration were investigated. Experimental results showed that the maximum adsorption of
metal ions occurred at pH 5 for Pb2+ and Fe2* and at pH 6 for Cd?*. Adsorption of metal ions in-
creased with increasing adsorbent concentration and contact time. The isothermal data for the
adsorption of metal ions by infused tea leaves were found to fit well with the Langmuir equations.
Based on the experimental data of the Langmuir isotherm model, the maximum adsorption capac-
ities of the metal ions onto the infused tea leaves were found in the order of Pb2+ > Cd?* > Fe?* with
the adsorption capacities of 26.32 mg-g-1, 14.29 mg-g-! and 12.38 mg-g-1 respectively. The adsorp-
tion process followed the pseudo-second order reaction and the corresponding rate constant were
found to be 4.30 x 10-3 g'mg-1-min-1, 1.75 x 10-1 g-mg-1-min-1 and 1.45 x 10-2 g-mg-1-min-! for Pb2+,
Fez* and Cd?2+ ions respectively.
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1. Introduction

The rapid growth of the manufacturing industries such as chemicals, foods, motor vehicles, paper, electronics,
etc., have caused a lot of pollutions in the world especially in developing countries such as China, India, Brazil
as well as Malaysia. The environmental pollution by heavy metals such as Cd, Zn, Fe, Ni, and Pb has become
one of the many serious pollution issues. These heavy metals are often discharged into the environment by a
number of industrial and domestic wastewater processes [1]-[3]. The release of large quantities of these heavy
metals into the natural environment has resulted in a number of environmental problems because of their
non-biodegradability and persistence characteristics [4]-[7]. The accumulation of heavy metals in living organ-
isms is found to cause various diseases and disorders [8]-[11]. For example, cadmium causes serious renal
damage, anemia, hypertension and itai-itai disease [11]. In view of this, various treatment methods, such as
chemical precipitation and coagulation, ion exchange, reduction, osmosis and reverse osmosis, membrane filtra-
tion, and electrolytic technologies have been used for the removal of heavy metal contaminants in industrial ef-
fluents [12]-[14]. In recent years, however, special attention has been paid on the use of natural adsorbents as an
alternative to replace the conventional methods mentioned above, mainly due to environmental and economic
reasons [15] [16].

Any natural products that are produced in bulk will be a potential biosorbent for the removal of heavy metals
from the aqueous environment. This is because the main components of natural products are lignin and cellulose
which contain high amount of electronegative functional groups such as amino, hydroxyl, carboxylic acid and
ester. These electronegative functional groups can thus provide good chemical interactions between the biosor-
bent and the metal ions [17].

Tea is a tropical plant and it belongs to the Theaceae family. The main tea producers in the world are the two
most populous countries, that is, China and India, followed by Kenya and Sri Lanka [15]. Tea is the most wide-
ly-consumed beverage in the world after water. The infused tea leaves after consumption are usually disposed of
into the environment or recycled as organic fertilizer. According to the Food and Agriculture Organization [18],
the annual production of tea in 2010 reached over 4.16 million-tonnes, translating to approximately 3.98 mil-
lion-tonnes of infused tea waste as byproducts [19]. Although Malaysia produces only 0.45 percent of the world
total tea output in 2011, as reported by the FAQ, the consumption is higher, estimated at 23 million-kgs as com-
pared to the 3.8 million-kgs produced annually [20]. Because of this, the use of infused tea leaves as a potential
low cost adsorbent for the removal of heavy metals in the aqueous environment is a possibility that we can con-
sider. In this study, the efficiency of infused tea leaves as a low cost adsorbent for the removal of heavy metal
ions such as Pb?*, Fe?* and Cd?* ions from aqueous solution has been examined. The system variables being stu-
died included contact time, adsorption capacity, kinetic and isotherm models. The structural and functional
groups identification of the biosorbent were also performed using the FTIR spectrometer.

2. Materials and Methods

2.1. Chemicals and Materials

All the chemicals used were of analytical grade. The stock solutions (1000 mg-L ™) of Pb®*, Fe** and Cd*" were
prepared in distilled water from their respective nitrate salts. All the standard solutions were prepared by diluting
the stock solution with distilled water. Sample of tea leaves were obtained from packaged products of the BOH
plantation Malaysia, the biggest tea producer in Malaysia, contributing to 70% of the total production in Malaysia.

2.2. Adsorbent Preparation

Consumed infused tea leaves were used in this study. They were first washed with hot distilled water (90°C) to
remove the remaining soluble and colored components. This process was done repeatedly until the discharging
distilled water became colorless. The washed infused tea leaves were dried in an oven at 70 degree for 24 hours.
It was then ground and sieved to obtain a powdered material with particle size ranging from 0.5 - 1.0 mm. This
material was used for the metal adsorption studies without any physical or chemical treatment and will be called
infused tea leaves.

2.3. Adsorption Experiments

The batch adsorption experiments for individual metal ions were carried out at a constant temperature (28°C) on
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a rotary shaker (300 rpm) using 125 mL capped conical flasks. For each set of experiment, 0.2 g of infused tea
waste was added to each 100 mL metal ion solutions of various concentrations (20 - 100 mg-L™) for isotherm
study and 50 mg-L ™ for kinetic study. The mixtures which contain the infused tea leaves and the respective
metal ion were agitated on a rotary shaker at 300 rpm for 105 min for both the isotherm and kinetic studies. The
mixtures were then filtered through Whatman no. 40 filter paper to remove particulates and the filtrate was ana-
lyzed with atomic absorption spectrometry (Shimadzu AA6200) to determine the concentration of metal ions.
The same procedure was applied to the control samples with the same process and concentration but without in-
fused tea leaves. The amounts of metal ion adsorbed on the biosorbent were determined from the difference of
metal ion concentrations in the initial and final suspensions. The batch experiments were performed in triplicate
and the mean value was used for each set of data. The amount of metal ions adsorbed at equilibrium, g, (mg-g ™)
and the percentage removal (%) of metal ions were calculated as follows [21]:

(C,—-C,)V

Qe = W

(1)

C,-C
% Removal of metal = (OC—E) x100 2

0

where C, and C, are the initial and equilibrium concentrations of metal ions (mg-L ™), V is the volume of solu-
tion (mL) and W is the weight of infused tea leaves used (g). The effect of pH on metal ions removal was ex-
amined by varying the pH from 2 to 7, with initial metal ion concentrations of 50 mg-L ", infused tea leaves of
0.20 ¢g/100mL and agitation at 300 rpm for 105 min at 28°C. The initial pH of the metal ions was adjusted by
addition of 0.10 M HCI or NaOH.

2.4. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The functional groups present in the infused tea leaves were characterized by a Perkin Elmer Spectrum 100
Fourier transform infrared (FT-IR) spectrometer fitted with Attenuated Total Reflection (ATR). In this analysis,
the infused tea leaves with or without metal salts were analyzed directly without blending with KBr. The Spectra
of the samples were recorded from 4000 to 650 cm ™.

3. Results and Discussion
3.1. Effect of pH

Figure 1 shows that the percentage removal of metal ions by the infused tea leaves is pH dependent. From the
corresponding data for each metal, an increase in the pH resulted an increase in percentage removal of the metal
ions. The maximum removal of metal ions was observed at pH 5 for Pb?* and Fe?* ions, and at pH 6 for Cd**
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Figure 1. The percentage removal of Cd*", Pb?*, and Fe?" ions from
the standard solutions against different pH of the standard solutions.
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ions. On higher pH values, a slight decrease in adsorption for Pb?*, Fe?* and Cd** ions were observed. This is
because at higher pH, metal precipitations such as Pb(OH),, Fe(OH), and Cd(OH), were observed due to the ex-
istence of OH™ ions in the adsorption medium. At lower pH such as pH 2, very little adsorption took place (0%
Cd**, 12.76% Pb?*, and 3.55% Fe?*). This could be due to the competition between the H*, produced from the
protonation of the active sites of the adsorbent, and the M* from the metal ions [12]. As the pH increased from
pH 2 to the optimum values, the adsorption capacity of the adsorbent increased (63.68% for Cd**, 84.31% for
Pb?, and 40.67% for Fe"). This is due to the increase in the overall negative charge of the adsorbent. Then, the
adsorption capacity decreased slightly when the pH values exceeded the optimum values. This is due to the ex-
istence of OH™ ions which may form precipitates with the metal ions. Similar trend has also been observed in the
adsorption studies such as the adsorption of Pb?* and Cd** by mango peel waste [13] and the adsorption of Pb**
by tree fern [22]. Since the optimum pH for the three metal ions (pH 5 for Pb** & Fe?*, and pH 6 for Cd**) lie
within the normal pH of distilled water (i.e. pH 5.2 - 5.6), all the experiments were conducted without further
adjustment of the pH of the metal ion solutions.

3.2. Effect of Adsorbent Dosage

The removal of metal ions from aqueous solution was significantly increased with the increase in the amount of
adsorbent dosage (Figure 2). The efficiencies of metal ions removal were increased with increasing amount of
adsorbent used, i.e. from 54.76% to 87.62% for Cd**, 80.64 to 99.72% for Pb**, and 41.42 to 62.39% for Fe**
when the adsorbent dosage (50 mg-L ™", 100 mL) was increased from 0.2 to 1.0 g. The increase in metal ions re-
moval is basically due to the available adsorption sites increased with the increase in adsorbent dose [23] [24].
However, the amount of metal ions adsorbed per unit of adsorbent decreases with the adsorbent dosage. This is
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Figure 2. The effect of adsorbent dosage on metal ions removal.
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due to the fact that at lower adsorbent dosage, the metal ions were competing for limited adsorption sites. There
were excess of metal ions in the solution and gave a lower percentage removal of metal ions. At higher adsorb-
ent dosage, there were more adsorption sites available for similar number of metal ions in the solution and
caused the drop of the amount of metal ions adsorbed per unit mass of adsorbent. This explains why the per-
centage removal of metal ions increased at higher adsorbent dosage but the adsorption capacity (q) drops to a
lower value. The similar trend has also been reported for other biomass materials such as cotton ball [23],
mungbean husk [25], and sawdust [21]. Since the adsorbent dosage of 0.2 g gave the highest adsorption capacity
among the rests, it was chosen for the rest of the studies.

3.3. Effect of Initial Metal Ions Concentration

Figure 3 shows the percentage of ion removal as a function of initial metal ion concentration by infused tea
leaves. The ion removal percentage decreased with increasing metal ion concentrations. At lower concentrations
the ratio of surface active sites to the total metal ions in the solution is high and hence a greater driving force is
created by the pressure gradient [26] [27]. This is because diffusion of metal ions through the solution to the
surface of adsorbents is affected by the metal ion concentrations. Therefore, an increase of the metal ion con-
centrations accelerates the diffusion of metal ions from the solution to the surfaces of the absorbents. At higher
concentrations, the decrease in the removal efficiency of metal ions could be due to the fact that all the adsor-
bents had a limited number of active sites, which could become saturated above a certain concentration [21]. For
instance, the percentage removal of Cd**, Pb®*, and Fe®* were respectively decreased from 85.6% to 49.22%,
93.68% to 49.54% and 64.65% to 33.55%, when initial concentration of the metal ion was increased from 20
mg/L to 100 mg/L. However, the amount of Cd**, Pb**, and Fe?* adsorbed per unit weight of adsorbent is higher
at higher concentrations. The adsorption capacity of Cd®*, Pb®*, and Fe®* was increased from 8.56 mg/g to 24.61
mg/g, 9.37 mg/g to 24.77 mg/g and 6.46 mg/g to 16.78 mg/g respectively due to the fact that more amount of
metal ions were available for adsorption at higher concentrations. Similar behavior was also observed for the
removal of Cd®* by Nordmann fir leaves [17] and beech leaves [28].

3.4. Adsorption Equilibrium Time Study

The adsorption of the three metal ions by the infused tea leaves versus contact time is illustrated in Figure 4.
The results show that the adsorption process increased with the prolonging of contact time and it is a biphasic
process. The initial stage is a fast process (from 0 - 10 min), whereby the adsorption uptake of metal ions in-
creased rapidly and then gradually slow down [29]. In the following stage, the adsorption of metal ions in-
creased slowly and attained a maximum at about 75 min when the equilibrium is reached. After that, a further
increase in contact time has negligible effect on the adsorption of the metal ions. At the first stage (up to 10 min),
a rapid increase in the adsorption could be attributed to a larger concentration gradient between the solutes and
the solid surface of the absorbents. At the second stage (from 20 to 60 min), a slower uptake of metal ions was
observed as a result of free binding sites becoming saturated gradually. This phenomenon was observed in other
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Figure 3. The effect of initial concentration on metal ions removal.
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Figure 4. The effect of contact time on metal ions removal (dose: 0.2
0/100 mL; agitation: 300 rpm; time: 0 - 105 min; initial concentration:
50 mg/L for each metal ion, pH: 5 - 6).

studies conducted by researches such as Gok and Aytas [30], Yao et al. [31] and Ornek et al. [26].

The amount of time required to reach equilibrium for the adsorption of the three metal ions is practically the
same and is within 75 - 90 minutes. From Figure 4, it can be seen that the adsorption capacity for the three met-
al ions are in the sequence of Pb®* > Cd** > Fe?* with the maximum adsorption capacity of 29.68 mg-g* for Pb*,
18.21 mg-g * for Cd** and 14.96 mg-g* for Fe*. The higher adsorption capacity of Pb*" compared to Cd*" and
Fe?* can be attributed to the ion electronegativity or/and ionic radius of these metal ions [32]. Pb?* has the high-
est ion electronegativity (2.33) compared to Cd** (1.69) and Fe?* (1.83) [33]. Furthermore, Pb** has the largest
ionic radius (1.33 A) compared to Cd** (0.92 A) and Fe?* (0.77 A) [34]. According to the study conducted by
Matos and Arruda [35] on the use of yermicompost as a natural adsorbent for the removal of metal ions from
laboratory effluents, they found that the higher the electronegativity of the metal ion, the stronger the interac-
tions between the metal ions and the biosorbent, therefore, the higher the adsorption capacity. However, in our
case, the sequence of the adsorption capacity did not agree with the degree of electronegativity of the three metal
ions, as the sequence of adsorption capacity should be in the order of Pb?* > Fe** > Cd* based on their electro-
negativity values. But what we obtained here is Pb?* > Cd** > Fe** which is in good agreement with the de-
creasing order of the metal ionic radius and not electronegativity. A similar phenomenon was observed in the
study conducted by Chen et al. [36] on metal ions binding onto the calcium alginate-based ion-exchange resin
where they found that Pb®* has stronger binding compared to Cu** and Ca®* which have smaller ionic radii.
Hence, we may conclude that the ionic radius is the predominant factor in this study in determining the trend of
adsorption capacity.

Usually the effects of electronegativity and ionic radius have been used by different researchers in explaining
the trend of adsorption capacity separately. However, we strongly believe that a combination of both the elec-
tronegativity and ionic radius will be more appropriate in explaining the adsorption capacity for a particular
metal ion onto a biosorbent. Hence, the covalent index of metal ions will be used in explaining the trend of the
adsorption capacity in this study and it can be calculated using the following equation [37]:

Covalent index = X2 (r +0.85) (3)

where X, and r are the electronegativity and ionic radius of the metal ions respectively. The value of 0.85 is a
constant assumed to reflect the radius of O and N donor atoms [37]. The calculated covalent indexes for the
metal ions are 11.84, 5.06 and 5.42 for Pb?*, Cd** and Fe®" respectively and the trend of adsorption capacity
should be Pb?* > Fe?" > Cd**. However, these values still do not agree with the trend of decreasing order of the
adsorption capacity of the three metal ions in this study (i.e. Pb?* > Cd*" > Fe*"). The most likely reason for the
lower adsorption capacity value of Fe** as compared to Cd** can be the instability of Fe?* which may lead to the
oxidation of Fe?* to form Fe** which is precipitated out as a solid material such as Fe,O3-xH,0 [34]. This causes
the drop of Fe?* in the analysis and this explains why Fe?* gave a smaller value of adsorption capacity as com-
pared to Cd*".

Nevertheless, what we can conclude in this study is that both the ionic radius and electronegativity do play
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important roles in determining the adsorption capacity of the infused tea leaves towards the three metal ions.
Furthermore, it is also obvious that Pb®* has a much higher adsorption capacity compared to the other two metal
ions. The much higher value of covalent index of the Pb?* indicates that Pb®* has a higher degree of binding ca-
pacity towards the biosorbent. Our results show that Pb** is the most easily bonded component to the binding
sites of the infused tea leaves, followed by Cd** and Fe*. Similar results were found by other researches using
different biosorbents. For examples, the use of Neurospora crassa for the removal of Pb(ll) and Cu(ll) from
aqueous solutions [38] and the removal of Pb(ll), Cu(ll) and Zn(ll) by loofasponge immobilized biomass of
Phanerochaete chrysosporium [39].

3.5. Adsorption Isotherms

The adsorption isotherm represents the relationship between the amounts of adsorbate adsorbed on the surface of
a unit weight of solid adsorbent at a fixed temperature at equilibrium. It is usually described by certain constants
whose values express the surface properties and affinity of the adsorbent. In the present work, Langmuir and
Freundlich isotherms are used to describe the adsorption isotherm of the three metal ions. The Langmuir iso-
therm model assumes that there is a finite number of identical adsorption sites on the surface of the adsorbent
and it is only valid for monolayer adsorption. Once a metal ion occupies a site, then there is no further adsorp-
tion taking place at that site [16] [21]. The linear form of the Langmuir monolayer isotherm equation can be
represented as follows:

& — i + & (4)
g ba, a,
where C, is the equilibrium concentration (mg-dm™®) of metal ion, g is the amount of adsorption at equilibrium
(mg-g ™), gm is g for a complete monolayer (mg-g ™), b is an equilibrium constant of Langmuir (dm*mg™). A
plot of C./q, versus C, should indicate a straight line of slope 1/q,, and an intercept of 1/bq,.
The essential features of the Langmuir isotherm can be expressed in terms of a dimensionless constant separa-
tion factor or equilibrium parameter R, which is defined by the following equation [40]:

1
Y 1+bC,

®)

where C, is initial concentration (mg-dm ) and b is the Langmuir constant (dm*mg™?).

The value of R indicates the pattern of the isotherm. If the R, > 1, the adsorption is unfavorable, and if R, = 1,
there will be a linear adsorption. If 0 < R, < 1, the adsorption is favorable, and if R_ = 0, the adsorption is irre-
versible.

The Freundlich isotherm is an empirical equation based on adsorption on a heterogeneous surface of an ad-
sorbent [21] [23] [41]. This model provides no information on the monolayer adsorption, in contrast to the
Langmuir model. It suggests that the binding sites are not equivalent and/or independent. The linear form of the
Freundlich equation can be expressed as:

logq, =log K¢ +%Iog C, (6)

where K¢ and 1/n are the Freundlich constants of the systems, indicating the adsorption capacity and adsorption
intensity, respectively. The adsorption constants of Freundlich isotherm K¢ and 1/n can be determined from the
intercept and slope of logqg, versus logCe. The 1/n value is usually dependent on the nature and strength of the
adsorbent as well as the distribution of active sites [30]. If the values of 1/n lie between 0.1 and 1, this indicates
that adsorption of metal ions onto adsorbents is favorable at the examined condition [42]. The n value indicates
the presence of a heterogeneous surface and binding sites with different adsorption energies. The higher the n
value the higher the adsorption intensity [43]. However, this isotherm model does not predict any saturation of
the adsorbent by the sorbate, and infinite surface coverage is predicted mathematically, indicating a multilayer
adsorption on the surface of the adsorbent [25] [30].

The Langmuir and Freundlich constants and their correlation coefficient values (R?) for the three metal ions
calculated based on these isotherm models are summarized in Table 1. Very high correlation coefficient values
were obtained for the three metal ions (0.996 for Cd**, 0.995 for Pb®* and 0.993 for Fe®*) from the Langmuir
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Table 1. Langmuir and Freundlich constants for metal ions adsorption onto infused tea leaves.

Metal ions Langmuir isotherm model Freundlich isotherm model
A (M/g) b (dm®mg) R? Ks 1/n R,
Ccd* 14.29 0.1077 0.996 3.25 0.334 0.952
Pb?* 26.32 0.5071 0.995 10.56 0.258 0.833
Fe®* 12.38 0.0622 0.993 1.58 0.456 0.947

isotherm, indicating that there is a good agreement between the experimental data and the Langmuir isotherm
parameters. Whereas, for the Freundlich isotherm, the values of correlation coefficients for the three metal ions
were found to be lower (0.952 for Cd**, 0.830 for Pb?* and 0.947 for Fe?") than those of the Langmuir isotherm,
indicating that the set of equilibrium data is not in as good agreement as in  the case of the Langmuir isotherm.
This confirms that the metal ions/infused tea leaves adsorption data follows the Langmuir isotherm.

A plot of C,y/q. versus the various concentrations of the three metal ions at equilibrium (C,) is shown in
Figure 5. The monolayer adsorption capacities, gy, obtained from this model are 14.29, 26.32 and 12.38 mg-g *
for Cd®*, Pb** and Fe?" respectively. This indicates that the adsorption capacity of infused tea leaves increased in
the order of Pb?* > Cd** > Fe®*. A greater equilibrium constant b indicates a stronger bond between metal ion
and biosorbent [44].

In this study (Table 1), the constants for the three metal ions was in the order of Pb?* (0.5071 dm*mg™) >
Cd* (0.1077 dm*mg™) > Fe** (0.0622 dm*mg™), and this further suggests that the infused tea leaves were
more efficient in adsorbing Pb? than the other two adsorbates. The dimensionless parameter, R, which is a
measure of adsorption favorability was found to be in the range of 0 and 1 (0.0193 for Pb**, 0.0850 for Cd** and
0.1385 for Fe?"). This indicates that the adsorption of the three metal ions (Cd?*, Pb®* and Fe®*) by the infused
tea leaves is favorable. The fact that the Langmuir isotherm fits the experimental data very well suggest that
there is a homogeneous distribution of active sites on the infused tea leaves’ surface. Similar finding was found
in other studies such as the removal of Cu** from aqueous solutions by chemically modified sugar beet pulp [45],
FTIR spectrophotometry, kinetics and adsorption isotherms modeling, ion exchange, and EDX analysis for un-
derstanding the mechanism of Cd®* and Pb?* removal by mango peel waste [13], and removal of Cu®* and Pb**
by tartaric acid modified rice husk from aqueous solutions [46].

The removal of heavy metal ions using tea waste as an adsorbent has been reported by several other research-
ers. The treatment conditions of the tea waste, the types of metal ions being removed, and the maximum adsorp-
tion capacities for each study are summarized in Table 2. It should be noted that the ability of the tea waste as
an adsorbent for the metal ions removal may vary depending on many parameters such as particle size, pH of the
solution, temperature, and the design of the experimental conditions [47]. Generally, Pb®* gave better adsorption
capacity compared to other metal ions. This agrees with the results of the present work. The results also show
that the treated tea waste gave higher adsorption capacity than the untreated tea waste. However, this may incur
additional cost.

3.6. Kinetics of Adsorption

The adsorption kinetics of the removal of metal ions by the infused tea leaves was described using the pseu-
do-first-order and pseudo-second-order models. The pseudo-first-order in the linear form is generally expressed
as follows [31] [55]:

In(qe_qt):mqe_klt (7)

where g, and g; are the amount of metal ions adsorbed per unit weight on the adsorbent (mg/g) at equilibrium,
and at time t, respectively, and k; is the rate constant of the adsorption (min™). Plot of In (9 —qt) versus t
gives a straight line for first order adsorption kinetics, which allows for the calculation of the adsorption rate
constant k. The linear form of the pseudo-second-order models can be expressed as [31] [56]:
LIS S 3 @)
qt kzqe qe
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Table 2. Maximum adsorption capacities, g, (mg/g) for the adsorption of metal ions onto tea waste materials reported in the

literature.

Treatment given Cd Pb Fe Cu Ni Cré* Reference
None 65 48 [47]
None 43 [48]
Na.S 81 [49]
None 10* [50]
None 55° [51]
None 18° [52]
None 11 9 [53]

Acid washed 79 27 [54]
None 14 26 12 This work

%average value of different flow rates. "maximum adsorption obtained at 60°C.

8
Cd(In
7 L CAm R>=0.993
B Pb(IT)
6

A Fe(IT)

C/q, (g/dm’)
N~

0 20 40 60 80
C, (mg/dm?)

Figure 5. The Langmuir isotherms for adsorption of Cd?*, Pb?" and Fe?* onto infused tea leaves (dose: 0.2 g/100 mL; agita-
tion: 300 rpm for 105 min; initial concentration: 50 mg/L for each metal ion, pH: 5 - 6).

where k; is the rate constant of adsorption (g-mg *min?), and q. and g are the amounts of metal ions adsorbed
at equilibrium and at time t (mg-g ), respectively. The constant k, can be determined experimentally by plotting

t/q against t. The initial adsorption rate, h (mg-g-min™) can be calculated from the pseudo-second-order by the
following equation [57]:

h= sze2 )

The corresponding results of the two kinetics models are summarized in Table 3. The adsorption kinetics for
the three metal ions increased with time and attained saturation within 105 minutes (Figure 4). The experimen-
tal results (Table 3) indicated that the pseudo-second order kinetic model provided the best description of the
data with an extremely high correlation coefficient, all R? > 0.99 for the three metal ions as shown in Figure 6 in
contrast to the pseudo-first order model (all R? < 0.975, Table 3). These indicated that the adsorption system
belonged to the pseudo-second order kinetic. The kinetic rate constant (k,) calculated from the equation shows
that the Pb®* had the lowest k, value of 4.30 x 10~ g-mg “-min " which is lower than that of Cd*" (1.45 x 107
g'mg min’t) and Fe?* (1.75 x 10" g'mg “min™). This implies that the adsorption of Pb?* onto the infused tea
leaves from the aqueous solution is more rapid and favorable. This can be observed from the initial adsorption
rate (h) which is higher for Pb®* (2.498 mg-g *min*) as compared to Cd** (1.055 mg'g *min %) and Fe®* (2.181
mg-g min ). Similar behavior was reported by Shahmohammadi-Kalalagh et al. [58] where Pb** adsorption on
kaolinite was higher than Zn** and Cu®*. Moreover, the Pb?* gave the highest maximum adsorption capacity
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Table 3. Kinetic parameters for the adsorption of metal ions onto infused tea leaves.

First-order kinetic model Second-order kinetic model Intraparticle diffusion
metal exp ky o R? ka 02 R? ko R?
ion (mgg')  (min”) (mgg) (gmg 'min”)  (mgg’) (mg-g"-min"?)
cd(1n) 8.11 4.80x107 9.25 0.754 1.45 x 1072 8.53 0.994 3.8885 0.966
Pb(11) 2121 6.03x 107 15.85 0.967 430x10° 24.10 0.998 0.8385 0.965
Fe(ll) 6.71 5.44x107 251 0.975 1.75x 10 3.53 0.996 4.0569 0.976
25
& Cd{dD R2=0.996
20 m Pb(1l)
— Fe(1l)
o 15
£
&0
g
g 10
g
5
0
0 20 40 60 80

t (min)

Figure 6. The plots of pseudo-second order for the adsorption of Cd?*, Pb?* and Fe?* onto infused tea leaves (dose: 0.2
0/100mL; agitation: 300 rpm; time: 15 - 90 min; initial concentration: 50 mg/L for each metal ion, pH: 5 - 6).

(24.10 mg-g ™), followed by Cd** (8.53 mg'g %) and Fe?* (3.53 mg-g ). The reasoning is that Pb** which has a
larger ion radius and electronegativity as compared to the other two metal ions is better accommodated by the
infused tea leaves as discussed in the previous section. In addition, the calculated g, values for the three metal
ions were found relatively closer to the experimental ge., values compared to the g, values for the three metal
ions (Table 3). This further suggests that the adsorption of the three metal ions by the infused tea leaves follow
the pseudo-second order kinetics; based on the assumption that the process controlling rate may be a chemical
sorption which involves valence force through sharing or exchanging of electrons between the sorbent and sor-
bate [13].

In order to understand the adsorption mechanisms and the rate limiting steps that may affect the kinetics of
adsorption, the kinetic experimental results were fitted to the Weber’s intraparticle diffusion model. The rate
parameters for intraparticle diffusion (k;) at different initial concentrations can be determined using the follow-
ing equation [31]:

q =kt +C (10)

where C is the intercept and k; is the intraparticle diffusion rate constant (mg-g min ), which can be eva-

luated from the slope of a linear plot of g, versus t2. According to this model, the plot of g versus t“2 should be
linear if intraparticle diffusion is involved in the adsorption process and if the plot passes through the origin then
the intraparticle diffusion is the only rate-limiting step [57]. It was suggested that the adsorption process may
involve three different steps. They are surface diffusion, a gradual adsorption stage where intraparticle diffusion
is the rate limiting step, and the third is the equilibrium step [59]. Since the plot of the three metal ions did not
pass through the origin (y = 3.888x — 23.27 for Cd*", y = 0.838x — 9.615 for Pb?* and y = 4.056x — 18.93 for
Fe?"), intraparticle diffusion may not be the only rate-limiting step. Thus, there were three processes controlling
the adsorption rate but only one was rate-limiting in any particular time range. The rate constants for the three
metal ions calculated from the slope of the intraparticle diffusion plot are listed in Table 3.

&)
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3.7. Fourier Transform Infrared Spectroscopy

Like all other biomass, infused tea leaves are composed of cellulose, hemi-cellulose and lignin [32]. In order to
understand the characteristic functional groups on the surface of infused tea leaves, FTIR spectra of infused tea
leaves before and after treatment with metal ions were carried out in order to identify the functional groups in-
volved in the adsorption process. The representative FTIR spectra of the infused tea leaves before and after
treatment with the Pb?* ions, indicated as (a) and (b) respectively are shown in Figure 7.

Before the adsorption of Pb®* onto the infused tea leaves (Figure 7(a)), a broad band is observed at 3293.65
cm™indicating the presence of O-H stretching vibration in hydroxyl groups due to inter- and intramolecular hy-
drogen bonding of polymeric compounds in the infused tea leaves [60]. The peaks at 2920.05 and 2851.68 cm *
are the indicator for the presence of symmetric and asymmetric sp°C-H stretching vibration of aliphatic com-
pounds in the lignin structure of the infused tea leaves [60]. The band at 1734.36 cm * indicates the presence of

1 ()

3293.65
1734.36

2851.68 i 1363.65
1622.72
2920.05 1242 73
1157.48
! |
3281.74
(b)
1026 65

1617 40

% Transmittance

l 1361.67

, 1730.78 |
285138 1236.78
1163.97
!
2919.68 1018 72
4000 3000 2000 1500 1000 Wavenumber, ¢!

Figure 7. FTIR spectra of infused tea leaves (a) before (b) after Pb>" adsorption.
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C=0 stretching vibration of non-ionic carboxyl groups (-COOH) or their esters (-COOCHj5) and the symmetric
and asymmetric stretching vibrations of ionic carboxyl groups (-COQO) are observed at 1622.72 cm™* [13]. The
peak appearing at 1026.65 cm * may be related to the deformation of C-H and C-O bonds of primary alcohols in
the infused tea leaves [32]. After the adsorption of Pb?* onto the infused tea leaves, all the peaks at 3293.65 cm *,
1734.36 cm %, 1622.72 cm*, and 1026.65 cm ' as mentioned above were significantly shifted to lower wave-
length at 3281.74 cm* (-11.91 cm™?), 1730.78 ecm™* (-3.58 cm' %), 1617.40 cm * (—5.32 cm %), and 1018.72
cm * (—=7.93 cm?) respectively (Figure 7(b)). All these peaks are shifted in the range of about 4 - 12 cm ™. The
changes observed in the spectrum indicated the possible involvement of those functional groups on the surface
of the infused tea leaves for the metal ions uptake in the adsorption process.

4. Conclusion

The present study shows that infused tea leaves like the most other natural absorbents are able to remove Cd?*,
Pb?* and Fe?* ions from aqueous solutions. The equilibrium isotherms between metal ions and infused tea leaves
have been developed and analyzed according to two isotherm equations, namely the Langmuir and Freundlich
adsorption isotherm models. The results from this study are found to fit well to Langmuir adsorption isotherm
model with the maximum adsorption capacity of 14.29 mg-g *, 26.32 mg-g *, and 12.38 mg-g " respectively for
Pb?*, Cd** and Fe?* ions. A comparison of the kinetic models on the overall adsorption rate showed that the ad-
sorption system is best described by the pseudo-second order kinetic model, and the rate constants are found to
be 4.30 x 10 g'mg "min!, 1.75 x 10 g'mg "min"* and 1.45 x 10% g'mg "min"* for Pb?*, Fe?* and Cd** ions
respectively. Kinetic results of the adsorption also indicate that chemical sorption is the basic mechanism in-
volved in this system. The FTIR results show that OH, C=0, C-O, and C-H are the main functional groups of
infused tea leaves that are involved in the metal ions adsorption. As a conclusion, the results show that infused
tea leaves which are a natural waste can be used as an alternative low-cost and environment-friendly biosorbent
for the removal of heavy metals from contaminated water.
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